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Abstract—Increasing the transparency of robotic systems used
for gait rehabilitation can improve training of various daily
activities such as walking or balancing. However, until today,
there has been very little effort invested in a systematic analysis
of occurring unwanted interaction forces between the patient
and the robot. In this paper, we have developed such a setup
for systematic analysis and quantification of interaction forces
between the gait rehabilitation device the FLOAT and the patient.
The results of our analysis show that our setup is capable
of quantifying small interaction forces and movement effects
under different, precisely controllable experimental conditions.
Measured interaction forces of the FLOAT were found to be small
and in the range of 3.3 N at low body weight support (52 N) to
17.6 N at high body weight support (376 N) when moving with
constant velocity. In addition, deviations of the measured forces in
the FLOAT ranged from 2 to 5 N. In combination with additional
measurements that investigate other robot workspace locations
and movement directions these results will help to understand
the influence of unwanted interaction forces on patient recovery.

[. INTRODUCTION

Over the last decades, robot-aided gait therapy has become
an established and widely used intervention to treat individuals
with gait impairments resulting from stroke or spinal cord
injury [1]. Many different devices have been developed with
the common goal to enable patients to perform and train
movements otherwise prevented by their impairment [2], [3],
[4]. Based on years of experience in human motor learning,
researchers have come to an agreement on how a robotic device
should optimally interact with a patient to achieve the best
therapy outcome. According to motor learning and locomotor
training principles, the robot should provide enough support
to create a safe and permissive environment. Importantly, the
robot should only assist the patient as needed [5]. This “assist-
as-needed strategy” should enable the patient to perform all
tasks in question while the patient is optimally challenged [6].
This strategy is believed to promote motor relearning to a max-
imum since the patient is prevented from becoming slack [7]
and remains motivated and challenged [8], [9]. Additionally,
training of preinjury movements and minimizing compensatory
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movements is known to promote successful motor relearning
[10], [11].

Evidence from recent studies suggests however, that current
devices both support and disturb movements too much, which
might be why higher functioning, ambulatory individuals do
not profit as much from robotic devices as more severely
impaired patients [9], [12], [13]. As a result, patients adapt
themselves to the device peculiarities/behaviour, thus learning
incorrect or compensatory movement patterns.

Teaching the correct dynamics of a movement to a patient
requires that the robotic device is only perceived by the
patient when he/she is not able to perform the motion by
himself/herself and requires support or restriction [14], [15].
During the remaining training time, the robot should hide its
presence by minimizing interaction forces between itself and
the patient, i.e. robot transparency [16]. Highly transparent
devices allow patients to train most of the task as if the robot
was not there while still providing support as-needed or offer-
ing guidance during certain phases. Robotic systems with low
transparency on the other hand distort the patient’s movements
which will result in learning of false dynamics and loading
patterns [15]. Therefore, to achieve high transparency, the fol-
lowing interaction forces should be eliminated/compensated:
inertia, gravity, Coriolis force, centrifugal forces and friction
[17], [18].

Several studies have analysed the effect of robot inertia on
gait and muscle activity in able-bodied subjects, but results
were often confounded with stabilizing forces of the body
weight support (BWS) systems [19], [20], [21], [22], [23],
[24]. Studies which investigated the effect of added, pure
inertia to the trunk found an increased metabolic rate [25]
and muscle activity [20]. Also, significant changes in gait
kinematics for pelvis and ankle joints [19] compared to walk-
ing without added inertia were revealed. In some situations, a
higher metabolic rate and muscle activity during rehabilitation
training compared to the same activities in daily life might even
be welcome. However, it is important that these parameters are
not an innate part of the device, but that they can be added to
patient training in a controlled and selective manner. Only with



a system with high transparency can we guarantee adequate
shaping of the therapy and allow individualized support to
challenge each patient at her or his optimal level.

