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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.

I. 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
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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
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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.
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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 fR,act

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 xEE,meas and its

derivative ẋEE,meas 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 fEE,des from the body

weight support (BWS) block, the feed-forward compensation

(FF compensation) term fEE,comp and the measured forces on

the node fR,meas (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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Fig. 3. Simplified control chart of the FLOAT in force control mode and the test rig in position control mode.

TABLE I
TRAJECTORY PARAMETERS

Paramter Velocity 1 Velocity 2

durationaccel [s] 1.7 1

durationdecel [s] 1.7 1

start position [m] 0 0

end position [m] 2 2

velocityconst [m/s] 0.28 0.84

factor 8 5

durationrest 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 P1-5. The first and last polynomial function P01 and

P05 define the starting and end position. The second and

fourth functions P72 and P74 describe a smooth acceleration

and deceleration phase in a given time window. And the third

function P13 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

a ∗ fSpring + b, a = 1.082, b = 0,

TABLE II
STATIC FORCE VALIDATION

Set point [N] Fmeas, FLOAT [N]
M(SD)

Fmeas, Test Rig [N]
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 FLOAT’s 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 (0̃.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. 4. Tracking performance and interaction forces due to low (52 N) BWS
(yellow, orange, blue: Posmeas, FLOAT, Fmeas, FLOAT, Fmeas, Test Rig).
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Fig. 5. Tracking performance and interaction forces due to high (376 N)
BWS (yellow, orange, blue: Posmeas, FLOAT, Fmeas, FLOAT, Fmeas, Test Rig).
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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

Fmeas, Test Rig and Fmeas, FLOAT 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 5N. 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.

ACKNOWLEDGMENT

The authors would like to thank the Swiss CTI for support-

ing this project (17567.2 PFLS-LS).

REFERENCES

[1] V. Dietz, “Body weight supported gait training: From laboratory to
clinical setting,” Brain Research Bulletin, vol. 78, no. 1, pp. I–VI, jan
2009.

[2] I. Dı́az, J. J. Gil, and E. Sánchez, “Lower-Limb Robotic Rehabilitation:
Literature Review and Challenges,” Journal of Robotics, vol. 2011, no. i,
pp. 1–11, 2011.

[3] J. M. Hidler and D. A. Brown, “Robotic Devices for Overground Gait
and Balance Training,” in Neurorehabilitation Technology, V. Dietz,
T. Nef, and W. Z. Rymer, Eds. London: Springer London, 2012, pp.
397–409.

[4] M. A. M. Dzahir and S.-i. Yamamoto, “Recent Trends in Lower-
Limb Robotic Rehabilitation Orthosis: Control Scheme and Strategy for
Pneumatic Muscle Actuated Gait Trainers,” Robotics, vol. 3, no. 2, pp.
120–148, 2014.

[5] J. L. Emken, J. E. Bobrow, and D. J. Reinkensmeyer, “Robotic Movement
Training as an Optimization Problem: Designing a Controller that Assists
Only as Needed,” in Proc. IEEE 9th Int.Conf. Rehabil. Robot., Chicago,
2005, pp. 307–312.

[6] N. C. Bejarano, S. Maggioni, L. D. Rijcke, C. A. Cifuentes, and
D. J. Reinkensmeyer, “Robot-Assisted Rehabilitation Therapy : Recovery
Mechanisms and Their Implications for Machine Design,” in Emerging
Therapies in Neurorehabilitation II, 2016, pp. 197–223.

[7] E. Wolbrecht, V. Chan, D. Reinkensmeyer, and J. Bobrow, “Optimizing
Compliant, Model-Based Robotic Assistance to Promote Neuroreha-
bilitation,” IEEE Transactions on Neural Systems and Rehabilitation
Engineering, vol. 16, no. 3, pp. 286–297, jun 2008.

[8] M. Guidali, U. Keller, V. Klamroth-Marganska, T. Nef, and R. Riener,
“Estimating the patients contribution during robot-assisted therapy,” The
Journal of Rehabilitation Research and Development, vol. 50, no. 3, p.
379, 2013.

[9] A. Duschau-Wicke, A. Caprez, and R. Riener, “Patient-cooperative con-
trol increases active participation of individuals with SCI during robot-
aided gait training,” Journal of NeuroEngineering and Rehabilitation,
vol. 7, no. 1, p. 43, 2010.

[10] S. Harkema, PhD, A. Behrman, PhD, PT, and H. Barbeau, PhD,
Locomotor Training. Oxford University Press, jun 2011.

[11] S. Harkema, A. Behrman, and H. Barbeau, “Evidence-based therapy for
recovery of function after spinal cord injury,” in Handbook of Clinical
Neurology, 1st ed. Elsevier B.V., 2012, vol. 109, pp. 259–274.

[12] J. Mehrholz, B. Elsner, C. Werner, J. Kugler, and M. Pohl,
“Electromechanical-Assisted Training for Walking After Stroke: Updated
Evidence,” Stroke, vol. 44, no. 10, pp. e127–e128, oct 2013.

