
 
 

Delft University of Technology

Neglected physical human-robot interaction may explain variable outcomes in gait
neurorehabilitation research

Plooij, M.; Apte, S.; Keller, U.; Baines, P.; Sterke, B.; Asboth, L.; Courtine, G.; von Zitzewitz, J.; Vallery, H.

DOI
10.1126/scirobotics.abf1888
Publication date
2021
Document Version
Final published version
Published in
Science Robotics

Citation (APA)
Plooij, M., Apte, S., Keller, U., Baines, P., Sterke, B., Asboth, L., Courtine, G., von Zitzewitz, J., & Vallery, H.
(2021). Neglected physical human-robot interaction may explain variable outcomes in gait
neurorehabilitation research. Science Robotics, 6(58), Article eabf1888.
https://doi.org/10.1126/scirobotics.abf1888
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1126/scirobotics.abf1888
https://doi.org/10.1126/scirobotics.abf1888


Plooij et al., Sci. Robot. 6, eabf1888 (2021)     22 September 2021

S C I E N C E  R O B O T I C S  |  R E S E A R C H  A R T I C L E

1 of 13

H U M A N - R O B O T  I N T E R A C T I O N

Neglected physical human-robot interaction  
may explain variable outcomes in gait  
neurorehabilitation research
M. Plooij1,2,3†, S. Apte1,4†, U. Keller5,6,7, P. Baines1, B. Sterke3,8, L. Asboth9,10,11, G. Courtine5,9,10,11, 
J. von Zitzewitz5,6‡, H. Vallery1,8*‡

During gait neurorehabilitation, many factors influence the quality of gait patterns, particularly the chosen body-
weight support (BWS) device. Consequently, robotic BWS devices play a key role in gait rehabilitation of people 
with neurological disorders. The device transparency, support force vector direction, and attachment to the har-
ness vary widely across existing robotic BWS devices, but the influence of these factors on the production of gait 
remains unknown. Because this information is key to designing an optimal BWS, we systematically studied these 
determinants in this work. We report that with a highly transparent device and a conventional harness, healthy 
participants select a small backward force when asked for optimal BWS conditions. This unexpected finding chal-
lenges the view that during human-robot interactions, humans predominantly optimize energy efficiency. In-
stead, they might seek to increase their feeling of stability and safety. We also demonstrate that the location of 
the attachment points on the harness strongly affects gait patterns, yet harness attachment is hardly reported in 
literature. Our results establish principles for the design of BWS devices and personalization of BWS settings for 
gait neurorehabilitation.

INTRODUCTION
Stroke, spinal cord injury (SCI), or other neurological disorders lead 
to locomotor impairments affecting quality of life. Intensive gait neuro
rehabilitation can improve the recovery of locomotor function, 
especially when the affected individuals engage in intense training 
programs that challenge their movement repertoire in conditions 
that closely resemble their natural environment (1). The first priority 
of gait neurorehabilitation therapies is safety. Safe conditions not only 
prevent injuries but also enable users to constantly push their own 
limits (2). The second priority is to establish optimal conditions that 
produce gait patterns as physiologically normal as possible (3). Be
cause of weakness and neuromuscular impairment, most patients with 
neurological disorders produce improved gait patterns (4, 5) when 
their body weight (BW) is partially supported. The third priority is 
to establish ecological conditions (6, 7) to train the entire repertoire 
of natural locomotor activities underlying daily living.

Requirements for safety, optimal bodyweight support (BWS), and 
natural walking conditions can be addressed with active multidirec
tional overground BWS devices. This understanding triggered the 

development of various robotic BWS systems with very different 
properties.

The first active support system for overground walking was ZeroG 
(8), which runs on rails attached to the ceiling and controls the force 
vector in both vertical and walking directions. However, horizontal 
force components orthogonal to the walking direction [mediolateral 
(ML) forces] are important for dynamic balance during neuroreha
bilitation (9). Support systems relying on single rails impose hori
zontal forces that resemble a pendulum, which drastically reduces 
the challenge for balance maintenance (10). Instead, free balance 
training during gait neurorehabilitation relies on low impedance, 
which requires high device transparency in the lateral direction. 
Haptic transparency, originally coined in the domain of teleopera
tion, describes the ability of an interface to render a desired phys
ical impedance, i.e., a force response to an input velocity, with high 
fidelity (11). For a reference impedance of zero, transparency is 
therefore equivalent to rendering only negligible forces in response 
to user movement. For this reason, an emerging generation of ro
botic BWS devices, such as FLOAT (12) and RYSEN (13), incor
porates adjustable support force in the ML direction. Because the 
investigations here are based on these two systems, we introduce 
and compare them in more detail in Fig. 1. Using FLOAT, we pre
viously showed that patients with SCI or stroke produce optimal 
gait patterns when the BWS is precisely personalized to each pa
tient‘s needs. We also reported that finely calibrated anteroposterior 
(AP) forces are required to compensate for the influence of vertical 
BWS on body posture (9). These results stress the importance of un
derstanding the precise determinants for optimal BWS conditions 
during gait neurorehabilitation.

