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Abstract—Neurocognitive therapy, according to the Perfetti method, proposes exercises that challenge motor, sensory as well
as cognitive functions of neurologically impaired patients. At the level of the hand, neurocognitive exercises typically involve
haptic exploration and interaction with objects of various shapes and mechanical properties. Haptic devices are thus an ideal
support to provide neurocognitive exercises under well-controlled and reproducible conditions, and to objectively assess patient
performance. Here we present three neurocognitive robot-assisted exercises which were implemented on the ReHapticKnob, a
high-fidelity two-degrees-of-freedom hand rehabilitation robot. The exercises were evaluated for feasibility and acceptance in a
pilot study on five patients suffering from different neurological disorders. Results showed that all patients were able to take part
in the neurocognitive robot-assisted therapy, and that the proposed therapy was well accepted by patients, as assessed through
subjective questionnaires. Force/torque and position measurements provided insights on the motor strategy employed by the
patients during the exploration of virtual object properties, and served as objective assessment of task performance. The fusion
of the neurocognitive therapy concept with robot-assisted rehabilitation enriches therapeutic approaches through the focus on
haptics, and could provide novel insights on sensorimotor impairment and recovery.

Index Terms—rehabilitation, Perfetti method, grasping, haptic perception, kinesthesia, proprioception, sensorimotor control,
attention, perceptual learning

*

1 INTRODUCTION are tightly coupled. Nevertheless, conventional reha-
bilitation programs focus strongly on training gross
motor function, while fine motor control and sensory
aspects receive much less attention [9], [10].

The neurocognitive therapy approach proposed by Per-
fetti [11] was designed to include both motor and
sensory aspects, as well as the cognitive processes
linking them, in rehabilitation exercises. It requires
that the patient solves a cognitive problem through
the use of his/her body, focusing attention on both
the generated movements and the perception of the
interaction with the environment (space, time, pres-
sure, weight, etc.). More specifically, the patient relies
on haptic perception induced by active or passive
movements of body segments, e.g. the arm, hand or
individual fingers. Exercises typically involve interac-
tion with objects of different shapes and mechanical
properties. Patients are asked to explore and identify
objects, as well as to discriminate object properties
such as length, shape or compliance with closed eyes
to focus on haptic perception (Figure 1). This approach
therefore integrates all components of the sensori-
motor loop into the training. One recent study has
evaluated neurocognitive therapy in stroke patients,
showing promising results even for severely impaired
patients with very limited motor function [12].
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NTERACTION with the environment during activi-
I ties of daily living strongly relies on the unique dex-
terity and manipulation skills of the hand — highly
cognitive tasks involving both motor commands and
rich sensory feedback [1], [2]. Fast gross movements to
approach or move objects are largely guided by visual
cues, whereas stable grasping and fine manipulation
of objects, such as holding a cup or buttoning a
shirt, involve fine motor control strongly relying on
touch and proprioception [3]. In daily activities, vi-
sual and haptic sensory information is unconsciously
integrated to optimize the overall task performance
[4].

Following a neurological injury such as stroke, sen-
sorimotor function is often strongly impaired, limiting
the quality of life and independence. About two thirds
of stroke survivors suffer from partial paralysis at
the level of the arm and hand. The prevalence of
sensory deficits is less documented and varies from
10% to 90% [5]-[7], but there is strong evidence that
sensory deficits negatively influence motor perfor-
mance and recovery [8]. This is especially important
for hand function, where motor and sensory deficits
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and reproducible manner while being incorporated
into cognitive tasks. The precise and objective data
measured by the robot can be used to assess the
patient’s performance and adapt the task difficulty
accordingly (e.g., variation of mechanical properties
of a rendered object). Nevertheless, actively training
haptic perception and the cognitive processes required
for the interpretation of haptic cues has so far received
little attention in robot-assisted rehabilitation. The
bulk of research has focused on providing varying
amounts of assistance, all the way to passive move-
ments, typically in visually guided gross motor tasks
[13]. Patients may thus use this visual information to
compensate for impaired haptic perception, and are
not required to train their haptic sense. Robot-assisted
therapy has so far failed to demonstrate superiority
over conventional therapy in terms of motor recov-
ery, as illustrated by meta-analyses comparing robot-
assisted and dose-matched conventional therapy for
the upper extremity [14], [15]. Therefore, it is worth
exploring novel avenues in robot-assisted rehabilita-
tion, taking advantage of the unique inherent features
of robotic/haptic interfaces [16].

