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Development of a Planar Haptic Robot With
Minimized Impedance

Keonyoung Oh , William Z. Rymer , Ilaria Plenzio , Ferdinando A. Mussa-Ivaldi,
Seunghan Park, and Junho Choi

Abstract—Several studies have reported that stroke sur-
vivors displayed improved voluntary planar movements
when forces supporting the upper limb increased, and
when impeding forces decreased. Earlier haptic devices
interacting with the human upper limb were potentially
impacted by undesired residual friction force and device
inertia. To explore natural, undisturbed voluntary motor
control in stroke survivors, we describe the development of
a Decoupled-Operational space Robot for wide Impedance
Switching (DORIS) with minimized mechanical impedances.
This design is based on a novel decoupling mechanism
separating the end effector from a manipulator. While
the user manipulates the end effector freely inside the
workspace of the decoupling mechanism, to which a ma-
nipulator of the robot is attached, the robot detects such
change in position using a lightweight linkage system. The
manipulator of the robot then follows such movements of
the end effector swiftly. Consequently, the user can explore
the extended workspace, which can be as large as the ma-
nipulator’s workspace. Since the end effector is mechani-
cally decoupled from the manipulators and actuators, the
user can remain unaffected by the mechanical impedances
of the manipulator. Mechanical impedances perceived by
the user and bandwidth of the control system were es-
timated. The developed robot was capable of detecting
larger maximum acceleration and larger jerk of the reaching
movement in chronic stroke survivors with hemiparesis. We
propose that this device can be utilized for evaluating vol-
untary motor control of the upper limb while minimizing the
impact of robot inertia and friction forces on limb behavior.

Index Terms—User workspace, haptic robot, neurologi-
cal disorder, upper limb, impedance.
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I. INTRODUCTION

A. Impedance of a Haptic Robot

S EVERAL studies have reported that stroke survivors
showed improvement in voluntary motor control when their

upper limbs are supported against gravity, and when other re-
sisting forces against movements were sharply reduced [1]. To
illustrate, in an earlier study from our own group, we provided
chronic hemiparetic stroke survivors with external forces sup-
porting the weight of the impaired upper limb against gravity us-
ing a low friction air-bearing. In the presence of such supporting
forces, coupled with low friction forces, stroke survivors showed
larger planar joint excursions, longer reaching distance, larger
maximum velocities, more straight movement trajectories, and
smoother velocity profiles of the affected limb. Conversely,
additional mechanical impedances in the form of added inertia,
stiffness, and viscosity induced changes in activation levels
in upper limb muscles for target reaching in chronic stroke
survivors [2]. These findings imply that additional loads on upper
limb muscles should ideally be minimized if we wish to study
undisturbed limb motion in stroke survivors. Our objective here
then is to describe the design and initial testing of a haptic device
that imposes minimal additional loads on the upper limb.

For assessing voluntary motor control accurately in human
subjects who are receiving supporting forces against gravity,
undesired impedances imposed by the supporting device should
not disturb the user’s natural movements. It follows that these
impedances need to be kept as small as possible [3], [4]. For
example, when an existing haptic device’s impedances were
compared to those of the related human joints, the device showed
relatively larger impedances [3]. During a human reaching task,
such additional impedance can induce different muscular activi-
ties in the upper limb muscles in stroke survivors as compared to
those activities with other types of impedances [2]. In addition,
an essential measure, which indicates smoothness of the arm
movement, is the jerk [5] or the number of sub-movements
[6]. Since the jerk can be strongly affected by the additional
inertia of the robot, it is important to develop a haptic robot
with minimized impedances to assess motor control, without
any undesired disturbances or resisting forces.