Numerous studies have investigated the influence of BWS on gait 
patterns, and the results are less consistent than one would expect 
(14). This variability reflects the numerous determinants affecting 
gait (Fig. 1), including the specific features of BWS (D1 to D3), user 
(D4 and D5), and environment (D6 to D9). See table S3 for defini
tions of the determinants.
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Here, we study the determinants linked to the properties of robot
ic BWS devices: device transparency (D1), support force vector (D2), 
and attachment to the harness (D3). Principles from the domains of 
humanoid robotics and physical humanrobot interaction lend themselves 
to shed a clearer light on the influence of these factors.

Transparency of a robotic device (D1) relates to its capability to 
render a reference physical impedance in haptic interaction with a hu
man, without exhibiting any further undesired interaction forces. 
Such parasitic forces are generally unavoidable due to any robot’s 
bandwidth limitations and stability constraints prohibiting high 
feedback gains (15). They can be mitigated up to a certain point by 

appropriate hardware and control design (16). Still, their presence may 
cause artifacts that sometimes even occlude the main effects to be 
studied, so their quantification is important for data interpretation. 
Transparency has been thoroughly investigated for upperlimb re
habilitation robots, as evinced by several reviews (17–19). However, 
few papers address transparency of robotic BWS (20), complicating 
comparisons between devices. Here, we compare the transparency of 
the two commercial stateoftheart threedimensional (3D) BWS 
systems, FLOAT and RYSEN.

The direction of the support force vector (D2), i.e., the relation
ship between upward and forward forces, influences a person’s ability 

Fig. 1. Characterization of BWS systems and their influence on gait. (A) Illustration of the DOFs of BWS systems and a nonexhaustive overview of determinants influ-
encing gait parameters (emphasized in italic are the ones investigated in this paper). (B) Attachment types that are tested: only front attached (type 1), front and back 
attached (type 2), back attached (type 3), and looped (type 4). (C and D) Renderings of the two 3D BWS systems FLOAT (C) and RYSEN (D). FLOAT relies on four identical 
direct-drive high-power motors that each connect to the sling bar via a dedicated cable. In contrast, RYSEN uses five different-sized geared motors and a sling bar that 
travels along two shared cables, which allows almost completely decoupled DOFs and a reduction in power consumption.
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to walk. We recently showed that even small changes in forward forces 
can drastically change walking velocity (9). However, we had not yet 
separated the influence of intentional, therapistdetermined reference 
forces from artifacts related to low device transparency (D1).

Wholebody centroidal angular momentum (21), a proxy for bi
pedal stability, depends on the sum of external moments about the 
body’s center of mass. The harness attachment (D3) determines the 
point of application of the resultant force, and thereby also angular 
momentum. However, attachment not only influences the moment 
arm about the center of mass but also individual joint moments. Be
cause the force applies only at the upper body and not in a distrib
uted fashion, it alters biomechanics drastically—as we will show, up 
to the point where signs of required joint moments for a given pos
ture may flip.

These three determinants have not yet been conclusively studied 
for robotic BWS. From the 55 studies we covered in a recent review 
(14), only one study systematically investigated the influence of harness 
attachment (D3), and only three publications studied transparency 
(D1) of BWS systems in a systematic way and in dynamic walking con
ditions. Although 14 papers studied the fluctuations (peak and mean) 
in the vertical unloading force, they did not investigate backward/
forward forces (D2) on the user that can be generated due to the 
attaching cable not being vertical. Clinical studies (22–28) on the 
effectiveness of BWS treadmill training (BWSTT) typically have not 
reported D1 and D3, which hindered systematic reviews (29–32) in 
controlling for the determinants in their inclusion/exclusion crite
ria or riskofbias assessments. This phenomenon may explain the 
mixed results of these studies, where four of seven original articles 
showed BWSTT to be more effective, but only one of four review 
papers confirmed it.

Using both FLOAT (Lutz Medical Engineering, Switzerland) and 
RYSEN (Motek Medical, The Netherlands) devices in healthy partic
ipants and patients with SCI, we show that these three determinants 
(D1 to D3) change the way data from previous studies should be in
terpreted. Our results will affect the design of optimal BWS devices 
and personalization of BWS therapy for gait neurorehabilitation.