This paper presents the design and implementa-
tion of neurocognitive exercises on a robotic plat-
form for hand rehabilitation. The ReHapticKnob is
a two-degrees-of-freedom (DOF) high-fidelity haptic
interface [16], [17] to train hand opening/closing (e.g.
grasping) and forearm rotation (pronation/supination
of the wrist). We propose three exercises based on the
neurocognitive therapy approach, taking advantage
of both DOF of the ReHapticKnob as well as of the
integrated sensing and advanced interaction control.

Five patients with different neurological disorders
received repeated therapy sessions in an attempt to
evaluate the feasibility and acceptance of the neu-
rocognitive robot-assisted therapy approach. Prelim-
inary data of each exercise are presented to further
illustrate how patients achieved the neurocognitive
tasks relying on perceived haptic cues, demonstrate
the high-fidelity haptic interaction with the ReHap-
ticKnob, as well as how patients’ sensorimotor per-
formance can be monitored and assessed throughout
the exercises.

2 MATERIALS AND METHODS
2.1 Apparatus

The ReHapticKnob is a two DOF haptic device de-
veloped for the rehabilitation of hand function after
stroke [17] (Figure 2). A translational DOF allows
the training of hand opening and closing, i.e. the
grasping function, while the second, rotational DOF,
allows for the training of forearm rotation (prona-
tion/supination). Grasping aperture and wrist rota-
tion are measured with two encoders located on the
motor shafts in joint space, as well as, for safety, with
one rotational and two linear potentiometers directly

Fig. 1.

Representative neurocognitive therapy ex-
ercises: grip aperture identification (left), compliance
identification (center) and active reproduction of a
forearm rotation which was passively induced by a
physiotherapist (right). All exercises are cognitive tasks
which are executed with closed eyes to focus patients’
attention on haptic sensory cues.

in task space. The interaction force between device
and user is measured with two 6DOF force/torque
transducers placed directly behind the two finger
supports and used both for the low-level interaction
control and for assessment purposes (Figure 2 E).
Fingers can be fixed to the finger supports with
Velcro®) straps such that force along the translational
DOF and torque on the rotational DOF can be trans-
ferred to the hand and to the wrist, respectively. Two
motor-gear combinations actuate the two DOF and
two brakes attached to the motor shafts allow locking
the two DOF independently, such that they can be
decoupled or used for isometric training.

Two power amplifiers control the two motors in
current mode and receive their set values from an
outer control loop running on a real-time system
with 1 kHz sampling frequency (LabVIEW real-time
target on a desktop PC, National Instruments). The
controller used for the ReHapticKnob (illustrated in
Figure 2 F and presented in [16]) is selected according
to the task to be trained and is either a basic position
controller with a proportional and a derivative gain,
or an impedance controller with force feedback [18],
[19], following the control law:

Fee(.%,fﬂ,Fm):Fd+Kf~(Fd7Fm)
=K -(x—z9)+B-& +
Ky (K (o —20)+ B-d— Fn) (1)

where all the parameters are described in task space,
F,. corresponds to the force rendered at the end-
effector, Fy to the desired force, z to the position
and £ to the velocity of the end-effector, K and B to
the stiffness and damping constants of the impedance
controller, F;,, to the measured interaction force at the
end-effector along the movement direction and Ky to
the force feedback gain.

Thanks to the force feedback the inherent dynamics
of the device can be partially compensated and a large
range of desired impedances can be rendered at the
output. The renderable range of output impedances
of the haptic device (Z-width, [20]) ranges from an
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Fig. 2. The ReHapticknob and three implemented neurocognitive exercises. A: Length identification exercise:
the hand of the patient is passively moved by the robot to one of five predetermined hand apertures (represented
by bars of different length and color), which has to be identified through haptic perception. B: Compliance
identification exercise: the sponge with the corresponding compliance has to be identified out of five sponges
with different compliance based on haptic perception from active grasping/squeezing movements by the patients.
C: Haptically cued forearm rotation exercise: A picture has to be rotated to a target angle «; which is indicated
haptically rather than visually. A haptic valley is rendered when rotating over the target angle. D: The haptic
valley is perceived along the translational DOF of the ReHapticKnob and implemented within a narrow band
around the target angle. E: force measurement frames of the two force/torque sensors. F: Control diagram of the
implemented impedance controller with force feedback: the transformation from joint to task space is described
by the Jacobian matrix J (derivation in [17]). The impedance of the ReHapticKnob in joint space is noted as