A number of robotic devices have been developed to assess
or to train the voluntary control of the upper limb with a greater
range of motion. The Bi-Manu Track was developed to train
the user’s forearm and wrist [7]. For the bimanual movements,
the Mirror Image Motion Enabler (MIME) was introduced so

0018-9294 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Northwestern University. Downloaded on May 11,2023 at 18:02:42 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0003-0520-9295
https://orcid.org/0000-0002-1672-4236
https://orcid.org/0000-0002-5649-0657
https://orcid.org/0000-0003-4269-4787
mailto:junhochoi@kist.re.kr


1442 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 68, NO. 5, MAY 2021

the intact side of the upper limb can assist movements of the
affected side of the upper limb [8]. The MIT MANUS [9], [10],
InMotion Arm [11], and InMotion Wrist [12] were introduced
for upper limb training in a 2D plane using the impedance
control scheme. The Armeo Spring [13], Armin [14], BURT
Robotic Arm [15], and HapticMaster [16], [17] enables users
to interact with perturbations or virtual objects. These devices,
however, routinely have non-negligible impedances associated
with dynamic inertia of components, friction forces, and per-
formance limits of the control system. For example, with the
admittance control paradigm used in the HapticMaster and
another programmable haptic robot [18], the end effector has
to have a theoretical mass of at least 2 kg [16] and 1.7 kg [18],
respectively, which is quite significant when compared to the
mass of the upper limb. Since the admittance control paradigm
measures contact forces exerted by a user and then generates
resultant movements based on a predetermined theoretical mass
of the end effector [19], a minimum non-zero mass is required
to avoid a nearly infinite acceleration, which may result from a
ratio of the non-zero contact force to the zero inertia.

To minimize additional impedances induced by the iner-
tial resisting force, haptic robots characterized by high back-
drivability have also been developed. To reduce the inertia
imposed by the long, heavy linkage mechanisms, some haptic
devices utilized thin, lightweight linkage systems or cable-
driven systems to transmit actuating torques [3], [20], [21]. The
inertia of one such device, the MIT MANUS [10], of a timing
belt-driven robot, the vBOT [22], and also of a cable-driven
haptic robot, CBM-Motus [23] were estimated to be 0.67 kg,
0.42-0.71 kg, and 2.026 kg, respectively. In addition, to minimize
the effective inertia of the robotics, a feedforward controller was
utilized to compensate the influence of the dynamic impedance
of the robot, which includes joint friction, segment mass, and
moment of inertia. These dynamic parameters were identified
first and were compensated using the inverse dynamics algo-
rithm and the feedforward impedance controller [24], [25]. To
improve transparency of the haptic robot, impedances of the
human hand were also identified to minimize the effects of force
feedback between the user and robot [26].

Recently, some studies have developed the iterative or neural
control strategies to facilitate effective, smooth human-robot
interaction. The activation level and joint coordination of the
upper limb muscles were first estimated. To realize sophisticated
human-robot interaction as the user intended, the impedance of
the end effector of the robot was then matched to those estimated
impedance values [27], or control input was modulated online
by adapting the feedforward force in the tracking task with the
upper limb [28], [29].

In addition, a novel tracking control paradigm was introduced
to allow the end effector to be unaffected by the robot’s inertia
by decoupling the end effector from its actuators [30], [31] and
by extending a small workspace of the user [32] to a larger
workspace of the actuators. The relatively small robotic end
effector was introduced, which was passively attached to the
large system, including actuators. Thus, the end effector could
have a small range of undisturbed movements [30], [31]. When
the user manipulates the end effector, and before the end effector

hits the boundary of the workspace, the workspace itself is
also moving to follow the user’s movement. Consequently, the
size of the user’s workspace can be extended to reach that of
the actuators without increasing the impedance. This control
strategy has been used to develop earlier manipulators [23], and
we also adopted this control paradigm to develop a haptic robot
with the relatively smaller impedances of the end effector than
exhibited by other haptic robots.

B. Switchable Impedance of the Robot

Another benefit offered by haptic robots is providing the user
with highly motivating interactive training. The various types
of loads can be implemented by regulating impedances of the
end effector. This type of robotic interface may be valuable
as neurologic therapy and can make training situations more
interesting, more diverse, and help a user focus more on the
therapy [33].

To minimize additional impedances of the end effector while
assessing motor control of the upper limb, we have developed a
planar haptic robot, called Decoupled-Operational space Robot
for wide Impedance Switching (DORIS). The unique control
paradigm of the developed robot allows a user to be largely
unaffected by external impedances of the robot. The impedances
of the new robot and its control performance were quantified
using sinusoidal excitation and step-input tests. Kinematics of
the target reaching movements were then compared in chronic
stroke survivors with hemiparesis between DORIS and another
programmable robot, the HapticMaster. In addition, we imple-
mented a switchable impedance to simulate a virtual wall using
the brake system with an force/torque (FT) sensor.