RESULTS
D1: Device transparency
It seems obvious that the physical impedance a device displays 
influences the way users physically interact with it. Mechanical 
impedance can be characterized in the frequency domain by a 
frequencydependent gain and phase shift between the input ve
locity and the force response. Mechanical impedance can be further 
approximated by apparent mass, damping, and stiffness. It is not 
possible to render precisely zero impedance in any physically realiz
able device (15), although inserting physical compliance, which is 
done in both FLOAT and RYSEN, can be particularly effective (33). 
This limits achievable transparency, i.e., the ability of rendering a 
desired impedance with high fidelity. Inherent system properties 
such as inertia and friction, in combination with the implemented 
controller, determine the apparent impedance of a robotic device. 
In some training regimes, a nonzero impedance might even be de
sirable, for example, adding resistance in the form of a damping or 
stiffness to improve the feeling of safety. However, to accurately and 
precisely track a desired constant force vector, which is a frequent 
use case, minimal impedance needs to be rendered, requiring high 
device transparency.

The transparency of FLOAT was assessed in (20). Here, we revisit 
FLOAT transparency on another specimen, and juxtapose data col
lected with RYSEN using a dedicated test setup and with participants 
walking in it. This addresses our first research question:

1) What is the transparency of stateoftheart 3D BWS systems?
We evaluated force tracking performance with participants walk

ing in the system, as well as the frequency response and remaining 
impedance with a dedicated setup. Furthermore, we investigate trans
parency of RYSEN in more detail. These results are crucial when 
assessing and attempting to generalize the results of the other two 
determinants discussed later.
1. What is the transparency of state-of-the-art 3D BWS systems?
The transparency of RYSEN was assessed with two experiments, and 
we extracted part of analogous transparency data for FLOAT from 
previous experiments (9). All transparency results are shown in de
vice coordinates. The x direction (see Fig. 1) aligns with the direc
tion of walking (AP direction) for most use cases. We let 16 healthy 
participants walk at selfselected velocity with a BWS between 10 
and 60%, in combination with AP forces between −3 and +6% of 
their BW (% BW). Figure 2 (A to C) shows the force tracking per
formance of RYSEN during these experiments, in terms of vari
ability and bias. We also measured the force tracking errors in the 
x direction during walking, in both RYSEN and FLOAT. Figure 2D 
shows these errors as functions of walking velocity. This shows that 
the controller errors in FLOAT are at least an order of magnitude 
larger than those in RYSEN. For instance, walking at 1 m/s in the 
x direction in RYSEN with 200N unloading leads to about −1N 
bias of the force in the x direction, whereas the same condition in 
FLOAT leads to a bias of about −83 N. In both cases, the internal 
sensors of the devices were used, so these values include measure
ment biases. In the case of RYSEN, we further quantified the abso
lute measurement biases for the y and z directions to range from 12 
to 15 N (see Table 2).

In the second experiment, we assessed the transparency in all di
rections by letting one participant walk figures of 8 with 10% (70 N), 
30% (210 N), and 60% (420 N) unloading and no horizontal force. 
Because the force seemed to depend mainly on the velocity, we fitted 
a damper model on the velocityforce data of those experiments. In 
the x direction, the fitted damping parameters ranged between 2 and 
3 Ns/m. In the y direction, the fitted damping parameters were 24, 
28, and 45 Ns/m for the three levels of BWS. In the z direction, fitted 
damping parameters ranged from 288 to 297 Ns/m. See Table 1 
for an overview of the results and a comparison between RYSEN 
and FLOAT.

For a technical verification of the transparency of RYSEN, we ana
lyzed the frequency response and the linearized remaining imped
ance. Figure S3 shows the frequency response of RYSEN to reference 
forces. The force control bandwidth, measurement errors, and track
ing errors are listed in Table 2. We also fitted a linear massspring
damperbias model to disturbance experiments data, with model 
parameters listed in Table 2.

D2: Support force vector
Previously, we showed that the magnitude of the rendered AP force 
needs to be finely tuned to the vertical force and the walking veloc
ity (9). However, we had not yet separated device and attachment 
dependent effects from participantdependent effects. Therefore, we 
replicate our FLOATbased experiments with a different robotic sys
tem, RYSEN, which (as the results on D1 showed) is more transparent 
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such that the actually rendered support force vector is close to the 
reference support force vector. We addressed the two research 
questions:

2a) Do humans walk most similar to normal walking when the 
AP force is zero?

2b) Do humans select a zero AP force when given the choice?
As a candidate metric that can widely be used and shows the rela

tionship between AP force and walking, we investigated selfselected 
walking velocity (34–36), addressing the questions:

2c) Is there a positive correlation between the AP force and the 
selfselected velocity?

2d) Is the selfselected velocity with AP force of zero equal to the 
selfselected velocity without unloading?