[13] V. Klamroth-marganska, J. Blanco, K. Campen, A. Curt, V. Dietz,
T. Ettlin, M. Felder, and B. Fellinghauer, “Three-dimensional ,
task-specifi c robot therapy of the arm after stroke : a multicentre ,
parallel-group randomised trial,” The Lancet Neurology, vol. 13, no. 2,
pp. 159–166, 2014. [Online]. Available: http://dx.doi.org/10.1016/S1474-
4422(13)70305-3

[14] E. H. F. Van Asseldonk, J. F. Veneman, R. Ekkelenkamp, J. H. Buurke,
F. C. T. Van Der Helm, and H. Van Der Kooij, “The Effects on
Kinematics and Muscle Activity of Walking in a Robotic Gait Trainer
During Zero-Force Control,” IEEE Transactions on Neural Systems and
Rehabilitation Engineering, vol. 16, no. 4, pp. 360–370, 2008.

[15] A. Pennycott, D. Wyss, H. Vallery, V. Klamroth-Marganska, and
R. Riener, “Towards more effective robotic gait training for stroke re-
habilitation: a review,” Journal of NeuroEngineering and Rehabilitation,
vol. 9, no. 1, p. 65, 2012.

[16] A. Duschau-Wicke, T. Brunsch, S. Felsenstein, H. Vallery, and R. Riener,
“Patient-Cooperative Control: Adapting Robotic Interventions to Individ-
ual Human Capabilities,” in IFMBE Proceedings, 2009, vol. 25, no. 9,
pp. 271–274.

[17] H. Vallery, M. Guidali, A. Duschau-Wicke, and R. Riener, “Patient-
Cooperative Control: Providing Safe Support without Restricting Move-
ment,” in IFMBE Proceedings, 2009, vol. 25, no. 9, pp. 166–169.

[18] H. Vallery, A. Duschau-Wicke, and R. Riener, “Hiding robot inertia
using resonance,” in 2010 Annual International Conference of the IEEE
Engineering in Medicine and Biology. IEEE, aug 2010, pp. 1271–1274.

[19] J. H. Meuleman, E. H. van Asseldonk, and H. van der Kooij, “The
effect of directional inertias added to pelvis and ankle on gait,” Journal
of NeuroEngineering and Rehabilitation, vol. 10, no. 1, p. 40, 2013.

[20] C. P. McGowan, R. R. Neptune, and R. Kram, “Independent effects of
weight and mass on plantar flexor activity during walking: implications
for their contributions to body support and forward propulsion,” Journal
of Applied Physiology, vol. 105, no. 2, pp. 486–494, aug 2008.

[21] J. K. De Witt, R. D. Hagan, and R. L. Cromwell, “The effect of
increasing inertia upon vertical ground reaction forces and temporal
kinematics during locomotion,” Journal of Experimental Biology, vol.
211, no. 7, pp. 1087–1092, apr 2008.

[22] R. C. Browning, J. R. Modica, R. Kram, and A. Goswami, “The effects of
adding mass to the legs on the energetics and biomechanics of walking.”
Medicine and science in sports and exercise, vol. 39, no. 3, pp. 515–25,
mar 2007.

[23] T. D. Royer and P. E. Martin, “Manipulations of leg mass and moment
of inertia: effects on energy cost of walking.” Medicine and science in
sports and exercise, vol. 37, no. 4, pp. 649–56, apr 2005.

[24] A. Pennycott, D. Wyss, H. Vallery, and R. Riener, “Effects of added
inertia and body weight support on lateral balance control during
walking,” in 2011 IEEE International Conference on Rehabilitation
Robotics, vol. 2011. IEEE, jun 2011, pp. 1–5.

[25] A. Grabowski, “Independent metabolic costs of supporting body weight
and accelerating body mass during walking,” Journal of Applied Physi-
ology, vol. 98, no. 2, pp. 579–583, oct 2004.

[26] C. Everarts, H. Vallery, M. Bolliger, and R. Ronsse, “Adaptive position
anticipation in a support robot for overground gait training enhances
transparency,” in 2013 IEEE 13th International Conference on Rehabil-
itation Robotics (ICORR). IEEE, jun 2013, pp. 1–6.

[27] S. Hussein, M. Buchel, and J. Kruger, “Stable, adaptive interaction and
contact transition control of a high inertia haptic interface for haptic
simulation in gait rehabilitation,” in 2011 IEEE International Conference
on Robotics and Automation. IEEE, may 2011, pp. 4176–4181.

[28] H. Vallery, P. Lutz, J. Von Zitzewitz, G. Rauter, M. Fritschi, C. Everarts,
R. Ronsse, A. Curt, and M. Bolliger, “Multidirectional transparent
support for overground gait training,” IEEE International Conference
on Rehabilitation Robotics, 2013.

[29] W. van Dijk, H. van der Kooij, B. Koopman, and E. H. F. van Asseldonk,
“Improving the transparency of a rehabilitation robot by exploiting
the cyclic behaviour of walking,” in 2013 IEEE 13th International
Conference on Rehabilitation Robotics (ICORR). IEEE, jun 2013, pp.
1–8.

[30] G. Rauter, M. Bannwart, P. Lutz, M. Bolliger, and M. Gantner, “Robust
Wireless Real-Time Data Transmission for Robot Control in Neuroreha-
bilitation,” in Engineering Foundation Conference on Biomechanics and
Neural Control of Movement.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