II. METHODS

A. Design of DORIS

To guarantee that a user can remain largely unaffected by the
impedances of the robot while manipulating the end effector,
DORIS was designed around a unique mechanism incorporating
a decoupled and extended user workspace. The end effector
is passively connected to the decoupling mechanism through
a pair of five-bar linkage system (four links and one frame)
and low-friction bearings so that the end effector (with a handle
attachment) can glide freely within the user workspace on the
decoupling mechanism as the user intends (Fig. 1). The decou-
pling mechanism can detect such user’s kinematic information
from the end effector and then catches up with the end effector by
minimizing the relative distance between the end effector and
the center of the decoupling mechanism using three actuators
connected to the translation links and rotation links (Fig. 2).
Additional impedances imposed on the end effector are induced
from the inertia of the end effector. Note that due to the decou-
pling mechanism, any impedances associated with the actuators
and of the larger manipulator cannot be transmitted to the user
who is grasping the handle attached to the end effector (Fig. 1).
More detailed specifications of DORIS were in Table I.

The manipulator of DORIS has two different sets of linkage
systems, which are separately responsible for the translational
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Fig. 1. (Top) Design of DORIS with the decoupled user workspace.
The end effector (handle) can be moved freely within the decoupling
mechanism, which is disjointed from all the translation links, rotation
links, and actuators. The inset figure represents a user manipulating the
end effector of DORIS. (Bottom) Design of the decoupling mechanism.
Four encoders at each corner are utilized for calculation of the posi-
tion and angle of the end effector. When the brakes are engaged, the
movement of the end effector is no longer allowed. Note that a handle is
removed in the top figure to make the structure more clearly visible.

TABLE I
SPECIFICATIONS OF DORIS. ALL ARE MEASURED VALUES

and rotational movement of the decoupling mechanism. The
2-dimensional (2-D) translation and 1-dimensional (1-D) ro-
tation of the end effector could be immediately followed by
the decoupling mechanism by controlling the translation and
rotation links, respectively (Fig. 2). Four absolute encoders with

Fig. 2. DORIS can follow both a 2-D translational (up) and 1-D rota-
tional (down) movement of a user. The decoupling mechanism detects
the change in position of the end effector (from solid black square to
dotted black square, ΔPEE/DM ) and then tries to match the position
of the center of decoupling mechanism (gray rectangular) with the new
position of the end effector by controlling angles (θ1 and θ2) of the trans-
lation links (from solid to dashed black lines) by two separated actuators
(τ1 and τ2). The rotation of the end effector (θEE ) is also measured and
the rotation link is then controlled (θ3) (from solid to dashed gray lines)
by an actuator (τ3) to move the decoupling mechanism (θDM ).

a resolution of 18 bits (EBI1135, Heidenhain, Traunreut, Ger-
many) on the decoupling mechanism (Fig. 3) detect the change
in position of the end effector (ΔPEE/DM in Fig. 2) referenced
to the center of the decoupling mechanism (PDM in Fig. 2). For
the translation of the end effector, either side of the translation
link (θ1 and θ2 in Fig. 2) is then actuated by an identical
motor (K127150, Parker Hannifin, Mayfield Heights, OH, US)
to minimize the relative distance between the end effector and the
center of the decoupling mechanism (ΔPEE/DM ). The position
(xDM , yDM ) of the decoupling mechanism, which is denoted
by PDM , is given as follows.

xDM = L (cos θ1 − cos θ2) ,

yDM = L (sin θ1 + sin θ2) , (1)

where L is the length of each segment of the manipulator.
For the relative rotation of the end effector (θEE/DM ), the

third actuator controls the rotation of the decoupling mechanism
(θDM ) via the rotation link system (Fig. 2). The triangle-shaped
piece near PDM is attached to the decoupling mechanism, so it
can transmit the rotational movement of the third actuator (θ3) to
the decoupling mechanism (θDM ). Note that the triangle-shaped
piece is a right-angle isosceles triangle so each link of the
translational links and the rotational links and two adjacent
triangular-shaped pieces form a parallelogram. The parallelo-
grams preserve the orientation of the decoupling mechanism
regardless of the translational movement of the manipulator
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Fig. 3. Schematic of the five-bar linkage mechanism inside of the
decoupling mechanism. The relative position (PEE/DM ) and relative
rotation angle (θEE/DM ) of the end effector (solid black square) ref-
erenced to the decoupling mechanism can be obtained by using four
measured angles (q1, q2, q3, and q4) from absolute encoders. An origin
point of the coordinate system coincides with the center point of the
decoupling mechanism, PDM in Fig. 2.