For these two questions, we also performed the tests with three 
individuals with SCI to investigate to what extent the results match 
those of healthy participants. RYSEN’s high transparency allows for 
generalization of the results in this section across different BWS de
vices. Results in this section are shown in patient coordinates (AP, 
lateral, vertical), which align with the device coordinates (x, y, z) in 
these experiments.
2a. Do humans walk most similar to normal walking when the AP 
force is zero?
We recorded vertical ground reaction force (GRF) profiles and AP 
GRF impulse for 15 healthy participants under different unloading 
conditions and type 2 attachment (see Fig. 1B). The values were nor
malized by the weight of the respective participant after unloading. 

Fig. 2. Force-tracking performance of RYSEN and FLOAT. (A to C) Force tracking performance of RYSEN in x, y, and z directions during walking with healthy participants 
in the x direction. The force shown is measured by RYSEN. Horizontal lines indicate set points, the central marks of the box plots indicate the median, and the bottom and 
top indicate the 25th and 75th percentiles. Walking velocity, 0.99 m/s (±0.22). (D) Force tracking errors for the AP force of RYSEN and FLOAT as functions of walking velocity 
and unloading force. The shaded areas show SD. FLOAT values are derived from the data in (9).

D
ow

nloaded from
 https://w

w
w

.science.org at D
elft U

niversity on O
ctober 21, 2021



Plooij et al., Sci. Robot. 6, eabf1888 (2021)     22 September 2021

S C I E N C E  R O B O T I C S  |  R E S E A R C H  A R T I C L E

5 of 13

Figure 3D shows the normalized horizontal impulses of healthy par
ticipants walking in RYSEN with vertical unloading of 30 and 60% 
BW and AP forces ranging from −3 to 3% of their BW. It shows that 
the horizontal impulses vary with the AP force and unloading, with 
significant differences mainly at −3, 1.5, and 3% AP force. An AP 
force setting between −1.5 and 0% leads to results most similar to 
normal walking.

Figure 3B shows the normalized vertical GRF for the 30 and 60% 
BWS conditions, showing the Mshaped profile resulting from heel 
strike and pushoff. It shows that with a high positive unloading, the 
second peak (pushoff) disappears. With −3% AP force, the first peak 
remains. Judging from the graphs, the shape of the vertical GRF at 
−1.5% AP force most resembles normal walking. This is confirmed 
by the Euclidean distance between the GRF profiles for different 
conditions and normal walking: This distance is minimized for the 
−1.5% condition for both 30 and 60% unloading.

Gait models can supplement experimental investigation of BWS 
conditions (37), and thus, we simulated the musclereflex model (38) 
(see fig. S5) with similar BWS conditions. Supporting the human 
experiments, the model achieved a stable gait for −1.5% AP force 
and not for any positive AP force. This suggests the necessity of a 
small negative AP force to achieve a physiologically normal gait.
2b. Do humans select a zero AP force when given the choice?
We let 15 healthy participants walk in RYSEN with 30% vertical 
force and asked them to adjust the AP force until walking felt most 
natural. Figure 4A shows the range of selfselected AP forces. These re
sults show that participants select an AP force between −1.5 and −1%. 
This means that they select an AP force that leads them to walk slower 
than without BWS, as we will see in the results of research question 2c. 
The chosen AP forces differ substantially from the values reported in 
an earlier study with FLOAT, which reached +6% (9).

In the trial sessions with the three individuals with SCI, we con
tinuously asked the individuals for an opinion on the force setting 
and let a physiotherapist assess the walking pattern. On the basis of 
these two factors, the AP forces deemed best (by therapists) were −1% 
(participant P1), 0% (participant P2), and +1% (participant P3).

2c. Is there a positive correlation between the AP force and the  
self-selected velocity?
We recorded the normalized selfselected velocity of 15 participants 
walking in RYSEN with 60% unloading and an AP force varying be
tween −3 and +3% (Fig. 4A). The figure also shows the same data re
corded with FLOAT, extrapolated to the −3 until +3% domain. The 
data for FLOAT are extrapolated, because FLOAT has a controller bias 
during walking that leads to negative actual AP forces (see Fig. 2). The 
figure shows that, on average, humans increase their velocity by 5% 
per percentpoint AP force, independently of the device.

We expected that neurologically impaired individuals would show 
a similar relationship as healthy participants, although the exact rela
tionship probably differs per participant. Therefore, we let three par
ticipants with SCI (see fig. S2 for details) walk in RYSEN with parallel 
bars, 20% unloading (and 55% for participant P3), and a selection of 
AP forces. The results (Fig. 4B) do not show such a clear relationship 
as there was with healthy participants. The velocity of P2 does not 
show a clear trend, whereas P1 has a maximum around 0 to 1% AP 
force. Only P3 shows behavior similar to healthy participants.
2d. Is the self-selected velocity with AP force of zero equal to  
the self-selected velocity without unloading?
The results in Fig. 4D show the selfselected velocity of 15 healthy 
participants walking without RYSEN and walking in RYSEN with 10 
and 60% unloading, all with zero AP force. The three conditions do 
not differ significantly.