JZrHK-

almost transparent display (zero desired impedance),
ideal for the assessment of the patient’s functional
level, to compliant objects and rigid contact with
virtual objects (e.g. virtual wall with stiffness K =
50’000 N/m) [16]. Force measurements are low-pass
filtered with a first order Butterworth filter (35 Hz cut-
off frequency) and the velocities are calculated with
a first order adaptive windowing estimator which
has been shown to optimally increase the range of
renderable impedances [21]. The same controllers, but
with different control parameter settings, are used for
the two DOF. The pronosupination torque applied
by the user on the rotational DOF is estimated from
the two force/torque transducer measurements by
solving the hard-finger contact problem as described
in [22].

2.2 Neurocognitive robot-assisted exercises

Neurocognitive exercises are designed as tasks to
be solved with kinesthetic and/or tactile feedback

during passive or active movement. Three exercises,
inspired from conventional neurocognitive tasks used
during therapy sessions (Figure 1), were selected for
their suitability to robot-assisted therapy, and were
implemented on the ReHapticKnob.

The three neurocognitive exercises have a similar
structure. Each of them presents the patient with a
cognitive task consisting of an initial sensorimotor
exploration (familiarization) phase followed by an
identification (therapy) phase. All exercises involve
a functionally relevant physical interaction with the
environment that requires cognitive attention and rea-
soning as well as fine motor skills. The exploration
phase of the first two exercises consists in the presen-
tation of five different sensorimotor stimulus levels
rendered one after the other, which the patient has to
explore in order to develop a sensory memory of each
of them. The patient can explore each stimulus level
several times, and decides when to switch from one
level to the next. In the identification phase, one out
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of the five previously explored stimuli is randomly
selected, rendered by the ReHapticKnob, and has to
be identified by the patient. The stimuli are numbered
from 1 to 5 and the patient has to verbally report
the identified number to the operator who enters the
answer into a graphical user interface. In the third
exercise, the exploration phase allows the patient to
familiarize with a forearm rotation task, in which
a target angle, presented through visual and haptic
cues, has to be reached. During the identification
phase, the visual cues are removed and only the hap-
tic cues are provided. For all exercises, performance is
evaluated through the number of successful trials, i.e.
the number of correct identifications or successfully
completed forearm rotations.

The computer screen is placed over the patient’s
hand to block direct visual information on the hand
position in order to force patients to rely on their hap-
tic perception. The computer screen is further used
during exercises to provide visual instructions, feed-
back related to the task and immediate information
about the performance in the current trial. The visual
feedback is implemented in OpenGL, with elements
of the open source CHAI 3D haptics interface library
[23].

For patients with limited or no remaining hand and
arm motor function, a physiotherapist can provide
the necessary support to move the patient’s hand or
forearm. The physiotherapist is asked not to assist in
the identification or target recognition, respectively.
While this affects the motor abilities of the patient
(which is intended, as the patient would otherwise
not be able to carry out the exercise), it does not affect
the patients ability to solve the task (i.e. the patients
must rely on their haptic perception to solve the task).

2.2.1 Length identification

The goal of the length identification exercise is to train
passive object exploration and identification relying
on kinesthetic and/or tactile feedback from the hand.
Series of trials are repeated where the hand of the
patient is passively moved by the robot from an
initial grip aperture of 12 cm to one of five randomly
selected grip apertures (7-11 ¢cm in steps of 1 cm)
which patients have to identify. These movements
are implemented with the position controller, i.e. the
movements are guided by the robot and the patient
remains passive. This exercise is thus expected to
be achievable even by patients with severe motor
impairment, as long as their fingers can be safely and
comfortably fixed to the robot and that some level
of haptic perception is retained. Each grip aperture
is represented on the computer by a bar of different
length and color (Figure 2 A). Immediate visual feed-
back about the correctness of the patient’s answer is
displayed for two seconds by means of a green check
mark appearing next to the rendered bar in case of
a correct answer, and all bars except the presented

stimulus disappear in case of a wrong identification.
While the visual feedback is displayed the robot opens
the hand to the initial grip aperture, such that the next
trial can be initiated.