(Fig. 2). All the translational and rotational links are made of
lightweight carbon fiber tubes and are connected to each other
via passive revolute joints with low-friction bearings to reduce
inertia and friction forces, respectively.

The end effector (or a handle attachment) is supported by
a pair of identical five-bar linkage systems within the decou-
pling mechanism. Each linkage system connects two absolute
encoders and the end effector, so the measured angles of each
link are used to calculate the current position and rotation angle
of the end effector (Fig. 3). The positions of revolute joints
connecting two adjacent links are given as follows.

P1 =

[
P1x

P1y

]
=

[
l1 cos q1
l1 sin q1

]
+A,

P2 =

[
P2x

P2y

]
=

[
l1 cos q2
l1 sin q2

]
+B,

P3 =

[
P3x

P3y

]
=

[
l1 cos q3
l1 sin q3

]
+ C,

P4 =

[
P4x

P4y

]
=

[
l1 cos q4
l1 sin q4

]
+D, (2)

whereA, B, C, andD are the positions of the encoders (or end-
points of each five-bar linkage system) and q1, q2, q3, and q4 are
the measured angles of the connected links (Fig. 3). Each five-bar
linkage system is connected to the end effector at Q1 (x1, y1)
and Q2 (x2, y2) via revolute joints.

Then, since the lengths of links are identical,

(x1 − P1x)
2 + (y1 − P1y)

2 = l22 ,

(x1 − P4x)
2 + (y1 − P4y)

2 = l22 . (3)

Therefore,

y1 = αx1 + β, (4)

Fig. 4. A control block diagram of DORIS. Absolute encoders detect
the user’s translational and rotational movements and the control system
tries to minimize relative movements (PEE/DM and θEE/DM ) of the
end effector from the center of the decoupling mechanism (PDM and
θDM ). In proportion to those relative movements, the velocity com-
mands are sent to actuators to control the translation (θ̇1 and θ̇2) and
rotation (θ̇3) links.

where

α =
P4x − P1x

P1y − P4y
,

β =
P 2
1x + P 2

1y − P 2
4x − P 2

4y

2 (P1y − P4y)
. (5)

Then, (
1 + α2

)
x2
1 + (−2P1x + 2α (β − P1y))x1

+P 2
1x + (β − P1y)

2 − l22 = 0.
(6)

Solving the equation yields the position of Q1. Similarly, the
position of Q2 is obtained. Then, the position and rotation angle
of the end effector are given as

PEE/DM =
(Q1 +Q2)

2
,

θEE/DM = tan−1 y1 − y2
x1 − x2

, (7)

and used for the desired position and angle of the decoupling
mechanism in the control system.

The calculated position (PDM + PEE/DM ) and rotation an-
gle (θDM + θEE/DM ) of the end effector with respect to the
origin point O (Fig. 2) are each specified as the desired position
and rotation angle for the decoupling mechanism, so the control
system then tries to minimize relative deviations (or feedback
errors) of the end effector (PEE/DM and θEE/DM ) from the
center of decoupling mechanism to track the user’s movement
(Figs. 2 and 4). The velocity commands, which are set in pro-
portion to the feedback errors in the position and rotation angle,
are sent to two actuators (θ̇1 and θ̇2) for the translation and to the
third actuator (θ̇3) for the rotation (Fig. 4). The feedback control
system operates at 1 kHz.