Table 2. Overview of the linearized device impedance parameters of 
RYSEN.  

RYSEN device 
impedance 
parameter

x y z

Linearized mass 
in x, y, and z 
directions 
with 300-N 
unloading

5.1 kg 2.2 kg 23.5 kg

Linearized 
damping in x, 
y, and z 
directions 
with 300-N 
unloading

14 Ns/m 64 Ns/m 224 Ns/m

Linearized 
stiffness in x, 
y, and z 
directions 
with 300-N 
unloading

174 N/m 116 N/m 1 N/m

Mean 
measurement 
error

−12 N −14 N −15 N

Mean tracking 
error

0 N −12 N 5 N

Control 
bandwidth in 
x, y, and z 
directions 
with 300-N 
unloading

2.2 Hz 2.6 Hz 2.1 Hz

Table 1. Overview on damping parameters for device transparency 
for RYSEN and FLOAT during walking. FLOAT values are derived from 
the data in (9) and are therefore only available in the x direction. 

Transparency 
parameter

RYSEN FLOAT

Speed while walking 
with 100-N 
unloading

0.86 m/s (±0.18) 1.10 m/s (±0.19)

Damping while 
walking with 100-N 
unloading

x: 2 Ns/m x: 81 Ns/m

y: 24 Ns/m

z: 288 Ns/m

Speed while walking 
with 500-N 
unloading

0.73 m/s (±0.20) 0.74 m/s (±0.13)

Damping while 
walking with 500-N 
unloading

x: 3 Ns/m x: 137 Ns/m

y: 50 Ns/m

z: 299 Ns/m
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Fig. 3. Vertical GRFs and horizontal impulses for healthy participants with different unloading and AP forces. (A) Illustration of the unloading conditions (30 and 60%) 
and AP forces (−3, 0, and 3% are shown). (B) Example for a GRF dataset for walking (type 2 attachment) with indicated braking impulse and push-off impulse. (C) Vertical GRF 
(VGRF) normalized by the full weight of the participant for different AP forces. The shaded areas show SD. (D) Braking impulse, push-off impulse, and their sum, i.e., total 
horizontal impulse, obtained from normalized AP force profile as indicated. Dotted lines indicate mean and SD for the baseline without RYSEN, i.e., 0% unloading 
condition, and “*” indicates a significant (P = 0.05) deviation from this baseline. The bottom plot depicts the Euclidean distance between VGRF profiles for the baseline and 
the different unloading conditions. The central marks of the box plots indicate the median, and the bottom and top indicate the 25th and 75th percentiles.
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D3: Attachment to the harness
The attachment of the BWS system to the userworn harness has 
rarely been studied, although it determines how the unloading forces 
are distributed along the body. The line of action of the resultant force 
applied to the person determines which moments the unloading force 
applies with respect to joints of the user, and with respect to the body’s 

center of mass. The moment about the center of mass directly influ
ences centroidal angular momentum, a key concept of bipedal stability 
and often used for balance control of humanoid robots (21). Centroi
dal angular momentum can normally only be manipulated through 
footground interaction forces, but it can be intensely manipulated or 
disturbed through moments induced by a BWS force vector. The fact 

Fig. 4. Influence of different attachment types and AP force on self-selected 
velocity of healthy participants. (A) Self-selected velocity as a function of the 
AP force in RYSEN (blue). The area shows the SD. The red line shows the average 
of four participants walking in FLOAT. The green band shows the self-selected 
force. (B) Self-selected velocity of three patients as a function of the AP force 
in RYSEN, with type 2 attachment. Two of the three patients tested different 
attachment types (P1 and P2). The circles show the velocity with both straps 
attached, the stars show the velocity with only the back straps attached, and 
the crosses show the velocity with only the front straps attached. (C) AP force 
needed to obtain the same walking velocity as walking with 10% unloading 
force (type 4), for all four harness attachment types. The green band shows the 
self-selected AP force. The central marks of the box plots indicate the median, and 
the bottom and top indicate the 25th and 75th percentiles. (D) Self-selected 
velocity as a function of the unloading force. The three conditions do not differ 
significantly. (E) Joint torques of the static model as functions of the unloading 
force. The hip torque is also shown with an attachment that is 20% of the upper 
body length closer to the hip and with an AP force of 1.5% of the BW. All 
values are normalized with respect to the values without unloading.
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that the force acts at the upper body drastically changes which joint 
moments muscles need to generate for the same apparent posture.

We expect that depending on the attachment location (and there
fore on the moment arms) the effect of identical forces can differ 
strongly and influence body posture, gait velocity, kinetic parameters, 
muscle activity, or metabolic cost.