2.2.2 Compliance identification

The goal of the compliance identification exercise is to
train active exploration and identification of objects
with different viscoelastic properties. Series of trials
are repeated where the patient is asked to actively
grasp and identify one out of five virtual sponges
rendered by the ReHapticKnob. The rendering is per-
formed with the impedance controller with force feed-
back. Five different spring-damper parameter combi-
nations result in smooth and soft (sponge like) grasp-
ing interactions. The K-B parameter combinations for
this exercises were chosen so that stiffness and damp-
ing increments from one to the next sponge are always
the same: AK =300 N/m and AB =20 Ns/m (Table 1).
K and B values are selected such that a healthy subject
would easily be able to discriminate between sponges:
the smallest stiffness Weber fraction Wfx = AK/K =
300/1100 = 27% is larger than the smallest detectable
stiffness difference reported in literature ( [24], Weber
fraction of 22%). Furthermore, the smallest damping
increment with a Weber fraction of Wfg = 20/70 =
29% is selected larger than the smallest detectable
damping difference reported in literature ( [25], Weber
fraction of 13.6%). Prior to the start of the exercise
the patient’s hand is opened to a comfortable initial
grip aperture z; € [9 cm, 12 cm], which is set as the
reference position of the spring: zy = z;. Based on
the patient’s strategy, either force, displacement, work
(i.e. force times displacement) or compliance cues
can be used to discriminate between the mechanical
properties of the different objects [24].

Each sponge is represented via a virtual avatar
of different size on the computer screen which is
animated using a deforming mesh and a sponge-like
texture to enhance the perception of the squeezing
interaction through the integration of visual and hap-
tic cues (Figure 2 B). During identification, all avatars
are animated simultaneously to force patients to rely
on haptic perception only. Immediate visual feedback
about the correctness of the patient’s answer is then
displayed for two seconds on the computer screen; if
the answer is correct, the color of the selected sponge
is changed to green, while if the answer is wrong,
the correct sponge, i.e. the one which is currently
rendered by the robot, changes its color to red to
indicate a failed trial. Before the next trial, the hand is
passively opened to z;, i.e. to the equilibrium position
of the spring.

2.2.3 Haptically cued forearm rotation

The goal of this exercise is to train active forearm
rotation movement in coordination with grasping. Pa-
tients have to grasp and actively rotate the ReHaptic-
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TABLE 1
Stiffness and damping parameters of the five sponges
of the compliance identification exercise.

Sponge Nr 1 2 3 4 5

Stiffness K [N/m] 200 500 800 1100 1400
Damping B [Ns/m] 10 30 50 70 90

Knob to a randomly selected target angle o, selected
within the patient’s reachable pronosupination range
and displayed haptically, to force patients to rely on
kinesthetic and/or tactile feedback from the hand. To
facilitate the movement and make the rotational DOF
transparent, impedance control with torque feedback
with a desired output impedance of zero (K =0, B =0)
is used. As a result, only small torques (< 0.1 Nm)
are required to accelerate and rotate the end-effector
of the robot. Visual feedback of the current robot
angle ¢ is provided on the computer screen via a
rotating picture to attract the patients attention to the
screen. Visual target information is provided during
the exploration phase via a frame indicating the target
angle with which the picture must be aligned. Haptic
target information is provided via a haptic valley
along the translational DOF, which is rendered around
the target angle (Figure 2 C and D). The haptic valley
is implemented with the position controller of the
translational DOF such that the desired translational
position profile (zyqiey = f(¢)) follows a cosine func-
tion with a maximal amplitude of 1 mm at a; within
the range [a; — 2°, ay + 2°):

xvalley(¢) = (_]- mm) : COS(7T/2 : (¢ - at)/Zo) (2)

where (¢ — ay) € [-2°,2°].

A trial is successfully completed if the rotation
angle ¢ is kept within the error band of £2° around
the target angle o; for at least 2 seconds, i.e. the
end-effector ¢ is maintained within the haptic valley.
Once a trial is successfully completed, the screen
background turns green for two seconds to indicate
success, and a; for the next trial is selected. No time
limit is given for a specific trial, such that overall
exercise performance is indicated by the estimated
number of trials which would be completed within 15
minutes based on the measured number of repetitions
in one minute.