B. Switchable Impedance Using the Brake System

To switch the impedance of the end effector, a simple brake
mechanism was also implemented. By engaging the brakes and
locking the end effector, DORIS can switch its impedance from
the almost zero up to 9000 N/m (Table II), which is stiff enough
to be perceived as a virtual wall [10]. Both ends of the five-
bar linkage systems connecting the end effector and decoupling
mechanism are also connected to solenoid type brakes (112-
05-12, Miki Pulley, Kanagawa, Japan) (Fig. 1) through timing
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TABLE II
MEASURED MASS, STIFFNESS, AND VISCOSITY PERCEIVED AT THE END
EFFECTOR IN THE USER WORKSPACE WHEN THE END EFFECTOR WAS

EXCITED (OR THE DECOUPLING MECHANISM WAS EXCITED)

belts. A six-axis force and torque (FT) sensor (Mini 45, ATI
Industrial Automation, Apex, NC, US) was installed between
the decoupling mechanism and the manipulator. After engaging
the brakes, imposed contact forces and torques can be readily
measured.

C. System Identification

To assess the transparency of the developed robot, DORIS,
effective mechanical impedances of the end effector were esti-
mated. Since the 5-bar linkage mechanism, which are connected
to the end effector, has different configurations and impedances
along the horizontal and vertical directions, each direction of
the 2-DOF workspace was modeled separately as a 1-DOF
mass-spring-damper system. The effective mass, stiffness, and
damping coefficient (viscosity) of the end effector were identi-
fied from an estimated transfer function between applied forces
on the end effector and the relative movement of the end effector
with respect to the decoupling mechanism. Two different but
similar tests were conducted to arouse the same magnitude of
the relative movement of the end effector within the decou-
pling mechanism. Firstly, the end effector was excited using
another haptic device with the decoupling mechanism controlled
motionless. The HapticMaster (Moog Inc., East Aurora, NY,
US), which is a programmable haptic robot, excited the end
effector at a frequency of 2 Hz, and with an amplitude of 10 mm
while measuring interaction forces between the HapticMaster
and the end effector of DORIS using a force sensor at the
end of the HapticMaster. Secondly, in reverse, the decoupling
mechanism was shaken by the developed controller with the end
effector remained motionless, and the HapticMaster measured
the contact forces. Either way, the same relative movement of
the end effector with respect to the decoupling mechanism was
produced and offered some resisting forces due to its inertia
of the 5-bar linkage systems, and passive revolute joints in the
decoupling mechanism (Fig. 1). Notably, the first test could give
us the effective impedances imposed on the end effector and
user’s hand. The second test could assess how much forces were
transmitted to the user while the actuators were controlled to
follow the user’s movements. The impedances from the second
test will be some portions of those from the first test.

To determine whether there was any position-dependent non-
linearity of the end effector’s inertia, a similar test with a different
excitation amplitude of 5 mm was conducted. The recorded

contact forces and kinematic data were filtered with the 5th
order Butterworth low-pass filter with a cut-off frequency of
3 Hz. Parameters of the impedances were estimated using the
MATLAB System Identification Toolbox (MathWorks, Natick,
MA, US).

For evaluation of the control performance of DORIS, both
a step response and frequency response in reaction to the
sinusoidal positional input were recorded. For the frequency
response test, the frequency of the positional input signal was
swept from 0.1 Hz to 10 Hz with an amplitude of 10 mm. Both
the step and sinusoidal position input signals were applied to the
controller of DORIS, so that the decoupling mechanism could
follow such input movements. Measured positional output was
then compared to the positional input signals.

D. Experimental Setup for System Verification

To verify whether DORIS was transparent enough to assess
intrinsic voluntary motor control of the human upper limb, kine-
matic data of seven chronic stroke survivors with hemiparesis
(63.84 ± 3.80 years old, 12.75 ± 9.59 years after stroke, and
Fugl-Meyer upper extremity motor score of 31.17 ± 14.26 for
their affected sides) were collected during target reaching and
compared between DORIS and another programmable haptic
robot, the HapticMaster. Participants signed informed consent
forms (#STU00208823) approved by the Northwestern Univer-
sity Institutional Review Board (IRB) Committee prior to the
tests. The upper limbs were supported by the end effector, and
subjects were then asked to reach a target (Fig. 7) as fast as
possible. The target was 0.2 m apart from the initial position.
Subjects repeated the target reaching task seven times. Joint
kinematic data and trajectories of the end effector were collected
simultaneously using a motion capture system (V120: Trio,
OptiTrack, Corvallis, OR, US) and DORIS, respectively. To
provide the user with visual feedback of the handle position,
a monitor was installed in front of the subjects. A Maximum
velocity, maximum acceleration, and jerk of the target reaching
movements were calculated to determine which haptic robot was
less interfering with the user’s voluntary motions.