To analyze the effect of the attachment, we developed a simple static 
model (see Materials and Methods). Figure 4E shows the model’s joint 
torques as functions of the vertical unloading. The torques change sign 
at a BWS unloading of 41, 57, and 69% for the hip, knee, and ankle 
torques, respectively. This change of sign means that the user’s mus
cles no longer hold the upper body up, as necessary for a normal, 
forwardleaning posture under the influence of gravity, but instead 
need to pull the upper body in the opposite direction, downward.

Figure 4E also shows the hip torque with an attachment that is 
80% of the distance between hip and shoulder. This changes the slope 
of the hip torque, increasing the unloading where the hip torque 
changes sign. Furthermore, Fig. 4E shows the hip torque with an AP 
force of 1.5%. The results show that this increases the hip torque, 
increasing the unloading where the hip torque changes sign. Both 
changes have about the same effect on where the hip torque changes 
sign: This torque increases from 41 to about 55%. Similar increases 
were observed in knee and ankle torques.

To study the effect of this phenomenon on human participants, 
we experimentally compared four attachment types (Fig. 1B):

1) The BWS attaches only at the front of the harness.
2) The BWS attaches at both the front and the back of the 

harness.
3) The BWS attaches only at the back of the harness.
4) The BWS attaches at both the front and the back of the har

ness, and the attachment slings are looped at the sling bar. This 
means that when a person is leaning forward, the front strap 
elongates and the back strap shortens.

Types 1 and 3 are extreme versions of type 2 when the front and 
back straps are not tightened equally. These types are not used inten
tionally in practice, but they serve the purpose of showing the influ
ence of the attachment location and strap tightening.

We investigated the influence of these different types on human 
selfselected velocity. As an example, because of the torque sign change 
in the static model above, we expect that type 1 impedes locomotion 
and therefore reduces selfselected velocity. Therefore, we attempt 
to answer the following questions:

3a) Does an attachment only on the front of the harness (type 1) 
result in a lower selfselected velocity? And does an attachment only 
on the back of the harness (type 3) result in a higher selfselected 
velocity?

3b) Is there a difference in selfselected velocity between a fixed 
attachment with both straps equally tightened (type 2) and a looped 
attachment (type 4)?

As the results on question 3a will show, the selfselected velocity 
changes when the attachment is only the front or back of the harness 
with respect to both straps attached. This means that different attach
ment types could lead to different optimal AP force settings. To in
vestigate whether this is the case, we address the following question:

3c) Can the change in selfselected velocity from research question 
3a be compensated for by adjusting the AP force?

Results in this section are shown in patient coordinates (AP, lat
eral, vertical), which align with the device coordinates (x, y, z) in 
these experiments.

3a. Does an attachment only on the front of the harness (type 1) 
result in a lower self-selected velocity? And does an attach-
ment only on the back of the harness (type 3) result in a higher 
self-selected velocity?
We let 15 healthy participants walk with attachment types 1, 2, and 
3 and 60% unloading force. Figure 4 shows the average selfselected 
velocity with only the front sling and only the back sling attached. The 
results show a statistically significant decrease (type 1) and increase 
(type 3) in selfselected velocity with respect to a type 2 attachment. 
The test was repeated with three patients, of whom P3 was unable 
to walk with these conditions. Both conditions resulted in reduced 
walking speed.
3b. Is there a difference in self-selected velocity between a fixed 
attachment with both straps equally tightened (type 2) and a  
looped attachment (type 4)?
We let 15 healthy participants walk with attachment types 2 and 4 
and 60% unloading force while varying the AP force until the 
selfselected velocity matched their selfselected velocity at 10% un
loading and type 4 attachment. Figure 4C shows the AP force re
quired to match the normal selfselected velocity. The two conditions 
do not differ significantly.
3c. Can the change in self-selected velocity from research question 
3a be compensated for by adjusting the AP force?
We let 15 healthy participants walk with attachment types 1 and 3 
and 60% unloading force while varying the AP force until the self 
selected velocity matched their selfselected velocity at 10% unload
ing and type 4 attachment. Figure 4C shows the AP force required 
to match the normal selfselected velocity. The results show that 
adjusting the AP force can compensate the change in selfselected 
velocity due to attachment. Logically, only attachment at the front 
(type 1) requires a positive AP force to compensate.

Results summary
Table 3 summarizes the results of the three determinants.

DISCUSSION
The results above show how humans change their gait in response to 
interaction with a BWS device. Below, we discuss the three determi
nants and deliberate the generalizability of the results.