2.3 Clinical pilot study

In order to evaluate the feasibility of using the
aforementioned neurocognitive exercises on a het-
erogeneous group of patients with different levels
of neurological impairment, a non-systematic pilot
study was conducted. Five patients (P1-P5, Table 2)
were recruited from the Clinica Hildebrand Centro
di Riabilitazione Brissago, Switzerland; P1, P2 and

P5 were inpatients receiving full-time rehabilitation
programs at the Clinica Hildebrand, while P3 and
P4 were outpatients visiting the clinic for part-time
treatments (2 and 3 days per week, respectively).
Inclusion criteria were: age between 18-90 years, mild
to severe upper limb sensorimotor impairment due
to a neurological disorder and ability to understand
instructions. Exclusion criteria were: strong cognitive
limitations, upper limb pain, and severe aphasia. Pa-
tients volunteered for the study and gave written
informed consent prior to enrollment. The study was
carried out in accordance with the ethical standards
of the Declaration of Helsinki.

Depending on patients’ schedules, between three
and six 45 min sessions were performed with the
robot over a duration of two weeks. A physiotherapist
was present during all exercise sessions with the robot
and decided on the number of trials and the exercise
selection according to the abilities of the individual
patient. All patients tried each exercise at least once
with their impaired hand in order to evaluate feasi-
bility of each of the proposed exercises.

To investigate the acceptance of the proposed neu-
rocognitive robot-assisted therapy, a subjective ques-
tionnaire was given to the patients at the end of the
pilot study, composed of the five following questions:

Q1
Q2

Were the exercises with the robot motivating?
What was comfortable when executing exercises
with the robot?

What was uncomfortable when executing exer-
cises with the robot?

Which differences did you perceive between the
exercises conducted with the robot compared to
those conducted with a physiotherapist?
Would you recommend the additional neurocog-
nitive robot-assisted therapy to fellow patients?
A therapist from the Clinica Hildebrand, blinded to

the study, guided the patients through the question-
naire and collected the answers.

Q3
Q4

Q5

3 RESULTS

In the following, results from the pilot study with 5
patients (P1-P5) training with the three neurocognitive
exercises on the ReHapticKnob are presented. An
analysis of feasibility and acceptance of the neurocog-
nitive robot-assisted exercises is first described. This
is followed by examples of representative data of
each exercise illustrating how patients interacted with
the robot and which performance measures can be
extracted from each exercise.

3.1

All patients were able to comfortably place their hand
on the robot and train with all the three exercises, de-
spite their different neurological disorders and vary-
ing levels of impairment. All patients were able to

Feasibility
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TABLE 2
Patients’ demographics

Patient Age Gender Handed Time post lesion FMA! FMA! subscore  Neurological disorder
[years] -ness [months] (hand function)

P1 50 M right 3 6/ 66 0/ 14 ischemic stroke in the left superior temporal
gyrus

P2 34 M right 7 49/66 11/14 hemorrhagic stroke in the left frontotemporal
lobe and capsule

P3 42 F right 11 43/66 9/ 14 ischemic stroke in nucleo-capsular region

P4 46 M right 22 39/66 13/14 inflammatory encephalitis affecting different
brain regions (frontal-insula, left pyramidal
tract, left frontal-temporal lobe)

P5 62 M right 2 60/66 13/14 cervical-spinal trauma with multiple right

frontal-basal contusive lesions

1 Fugl-Meyer Assessment (FMA) [26]. FMA scores for the upper extremity (maximum score =66) and hand (maximum score =14)
subsections are reported (lower scores indicate greater impairment).

perform the length identification exercise, based on
robot-guided passive movements, on their own. Pa-
tient P3 who had relatively small hands was presented
with the four lower stimuli only and, accordingly, the
initial hand position was also adjusted (z; = 11 cm).
In contrast, both the compliance identification and
the forearm rotation exercise required some remaining
hand motor function. Patients P2, P4 and P5 were
able to perform these two exercises on their own,
while patients P1 and P3 required support from a
physiotherapist. Table 3 summarizes the number of
exercise sessions and trials performed, as well as
the average number of trials per minute (number of
identification trials divided by total time for explo-
ration and identification phases) as well as the average
exercise performance for all five patients.

Aside from patient P4, who suffered from cognitive
deficits and had some difficulties in understanding
the tasks, all patients achieved at least 50% in their
task performance. Over all patients, an average per-
formance of 68.4% and 61.4% for the length and
compliance identification exercises, respectively, was
found. The performance in the forearm rotation exer-
cise was measured by the number of conducted trials
within 15 minutes and resulted in an average of 51.3
trials/15 min over all patients.

While for the length identification and the forearm

rotation exercise 3.0 and 3.4 trials/min, respectively,
were conducted on average, only 1.26 trials/min were
achieved for the compliance identification exercise.
This can be explained by the additional time required
for active exploration of the mechanical properties of
the sponge before patients could provide an answer.