III. RESULTS

The measured effective mass, stiffness, and damping coef-
ficient of the end effector for either x and y-direction were
calculated from the transfer function between the input force
measured using the HapticMaster and measured relative position
of the end effector of DORIS and are listed in Table II. No matter
if the end effector or the decoupling mechanism was excited, the
identified elasticity and viscosity imposed on the end effector of
DORIS were almost the same (Table II). The inertia, however,
was larger with the end effector excited than with the decoupling
mechanism excited.

The 1-DOF model with estimated parameters successfully
reproduced the positional output with the measured sinusoidal
input forces from the HapticMaster and showed an error of 4%
as compared to the measured positional output. Since the end
effector was connected to the decoupling mechanism through the
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Fig. 5. Step response (position) of the decoupling mechanism of
DORIS with a step positional input to the controller. A rise time (Tr) and
settling time (Ts) were found as 0.138 and 0.252 s, respectively.

Fig. 6. Frequency response for identification of the system parameters
and control bandwidth of the closed-loop controller employed in the
robot. In response to the given positional input signal at frequencies
swept from 0.1 to 10 Hz, the amplitude of the output (position of the
decoupling mechanism) reduced to half at a frequency of 2.6 Hz.

5-bar linkage system, effective impedances could vary with dif-
ferent positions of the end effector and correspondingly different
configurations of the 5-bar linkage. With a different amplitude of
5 mm while being excited, the effective mass of the end effector
increased by 4.9%.

Given a unit positional step input to the controller of DORIS,
the rise time and settling time were found to be 0.138 s and
0.252 s, respectively (Fig. 5). When excited by the HapticMas-
ter with frequencies swept from 0.1 to 10 Hz, the frequency
response of the end effector is presented in Fig. 6. As the
frequency of positional input increased, the amplitude of the
output position tended to decrease. From the frequency response
plot, the amplitude of the measured gain of the end effector
decreased by half at frequencies higher than 2.6 Hz, which
determined the control bandwidth of the developed DORIS as
2.6 Hz.

Fig. 7. Reaching trajectories form a representative subject with right
hemiparesis with DORIS (black solid lines) and the HapticMaster (HM,
gray dashed lines). Starting from a home target (solid circle), subjects
reached the right target (dashed circle). Please note that stroke sur-
vivors with left hemiparesis reached the left target.

Fig. 8. Comparison of a maximum velocity (left), maximum acceler-
ation (middle), and average of jerk (right) of the reaching movement
between DORIS (black) and the HapticMaster (HM, gray) with 1 SD.
∗∗ p < .01.

All participants successfully completed the target reaching
task while their affected sides of the upper limb were being
supported by DORIS. Representative trajectories with DORIS
and the HapticMaster are shown in Fig. 7. Measured friction
and elastic forces counteracting movements were maintained
below 0.09 N and 0.19 N at the maximum displacement and
measured speed of the end effector (Table I), respectively. An
average of maximum velocity, maximum acceleration, and av-
erage of jerk for the target reaching were 0.20 ± 0.05 m/s,
0.93 ± 0.27 m/s2, and 2.34 ± 0.50 m/s3 with the Haptic-
Master and were 0.27 ± 0.08 m/s, 3.40 ± 1.00 m/s2, and
6.69 ± 2.61 m/s3 with DORIS, respectively (Fig. 8).

IV. DISCUSSION

In this study, we describe the design and performance of a new
planar haptic robot, called DORIS. It was designed to provide a
user with minimum undesired impedances, with the idea that it
can be used to explore rigorously the interaction between limb
trajectory control and complex external impedance loads.
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DORIS was also utilized to assess jerky movements of the
upper limb for target reaching task in chronic stroke sur-
vivors with hemiparesis. Our results imply that the device can
be used for assessment of intrinsic voluntary motor control
of the upper limb. Additional advantages, which are derived
from the proposed decoupling mechanism, and applications
of DORIS with minimized impedances are further described
hereafter.