Although transparency has become an important factor in
rehabilitation robotics, there is no standard procedure avail-
able that defines how transparency measurements should be
performed to obtain objectively comparable measures. Several
research groups have tried to measure transparency indirectly
by recording kinematic motion data and showing an effect of
different mechanical or control designs on movement perfor-
mance [9], [19], [24]. Another way is to estimate interaction
forces between the robot and a user with the robot’s own
force sensors [8], [26], [27], [28]. This approach has the
disadvantage that the robot’s force sensors are normally not
located at the site of interaction. Therefore, interaction forces
have to be estimated using a robot user model and the obtained
force measurements cannot be verified in this way. A specific
setup with additional force/torque sensors only for measuring
robot transparency directly at the interaction site was described
in [29]. The described setup was used to measure interaction
torques produced by a user walking in the robot and allowed
a good quantification of the robot’s transparency. However,
the forces from a human user are hardly controllable which
makes it difficult to validate different forms of interaction
forces. Moreover, standardized measurements do not only give
insight into maximal friction forces, but quantify the behaviour
of the robot as a whole. Such knowledge is crucial for correctly
interpreting results from rehabilitation training with patients.

In this paper, we propose a measurement setup which
allows measuring the transparency for different BWS systems
in a standardized way. We apply this setup to measure the
transparency of a recently refined robotic BWS system built for
multidirectional, supported gait training. This robot, called the
FLOAT V2.0, was designed for highly transparent behaviour
using a parallel robot design with series elastic actuators and
force sensors close to its user to allow highly transparent
multipurpose rehabilitation training.

II. MATERIAL AND METHODS
A. Body weight support system the FLOAT

The robotic device investigated in this paper is the cable-
driven, ceiling-mounted support system called the FLOAT
V2.0 (Fig. 1). The FLOAT V2.0 has been developed for
gait training in patients with neurologic and orthopedic im-
pairments. For all training modes, the FLOAT can provide
supporting or disturbing forces in three directions within a
large cuboid workspace. Before the training, the patient is
required to put on a harness that is then connected to the
robot’s end-effector. The patient can then move and turn around
freely in the robot’s workspace which introduces not only the
possibility to train gait but all kinds of activities of daily living,
including standing up, sitting down and stair climbing.

The FLOAT V2.0 is a commercially available device that
has been redesigned and advanced from a previously built pro-
totype [28]. Additional cable guides which could have resulted
in malfunctioning were removed, hardware costs reduced and

a rotary potentiometer for registering the user’s orientation
integrated so that support can newly be provided in the user’s
walking direction. Furthermore, end-effector data, including
potentiometer and IMU data, is now transmitted to the control
hardware via wireless communication, a novelty for robots in
the area of rehabilitation [30].

Feed-forward compensation: Due to the passively movable
trolleys along the rails on the ceiling, the FLOAT has low
impedance in x-direction. Therefore, in force control mode,
the rope velocities are only controlled to keep the end-effector
in the middle of the trolleys. A dead zone of a few centimiters
is implemented to avoid undesired movements of the FLOAT
when the patient is standing. In y-direction, the end-effector
velocity is used to improve transparency. Also here, a dead
zone is applied to avoid undesired movements of the FLOAT
when the patient is standing still.

B. Test Rig

Our goal is to investigate the transparency of the FLOAT
V2.0 by measuring its static and dynamic behaviour. The static
behaviour is how accurate the FLOAT V2.0 generates desired
forces at the current end-effector position. This information is
afterwards used to calibrate the robot and validate its force
sensors. With the calibrated robot we are then set to measure
the robot’s dynamic behaviour which shows how well the
robot follows patient movements. Large friction and inertia
will result in a bad tracking performance and high interaction
forces. To measure static and dynamic behaviour, a test rig
(Fig. 2) has been constructed. This test rig can be actuated
linearly along one axis. The FLOAT V2.0 can be connected to
a 6DoF force/torque sensor on the rig and is therefore precisely
controllable along one predefined DoF.