3.2 Acceptance

Patients’ feedback was generally very positive and is
summarized in Table 4. Patients well accepted the
neurocognitive robot-assisted exercises as a part of
their rehabilitation program. Almost all patients were
motivated by all the exercises and would recommend
the therapy to fellow patients. Patient P1 reported
difficulties in placing his hand on the robot and
asked for a larger finger support while patient P4
indicated that the exercises became repetitive after a
while. Furthermore, patients P1 and P3 stated that the
compliance discrimination exercise was more difficult
with the robot than the conventional one executed
with real sponges.

3.3 Length identification exercise

Data collected by the robot during three consecutive
representative trials of patient P1 are presented in
Figure 3. In these trials the grip apertures 10 cm,

TABLE 3
Patients’ performance evaluation

Patients Length identification Compliance indentification Forearm rotation

P1 5 68 45 58% 6 72 11 50% 6 88 3.0 45
P2 1 19 32 74% 5 53 14 75% 6 200 4.0 60
P3 4 82 25 83% 4 41 13 54% 2 41 41 615
P4 2 23 14 42% 3 13 04 49% 2 16 20 30
P5 1 13 325 85% 5 55 21 79% 5 88 40 60
Average - - 3.0 68% - - 126 61% - - 34 51

S: number of sessions performed, T: number of trials performed, —Z—: number of trials per minute, P:
performance metric: percentage of correct identification answers (length and compliance identification),
extrapolated number of trials conducted in a 15 minute session (forearm rotation).
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TABLE 4
Patients’ subjective feedback
Patient Q1 Were the exercises Q2 What was Q3 What was Q4 Which differences did Q5 Would you
with the robot motivat- comfortable uncomfortable you perceive between the recommend
ing? when executing when executing  exercises conducted with the additional
exercises  with  exercises with the the robot compared to neurocognitive robot-
the robot? robot? those conducted with a assisted therapy to
physiotherapist? fellow patients?
P1 some more than others Exercise 2 Finger supports Ex. 2 was more difficult Yes
P2 Yes All exercises Nothing None Yes
P3 Yes Exercise 3 Nothing Ex. 2 was more difficult Yes
P4 Yes All exercises Repetitive exercises ~ None Yes
P5 Yes Exercise 2 Nothing None Yes
(o}
7 cm and 9 cm were rendered with the ReHaptic- 5 |3 ‘ ‘ ‘ ‘ ‘
Knob. Hand closing and opening movements with 8§ 10 ]
the position controller were executed with minimal & & ‘ ‘ ‘ : _—
° % 5 10 15 20 25

overshoot (0.02 mm), a steady state error of maximally
0.02 mm and without instabilities from the human-
robot interaction. When the hand, and especially the
fingers, were moved to the initial position (z; = 12 cm)
forces of almost 5 N were exerted in grasping direc-
tion (Forcey) caused by stretching of the hand and
increased muscle tone in patients. Forces along the
grasping direction reduced as soon as the hand was
closed to one of the five stimulus apertures. Force pro-
files in lifting and especially in push/pull directions
were used to monitor undesired forces in transverse
directions and indicated negligible interaction forces
(< 2.5 N) during hand closing and maintenance of
grip aperture. These forces resulted from the bending
motion of the fingers as the hand was closed during
the stimulus presentation. These measurements allow
to monitor undesired forces for assessment and safety
purposes.

3.4 Compliance identification exercise

During this exercise, patients typically explored the
rendered virtual sponges by applying a specific tem-
poral force profile to the end-effector of the robot, as
illustrated in Figure 4 for a block of 20 trials conducted
by patient P2. The 20 temporal force profiles were
similar over trials and could be approximated by a
sinusoidal function with an amplitude of A = 1 N
and a frequency of w = 27 - 0.67 Hz:

Foo(t) = A (sin(w -t — g) +1) 3)

Because of the different stiffness and damping pa-
rameters of the five sponges, this resulted in distin-
guishable spatial force profiles (force as a function of
position as described by Tan et al. [24] and indicated
in Figure 4). Hence, patients were able to use posi-
tion, work and/or compliance cues to discriminate
between sponges and solve the identification task.