A. Reduced Impedance of the Robot and Its Effects on
Voluntary Arm Movements

Although many different haptic devices [3], [8], [ [9], [13],
[15]–[19], [21], [22] have been developed and widely utilized
to assess voluntary motor control of the upper limb, limited
transparency of the end effector often affects the voluntary
movement. As reported previously, mildly impaired chronic
stroke survivors showed larger joint excursions and smoother
velocity profiles in a 2-D reaching task when their upper limbs
were supported against gravity [1], [34]–[37] and when friction
forces were sharply reduced [1]. This result implies that reduced
loading on upper limb and minimized mechanical impedances
could reveal the preservation of motor control of upper limbs in
patients with neurological disorders.

Since then, several published studies [35]–[37] have been
conducted to explore undesired activation patterns or weakness
in upper limb muscles of stroke survivors using haptic devices or
manipulators. Such devices, however, impose a non-negligible,
additional inertia of up to 2 kg [10], [16] on the subject’s arm,
which has a similar magnitude of mass of the normal upper limb
[38]. The device may also add additional viscosity [39]. Since
additional inertial or viscous loads imposed by manipulators
could disturb the kinematics of the upper limb and change the
activation level of the upper limb [2], such additional loads
imposed by haptic devices should ideally be minimized.

To minimize additional loads imposed by haptic devices,
several mechanical systems or control paradigms have been
suggested. Beer and his colleagues [1] used an air-bearing to
minimize friction forces. Badesa and his colleagues [40] de-
veloped a planar robot driven by pneumatic swivel modules.
Gomi and Kawato developed a 2-D planar haptic robot that
consists of links and an air-magnetic floating mechanism to avoid
friction. The user, however, still have to manipulate an additional
inertia of 2 kg [16] or an additional viscosity of 4.40 N-s/m [39].
Other well-known back-drivable haptic devices include the MIT
MANUS and the KINARM. Each has multiple linkage systems
that exhibit a relatively large effective mass of 0.67 kg [10]
and a total mass of the linkage systems of 1.348 kg [3], [20],
respectively. Another haptic device, the MEDARM, utilizing
cable systems to transmit actuating torques and to reduce its
inertia shows almost twice as large as the KINARM on the
shoulder joint [3].

A larger workspace required for the assessment of upper
limb control could also introduce a larger inertial load. When
developing a robotic manipulator, a limitation in minimizing
the inertia of the manipulator comes from the fact that longer

linkages being used for the manipulator are necessarily accom-
panied by increased inertia. Since the inertia of the manipulator
is proportional to the mass and square of the length of the links,
shorter links are preferable to decrease inertia of the manipulator.
However, since shorter links limit the workspace of the user, a
unique mechanism that decouples a long linkage system and
actuators from the user’s workspace is deemed necessary, and
such a system is proposed here in this study.

Here, the end effector of DORIS is decoupled from the actua-
tors and linkage system, so the most of mechanical impedances
imposed by the manipulator could also be isolated from the
user. Though the mass of the manipulator including the linkage
systems and decoupling mechanism is larger than 10 kg, both
the decoupled end effector and a user are largely unaffected by
these additional inertial load. For example, when exciting the
decoupling mechanism with the end effector in a fixed position,
actuating forces exerted on the decoupling mechanism were
larger than 20 N, but the measured contact forces between the
end effector and HapticMaster remained below 0.19 N, which
implies that the most of actuating forces were not transmitted to
the end effector. As compared to conventional haptic robots, the
new haptic robot can reduce its effective mass to a one-sixth
or one half (Table II) of the minimum effective mass of a
different, widely used robotic manipulator, the HapticMaster
(2 kg) [16] or of the MIT MANUS (2/3 kg) [10], respectively.
Furthermore, a viscosity perceived at the end effector was
reduced to nearly one-third when compared to a previously
developed haptic manipulator [39]. Interestingly, link-driven
haptic robots have position-dependent impedances of the end
effector due to different link configurations and correspondingly
different moment of inertias in a large workspace. Our robot,
however, imposes impedances which are induced by relative
movements of the end effector in the small (user) workspace, so
mechanical impedances are similar across the large (manipula-
tor) workspace. It is worth reporting the measured impedances of
the end effector represent its minimum values. Since the weight
of the user’s upper limbs can add additional loading vertically on
the end effector and surrounding components, the impedances
perceived at the end effector may vary slightly. Though this
was not tested, the deformation due to the vertical loading and
resultant increase in friction forces would be expected to be
negligible.