The test rig is composed of a motorized linear module
(MKR-080-NN-2, Bosch Rexroth) that is mounted on top of
a 3 m long frame of aluminium profiles. The linear module’s
sled can be actuated along the module at a maximum speed of
5 m/s through a servo motor (AM8053-1G20, Beckhoff) which
is controlled by a digital servo drive (AX-5101-0000-0203,
Beckhoff). The maximum distance the sled can be moved along
the linear module is 2.34 m. On the test sled, the 6 DoF force
and torque sensor (Mini 45, ATI) is attached. The sensor’s
force and torque resolution along all axes is 0.25 N respectively
0.005 Nm and the sampling frequency is set to 1 kHz. The
force sensor can be attached via two ropes of 0.48 m length
to the end-effector of the robotic BWS system. This setup
is based on the FLOAT’s normal attachment of a user via a
harness and shoulder straps. In this way, the behaviour of the
attachment of the user to the FLOAT can be imitated while
the force sensor can measure the forces that would act on the
patient. The force/torque sensor registers only forces and no
torques due to the attachment via ropes.

FLOAT and Test Rig Integration: A trajectory generator
forwards a one dimensional trajectory with a corresponding
velocity profile to the PD-position control of the test rig which
in turn moves the linear module’s sled. Through the node-sled
connection a force is applied on the node and its reaction force



Fig. 1. The FLOAT V2.0 body weight support robot is based on a parallel robot design. Its periphery consists of a steel frame (1) and four winches (2) which
guide cables (3) through a set of mobile pulleys (4) into the robot’s workspace. Cable ends join in a single point to form the end-effector (5). Springs (6),
equipped with potentiometers (7) to measure cable force, decouple drive train inertia from the end-effector. Two laser sensors (8) measure cable length and an

IMU (9) located in the end-effector acceleration and angular rates.

Fig. 2. Test rig for measuring interaction forces.

is measured by the 6DOF force/torque sensor. To allow the
node to move with the sled, the force acting on the node fx 4
is measured through rope force sensors and forwarded to the
force controller of the FLOAT. Motor position and the laser
sensor signals are used to calculate the node position via direct

kinematics (DK). The measured node position Xgg meqs and its
derivative g meqs are then used to compensate for friction and
inertia in the xy-plane. The desired robot force is obtained
by combining the desired vertical force fgg 45 from the body
weight support (BWS) block, the feed-forward compensation
(FF compensation) term fgg comp and the measured forces on
the node fx meqs (Fig. 3).

C. Experimental Procedure

Two types of measurements were performed with the test
rig: First, static measurements to validate the accuracy and
precision of the FLOAT for providing a specific body weight
support. Second, dynamic measurements that should reveal
how transparent the FLOAT behaves when the FLOAT is
moved from its actual position, i.e. horizontal forces should
remain close to zero and vertical forces should remain close
to the pre-set body weight support. For providing constant con-
ditions for comparability reasons during the dynamic measure-
ments, the test rig was used to generate predefined movements
(movements with a constant velocity part).

1) Static Measurement: During the static measurements,
the test rig was placed in the centre of the robot’s workspace
parallel to the x-axis. Using position control, the end-effector
was then moved over the test rig’s sled and connected to the
force sensor via the rope attachment. The FLOAT’s control was
switched from position to force control so that the connecting
ropes tensed and the end-effector oriented itself vertically
above the force sensor. Using the FLOAT’s remote control,
a BWS of 52 N was entered and after waiting for at least 5
seconds the forces exerted by the end-effector were recorded
for around 15 seconds. The measurement was repeated another
six times with BWS of 104 N, 162 N, 213 N, 266 N, 325 N
and 376 N. In our case, we selected a patient with 106 kg of
body weight. The weight was increased in 5% steps until 35%
of the patient’s bodyweight.