D1: Device transparency
The transparency of RYSEN was presented in detail. The force track
ing bandwidths of RYSEN are at least 2 Hz in all three Cartesian di
rections. This value, being higher than the average walking frequency 
of healthy humans [i.e., 100 steps/min for moderateintensity walk
ing (39)], indicates that RYSEN is capable of tracking gait phase–
dependent forces. However, a bandwidth of 2 Hz does not mean that 
forces can be reliably tracked up to that point. When a phase shift 
occurs, this can also be disturbing to a walking person. To reliably 
render a variable force that depends on the gait phase, it is advisable 
to add feedforward terms to the controller, for example, using in
formation from adaptive oscillators or similar concepts (40).

The measured transparency was highest in the x direction, fol
lowed by the y direction and finally the z direction. These different 
transparencies are determined by the device configuration. Force 
sensing in the y direction is also influenced by cable friction, but the 
gearbox friction of the involved motor is lower. RYSEN is most trans
parent in the x direction, because force sensing in the x direction 
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strongly relies on an inertial measurement unit in the sling bar, which 
is not particularly influenced by friction.

The magnitude of the tracking error during walking is best shown 
in Fig. 2A, which shows the tracking errors to be relatively small, 
except for conditions with 60% BWS. Under those conditions, the 
force in the x direction shows a negative bias, which increases with 
the reference force in the x direction. The largest horizontal bias is 
1.2% BW at the 6% BW forward force condition. The largest verti
cal bias is 3.0% BW. Under all other conditions, bias and variability 
are small: The horizontal bias is maximally 0.2% BW in the x direc
tion and 0.3% BW in the y direction, and the vertical bias is maxi
mally 1.2% BW.
Comparison between devices
We analyzed the transparency of FLOAT and RYSEN. The results 
from RYSEN are discussed above, and the results from FLOAT were 
obtained from reinvestigating the recorded data from a previous study 

(9), because the FLOAT specimen that was originally used had been 
dismantled, and there was no transparency information from the 
manufacturer on it. The characterizations in (12, 20) had been per
formed with a different FLOAT specimen. In force plate data of (9), 
the impulse associated with the AP footground interaction forces, 
as measured by the force plates (area under the forcetime curve), is 
not zero when FLOAT is set to apply zero AP forces. This is already 
visible in the plots shown in (9). Because the participants did not sys
tematically speed up or slow down, this impulse must, however, be 
zero or close to zero, according to Newton’s first law. This suggests 
that FLOAT was applying a net horizontal force in backward direc
tion. This conclusion is supported by the sensing data of FLOAT, 
which shows that the control bias in FLOAT heavily depended on 
the walking velocity as shown in Fig. 2D.

From its mechanical design, FLOAT is theoretically able to ren
der vertical forces more precisely than RYSEN, because this degree 
of freedom (DOF) is purposefully actuated with less bandwidth in 
RYSEN, for safety and powersaving reasons.
Implications of low and high transparency
For BWS systems with low transparency, therapists can use the ref
erence AP force to compensate for undesired apparent device im
pedance for a specific point of operation. For example, a constant 
forward reference force can, in principle, compensate for the effect 
of undesired apparent damping for a given velocity. However, the 
undesired interaction forces depend not only on velocity but also on 
the amount of unloading, as also found in (20). The compensation 
needs adapting whenever the point of operation changes. Because 
the compensating AP reference forces are device specific, the find
ings cannot be generalized or compared to other BWS systems.

In contrast, in highly transparent devices, little reference AP force 
is needed to compensate device impedance, and the reference AP 
force that is set to achieve a natural gait pattern points to a neuro
mechanical prerequisite, which can then be generalized to other trans
parent devices.

This highlights once more the importance of the transparency 
of a BWS system being known and stated in publications, includ
ing remaining impedance and bias force in zeroforce control. It is 
therefore important that the rehabilitation technology community 
can start using standardized benchmarking methods to characterize 
different devices and produce comparable research output. When a 
test bench is available to apply and measure forces at the interaction 
point of the device, the remaining impedance can be characterized 
with a method similar to the one used in (41, 42). This is simpli
fied when the device itself is capable of measuring interaction forces 
and kinematics.

The higher remaining impedance of FLOAT in horizontal 
directions, compared to RYSEN, explains at least some of the 
discrepancies in the AP force results discussed in the following 
section.

D2: Support force vector
AP forces strongly influence kinematics and kinetics of human gait. 
The current experiments with RYSEN show that the most natural 
condition emerges from a small negative AP force and that partici
pants also select a small negative AP when given the choice. This 
seems to challenge the paradigm that humans optimize their motions 
for energy efficiency (43), and there is no indication either that a small 
negative force is optimal in reducing motor noise (44). We hypoth
esize that there is an optimization goal that supersedes both energy 

Table 3. Summary of the results.  

D1: Transparency

1. What is the transparency of 
state-of-the-art 3D BWS systems?

In the most transparent device we 
measured, the apparent damping 

was roughly 2–3, 24–50, and 
288–299 Ns/m in x, y, and z 

directions, respectively, during 
walking. The least transparent 

device showed damping between 
83 and 137 Ns/m in x direction.