The softest sponge offered only little resistance to
movement, such that patient P2 immediately reduced

i
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Fig. 3. Three representative trials of the length identi-
fication exercise of patient P1 in session 3. Movement
started at the initial hand opening (12 cm) and ended
at randomly selected grip apertures (10 cm, 7 cm and
9 cm). After the patient gave his stimulus identifica-
tion answer the hand was opened again to the initial
position. Forces applied with thumb and fingers were
recorded during the robot-guided movements in grasp-
ing (Forcey), lifting (Forcey), and push/pull (Force,)
directions.

the amplitude of the temporal input force (after about
250 ms). Hence, for the simulation of the haptic
interaction with the softest sponge, a smaller force
amplitude of A = 0.5 N was used to model the
temporal force profile.

The strategy of exploring object properties with
similar temporal force profiles, e.g. sinusoidal ones as
shown for patient P2, was also observed in patients
P1 and P5. For patients P3 and P4 no clear strategy
could be identified, with the shape and amplitude of
the temporal force profiles varying from trial to trial.

In the case of an ideal impedance controller
(Fee = Fy) the user would perceive only the force re-
sulting from the virtual spring-damper combination.
To demonstrate that the force feedback worked prop-
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Fig. 4. Representative trials of the compliance iden-
tification exercise conducted in therapy session 5 of
patient P2. The five different grey levels indicate the
five different sponges. The top plot shows that pa-
tient P2 always applied a similar sinusoidal temporal
force profile to explore the displayed virtual object.
An emulated sinusoidal force profile used for the ver-
ification of the haptic interaction is plotted in orange
(dashed line). The lower panel shows the resulting
and clearly distinguishable spatial force profiles which
vary proportionally with the virtual object compliance.
The simulated spatial force profiles (dashed orange
ellipses) are plotted as a comparison on top of the
measured spatial force profiles (in grey).

erly and therefore the spring-damper combinations
were rendered as desired, the measured spatial force
profiles were compared to the theoretically result-
ing spatial force profiles when simulating the haptic
interaction following the sinusoidal temporal force
input according to Eq. 3. The resulting spatial force
profiles are plotted in Figure 4 as a comparison to the
measured profiles. Only small differences (< 0.4 N)
were observed between the simulated profiles and
measurements, indicating the high fidelity haptic ren-
dering of the ReHapticKnob enabled by the force
feedback.

3.5 Haptically cued forearm rotation exercise

This exercise required patients to concentrate on hap-
tic perception in order to detect the haptic valley
rendered by the ReHapticKnob, corresponding to the
target angle oy to be reached. Representative move-
ment trajectories are presented in Figure 5 for pa-
tient P2, who rotated the ReHapticKnob with a small
rotational speed of about 2.5°/s while searching for
the haptic target cue. In contrast, familiarization trials
with visual feedback involved fast rotations up to
the respective target angles. A one-sided Wilcoxon

Angular trajectories
— Target angle ot

Visual target information

N
o
Rotation [deg]

1 1 1 O
0 5 10 15

Haptic target information

N
o
Rotation [deg]

1 1 1 O
0 5 10 15

Fig. 5. Haptically cued forearm rotation exercise: com-
parison of three representative trials of P2 in session
4 conducted during task familiarization in which visual
feedback was provided via the computer screen (top)
to three trials in which the target angle «; was indicated
only haptically, i.e. without visual feedback (bottom).

signed-rank test was conducted to compare the me-
dian of the task execution times with and without vi-
sual feedback for all patients. Significantly shorter (p
= 0.0312) execution times (median + median absolute
deviation) were observed with visual feedback (8.7 s
+ 1.0 s) compared to without visual feedback (12.9 s
+ 0.9 s).

4 DiISCUSSION

This paper proposed and evaluated three robot-
assisted rehabilitation exercises, implemented on the
ReHapticKnob, following the approach of neurocog-
nitive therapy. The goal of these exercises is to train
the complete sensorimotor loop, with a special focus
on haptic perception. Solving cognitive tasks with the
body encourages patients’ active mental and physical
participation, resulting in a highly motivating therapy.
This approach goes beyond existing movement thera-
pies focusing primarily on visually-guided movement
repetitions [13], and is uniquely suited for the imple-
mentation on haptic interfaces. A haptic device such
as the ReHapticKnob can provide motor and sensory
stimuli in a well-controlled and reproducible manner.
Furthermore, it offers the ability to display virtual
objects with a wide range of viscoelastic properties,
which can be precisely rendered and automatically
presented to patients without any apparent changes
to the setup, increasing exercise variety and range of
difficulty.