The developed robot, DORIS, is sensitive to user’s manipulat-
ing forces so is also capable of detecting a larger magnitude of ac-
celeration and larger jerk during the target reaching task in stroke
survivors. As compared to the HapticMaster, the effective inertia
decreased by approximately one-sixth so resulting acceleration
increased by more than three times (Fig. 8). This result implies
that an additional mass of 2 kg on the upper limb, in contrast,
could scale the maximum acceleration down by half with the
same joint torques. Another important parameter describing how
smoothly the users control their voluntary movements is jerk,
which is defined as a rate of change of movement acceleration
[41]. The more transparent and sensitive the new robot was
to users’ manipulating forces, the jerkier reaching movements
became. Both the maximum acceleration and jerk were signifi-
cantly larger with DORIS compared to the HapticMaster, which
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implies that undesired, additional impedances of the end effector
may disturb user’s intrinsic control performance and shade any
types of jerky movements of the upper limb.

B. Bandwidth of Control System

The bandwidth of the control system employed in our new
robot is also higher than the maximum frequency content of the
type Ⅰmovement of hands and fingers (2 Hz), which is defined as
a range of voluntary movements conducted without a decrease
in amplitude as compared to the magnitude of intended motions
and can also be tracked by eyes. The available control bandwidth,
however, is lower than the maximum frequency content of rapid
movements of hands and fingers (8 Hz) [42]. This is one of the
limitations of our robot.

Since our target reaching tasks relied on visual feedback,
which is a type Ⅰ movements (≤2 Hz) and do not utilize
maximum voluntary movement speed (type Ⅱ), no subject hit
the boundary of the decoupling mechanism. If subjects move
faster than the maximum speed of the decoupling mechanism
(1.7 m/s) at a higher frequency than the control bandwidth (2.6
Hz), they can possibly, in principle, bottom out the boundary of
the decoupling mechanism. This would then engage the inertia
of the whole manipulator, which potentially weighs over 10 kg,
and actuating forces transmitted by the robot arms on the end
effector. Although such fast movement is not the intended oper-
ating situation for DORIS, it is one of its potential limitations.

C. Switchable Impedance of DORIS Using the Brake
System and FT Sensor

Inspired by positive results from several published studies,
which suggested that interacting with virtual haptic objects could
both help users focus more on the task [34] and induce a high
level of cortical activity [33], a simply switchable impedance
of the end effector was achieved by engaging the brake system.
As the brake system holds the end effector, its movement can
be restrained, and the stiffness can be switched from 0.25 to
9000 N/m (Table II). Notably, only when the end effector is being
held by the brake system, the FT sensor, which is connected to
the decoupling mechanism, can measure manipulating forces
exerted by the user. Though only the switchable impedance
has been enabled for DORIS so far, measured manipulating
forces, for example, can be further utilized to simulate variable
impedance such as viscous or elastic load, based on a pre-defined
relationship between the manipulating forces and kinematics
of the manipulator, which was already well developed by the
admittance control paradigm [16].

V. CONCLUSION

We have developed and tested a new robotic haptic ma-
nipulator called DORIS, which exhibits substantially reduced
impedances of the end effector. Since the decoupling mechanism
of the manipulator was designed to track user’s input movements
but not to transmit the impedances of all the linkage systems and
actuators to the end effector, the effective impedance perceived
at the end effector by a user could be substantially reduced, no

matter what size of workspace was employed. When compared
to another advanced and widely used programmable haptic
robot, DORIS was more sensitive to user’s manipulating forces
so was also capable of detecting undisturbed movements of the
upper limb in stroke survivors.

Since motor control of the upper limb of stroke survivors has
been found to be very sensitive to loading conditions, our new
manipulator can potentially be utilized to examine the preser-
vation of the motor control with minimal loading on subjects’
muscles.
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