2) Dynamic Measurements: For the dynamic measure-
ments, the placement of the test rig in the robot’s workspace
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TABLE I
TRAJECTORY PARAMETERS

Paramter Velocity 1 | Velocity 2

durationycee) [s] 1.7 1
durationgece; [s] 1.7 1
start position [m] 0 0
end position [m] 2 2

velocityconst [m/s] 0.28 0.84
factor 8 5
durationyeg 1.6 1.6

was retained. The end-effector and the test rig’s sled were
positioned on one end of the test rig to allow movement
in positive x-direction. The starting position on the test rig
was marked so that for all measurements the same position
was used. Control was switched again to force control after
connecting the end-effector to the test rig’s force sensor and
BWS was also adjusted to 52 N. After the start of the force
recording, the test rig’s sled was moved 5 times back and forth
over a distance of 2 meters with a predefined trajectory and
velocity profile. The trajectory was defined by five polynomial
functions Py.s. The first and last polynomial function P9 and
Pg define the starting and end position. The second and
fourth functions P] and P} describe a smooth acceleration
and deceleration phase in a given time window. And the third
function P} is responsible for the main movement phase with
a constant velocity. The velocity profile can be obtained by
deriving the these polynomials as a function of time. Between
back and forth movements the test rig’s sled remained for
1.6 s at the movement’s end position. Measurements were
repeated with the same BWS which were used for the static
measurements and with two different velocity profiles with a
constant main velocity of 1 km/h and 3 km/h. The velocities
were selected to simulate different walking speeds of patients
(Tab. I).

III. RESULTS
A. Static Measurements

Using a linear regression

ax fSpring +b,a = 1.082,b =0,

XEE,act

PD-Controller

XTR des
XTR,des

T-Generator

Simplified control chart of the FLOAT in force control mode and the test rig in position control mode.

TABLE II
STATIC FORCE VALIDATION

Set point [N] | Fumeas, FLOAT [N] | Fmeas, Test Rig [N]
M(SD) M(SD)
52 54 (0.4) 52 (0.6)
104 105 (0.5) 104 (0.5)
162 162 (0.5) 162 (0.4)
213 213 (0.5) 213 (0.5)
266 264 (0.4) 266 (0.4)
325 321 (0.5) 325 (0.4)
376 372 (0.5) 376 (0.4)

we first calibrated the force measurement of the FLOAT with
the data obtained from the force torque sensor. Results of this
calibration are summarized in Table II.

B. Dynamic Measurements

In Figures 4 and 5, the FLOATs tracking performance and
interaction forces are shown for the 3 axes x, y and z for two
back and forth movements of the test rig’s sled at 1km/h. Peak
deviations of the FLOAT position from the trajectory given by
the test rig are largest in x-direction (0.2 m for low BWS and
0.1 m for high BWS) and negligible (0.02 m) along the other
axes. Resulting peak interaction forces range from 10 N (low
BWS) to 30 N (high BWS) for the x-axis, remain around 3 N
for the y-axis and vary between 14 N (low BWS) and 8 N
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Fig. 6. Effect of unloading and speed on vertical interaction forces.

(high BWS) for the z-axis. Looking only at the phases with
constant velocity the mean interaction forces for the x-axis are
between 3.3 N (SD: 2.1) for low BWS and 17.6 N (SD: 8.2)
for high BWS. Interaction forces in y-direction are small and
invariable (M: 2.0-2.5 N, SD: 0.3-0.5) for all BWS levels. The
z-direction shows higher mean interaction forces during low
support conditions (M: 8.2 N, SD: 3.8) and smaller forces
for high support (M: 4.6, SD: 2.2). Mean differences between
Fineas, Test Rig and Freas, rLoar are small and in the range of
1.5 N (SD: 0.5) to 2.5 N (SD: 1.8) for all directions with
low support and just marginally higher for with high support
(M: 2.5-5.5 N, SD: 0.4-3.0). The effect of higher movement
speeds (3/km) on vertical interaction forces is presented in
Figure 6.