Feasibility and acceptance of the three proposed
neurocognitive robot-assisted exercises were inves-
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tigated on a heterogeneous group of five patients,
suffering from different types of neurological impair-
ments and varying upper limb impairment levels,
who received therapy session with the ReHapticKnob
as an integrative part of their rehabilitation program.
All patients could understand the exercises, actively
participate in the robot-assisted therapy sessions and
achieve good exercise performance (i.e. they were able
to “actively” achieve the goal of the task), even if
their motor abilities were strongly limited and they
relied on assistance from the robot or physiotherapist.
Three out of five patients were able to conduct all
the exercises on their own, while the remaining two
patients, who suffered from more severe hand im-
pairment, required support from the physiotherapist
to perform the two exercises requiring active motor
participation (i.e. compliance identification and hap-
tically cued forearm rotation). On the other hand, all
patients were able to perform the length identification
task without relying on the assistance of a physio-
therapist, even if they could not actively move the
hand. This task is thus ideal for severely impaired pa-
tients, engaging them more than conventional passive
therapy by requiring active participation through the
cognitively demanding task of identifying the object
based on the haptic perception of its length. Accord-
ingly, this ability to participate and solve parts of the
task independently could positively impact patients’
motivation. Results of a subjective questionnaire sug-
gested that patients well accepted the neurocognitive
exercises with the ReHapticKnob and indeed found
them motivating. All participants would recommend
this type of therapy to their fellow patients. One
patient even suggested that the robot could be used
without supervision from a physiotherapist. Indeed,
use of such a system for self-training in the evening
or during spare time in the clinic, or even at home,
could complement conventional therapy with similar
exercises to increase the overall duration and intensity
of therapy in patients with sufficient sensorimotor and
cognitive function.

The automatic transition between different stimuli
(e.g. viscoelastic properties or length of an object)
could also help increase therapy intensity. The results
of this pilot study suggest that patients on average
performed between 1.26 and 3.4 repetitions of an ex-
ercise per minute. This would represent an increased
intensity compared to 1.21 repetitions per minute
reported in [27] or 0.92 repetitions per minute as
calculated from [28] (average number of upper limb
movement repetitions divided by the average session
length) for conventional upper limb physiotherapy
and occupational therapy exercises.

Haptic devices used for rehabilitation therapy offer
the additional advantage of collecting objective force
and position data to quantify performance and as-
sess patient-robot interaction [29]. The data collected
during repeated interactions with the ReHapticKnob

within the context of the three proposed exercises
could provide new insights on sensorimotor control
of grasping in neurologically impaired patients, and
especially on the control strategies used during explo-
ration of viscoelastic objects when motor or sensory
function are impaired [30]. In the compliance identifi-
cation exercise, it was observed that mildly impaired
patients (P2 and P5) applied a well-defined temporal
force profile to interact with the robot and to dis-
criminate objects based on different perceived spatial
force profiles. These results are in accordance with
other studies on healthy subjects [24]. More severely
impaired patients could likely not control grasp force
well enough and had to rely on a different strat-
egy to discriminate between object properties, or to
rely on therapist assistance, leading to less successful
performance. Robotic assessments could also be used
to select and adapt exercise parameters. By adapting
parameters such as the distances between two grip
apertures or the stiffness and damping increments
(AK and AB) between two sponges to the individ-
ual patient, the appropriate training level could be
selected and adapted online. These quantities could
be determined directly from robotic assessments fol-
lowing psychophysical methods [31], or even online
during the therapy itself and based on the exercise
performance.

The proposed neurocognitive robot-assisted ther-
apy provides new perspectives on merging concepts
from haptics, such as psychophysics and perceptual
learning, with those of robot-assisted neurorehabil-
itation. The present study is limited by the small
number of participants, short intervention duration
and non-systematic design. Further work and a more
systematic clinical study are thus needed to determine
and exploit the potential of neurocognitive robot-
assisted therapy in promoting recovery of sensorimo-
tor function, especially at the level of the hand.

5 CONCLUSION

We proposed a novel concept for robot-assisted reha-
bilitation of hand function using a neurocognitive ap-
proach, where motor, sensory and cognitive processes
involved in hand movements are trained together.
Three neurocognitive exercises implemented on the
ReHapticKnob were successfully tested with five pa-
tients suffering from different neurological disorders
and impairment levels. Feasibility and acceptance of
the proposed exercises were high, and initial data
collected with the robot during this preliminary study
underlined the potential of this approach to integrate
haptics for intensive sensorimotor therapy of hand
function.
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