IV. DISCUSSION

This test rig is able to simulate in a simplified but precisely
controllable way interactions between the FLOAT and the
patient. At the same time interaction forces between FLOAT
and the simulated patient (the test rig) can be measured directly
at the force application point. In particular, we have introduced
a protocol which allows validation of the FLOAT’s rope force
sensors. Generally speaking, we have proposed a possible
method to standardize and quantify interaction forces under
different unloading and velocity conditions.

A. Static Measurements

From Table II it can be seen that after calibrating the
FLOAT’s rope force sensors using the test rig’s force/torque
sensor, deviations are only present for low and high BWS and
are almost negligible. Therefore, we can expect that forces
measured under dynamic conditions should be comparable and
any observable differences might be due to differences in the
force sensors location, accuracy and the dynamic behavior of
the ropes (simulated harness) between the test rig and the
FLOAT.

B. Dynamic Measurements

To our kowledge, we are the first ones to present interaction
forces between a rehabilitation robot and a robotic force
validation device during dynamic movements. Generally, the
measurements show that interaction forces are strongly depen-
dent on the amount of BWS that is provided and the movement
speed. For the horizontal direction, higher BWS increases the
intransparency of the robot while for the z-direction higher
BWS decreases these unwanted interactions. This effect seems
to be caused by the robot-user interface (the harness) which
requires a minimum of interaction forces to be present for
perceiving the user’s intentions (particularly in the acceleration
and deceleration phase). This behaviour is also apparent in the
robot’s tracking performance due to the same effect. Under
low BWS conditions, the end-effector overshoots at the end of
each movement because accelerating and decelerating forces
in horizontal direction can only be well transferred from
the test rig to the FLOAT, when the interface (the harness)
is well pretensed; This is the case for higher BWS. The
overshooting results in oscillations which are characteristic at
low unloading and are especially noticeable at high speeds
(Fig. 6). Higher movement speeds require higher accelerations
since the length of the test rig remains the same. Thus, also
interaction forces are higher during acceleration movements for
higher movement speeds than for lower ones which is visible in
the peak interaction forces in Fig. 6. In the absolute magnitude
of the mean interaction forces, the FLOAT shows very little
undesired interactions (max=17.6 N at BWS=376 N). This is
in line with measurements in the first prototype of the FLOAT
that showed small interaction forces in the range of 5 to
10 N for 10 and 25 kg unloading [28]. Meuleman et al. have
suggested a threshold of additional inertia of 6 kg to the pelvis
when walking with 1.5 or 4.5 km/h under which energetics,
kinematics and gait parameters are not significantly changed
[19]. The FLOAT’s end-effector has only a mass of 5 kg which
is connected to the patient via harness to the trunk. However,
the amount of inertia that is tolerable by patients critically
depends on: their physical condition, the desired acceleration
in the movement, and individual perception. To our knowledge,
there is no literature available on tolerable inertia for patients,
which could be an interesting topic of research.

As a further result from our measurements, the FLOAT
does not only allow highly transparent gait training. Also, the
FLOAT provides very precise, accurate, and reliable force mea-
surements over a large workspace area in static and dynamic



tasks. Only small deviations in the range of 2-5 N are observed
for low and high BWS which mirror the behaviour that was
apparent during the static measurements.

V. CONCLUSION

This paper introduces a refined approach to measure trans-
parency of the novel gait rehabilitation robot the FLOAT in
a precisely quantifiable and controllable way. The presented
measurements show the capability of the developed test rig to
quantify small interaction forces and movement effects under
different experimental conditions. Average interaction forces
were found to be small with 17.6 N at high BWS (376 N) and
3.3 N at low BWS (52 N) during movements with constant
velocity. Deviations of the measured forces in the FLOAT
ranged from 2 to SN. Additional measurements are now needed
to investigate the interaction forces produced by the robotic
device for different robot workspace locations and movement
directions. This will allow us to evaluate the effect of the
robot’s specific geometry and will help clinicians to interpret
the interaction effects between the robot and the patient with
a broader background knowledge.
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