D2: Support force vector

2a. Do humans walk most similar to 
normal walking when the AP 
force is zero?

No, a negative AP force is required 
with a transparent device and 

type 2 harness attachment.

2b. Do humans select a zero AP 
force when given the choice?

No, they select between −1 
and −1.5% AP force for a 

transparent device and type 2 
harness attachment.

2c. Is there a positive correlation 
between the AP force and the 
self-selected velocity?

Yes, the velocity increases with 
about 5% of the normal walking 

velocity per % AP force.

2d. Is the self-selected velocity with 
AP force of zero equal to the 
self-selected velocity without 
BWS device?

Yes.

D3: Attachment to the harness

3a. Does an attachment only on the 
front of the harness (type 1) 
result in a lower self-selected 
velocity? And does an 
attachment only on the back of 
the harness (type 3) result in a 
higher self-selected velocity?

Yes, the two conditions show 
significantly lower (type 1) and 

higher (type 3) self-selected 
velocity.

3b. Is there a difference in 
self-selected velocity between a 
fixed attachment with both 
straps equally tightened (type 2) 
and a looped attachment  
(type 4)?

No.

3c. Can the change in self-selected 
velocity from research question 
3a be compensated for by 
adjusting the AP force?

Yes, about 3% AP force in the 
correct direction can compensate 

the velocity change due to 
attachment types 1 and 3.
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efficiency (45) and noise reduction in the generation of human mo
tion: (perceived) safety.

We see two reasons why small negative AP forces feel safer. First, 
having to pull the BWS device along increases the feeling of control 
over the device, whereas with a zero AP force the device seems to move 
without an interaction force, and with a positive AP force, the device 
even seems to lead. The negative AP force also reduces gait speed 
(Fig. 4A); slower speeds increase local dynamic stability (46). How
ever, high negative forces increase energy cost of walking and impede 
gait initiation. Second, a negative AP force favors a forwardleaning 
posture. Normally, leaning forward reduces the chance of dangerous 
backward falls. During walking, falling forward can be prevented with 
a swift movement of the swing leg, but a backward fall cannot be 
prevented this way (47). Therefore, leaning forward increases the 
margin with respect to falling backward and might be perceived as 
safer. This feeling of safety is crucial; not only does the fear of falling 
affect walking patterns in healthy adults but it is also often more det
rimental in patients (48) or healthy elderly people (49). Similarly, 
we hypothesize that because the task feels safer, walking patterns are 
closer to normal walking. In future studies, this perceived safety should 
be assessed for different parameter settings to validate this hypothe
sis, e.g., with questionnaires and by means of a visual analog scale 
(50) or Likerttype scale (51).

From the results of D1 and D2, we conclude that the high values of 
positive AP force of up to +6% BW (9), which can be used in FLOAT 
to achieve natural gait patterns, are specific to the FLOAT specimen 
used and, for a large part, compensate device impedance. RYSEN 
has a lower remaining impedance, and we have not observed a sub
stantial horizontal force bias. Therefore, the reference forces for 
RYSEN need to compensate less for remaining device impedance and 
better reflect the actual AP force that an individual requires to walk 
naturally when being unloaded.

The results on three patients with SCI do not fully align with the 
results on healthy participants, stressing the importance of the individual 
neurological condition in determining optimal support. The selected 
AP forces were slightly higher than those selected by the healthy 
participants. However, the sample size does not allow for generalization 
of this result. Furthermore, transferring settings between patients is diffi
cult because patients with different abilities may have different needs.

D3: Attachment to the harness
Although largely neglected in literature as a determinant for walking 
in BWSs, strap and harness designs strongly influence walking pat
terns. As evinced in both our static models and experimental results, 
different attachments can lead to different joint torques and to drasti
cally different walking patterns. Harness attachment can actually make 
positive AP forces beneficial in one system and detrimental in another. 
We have not found a significant difference between walking with 
looped sling (type 4) and four fixed slings (type 2). This suggests that if 
all four straps are tightened approximately equally, results on a device 
with looped slings transfer to a device with fixed slings and vice versa.

The static model shows that the sign of joint torques can change 
due to an unloading force applied at the upper body. Sign inversions 
in the hip torque could even impede certain individuals from being 
able to walk. Without BWS, humans can exploit the inverted pendulum 
effect to bring their center of mass (CoM) in front of their ankle, bringing 
their center of pressure (CoP) forward to initiate a step. In static 
cases, while leaning forward, the hip torque is positive, meaning that 
humans have to actively counteract the gravitational torque on the 

trunk to prevent having to step forward. A sign inversion eliminates 
the inverted pendulum effect of the trunk, meaning that humans 
must actively bring their CoM in front of their ankle to initiate a 
step. This makes walking more difficult for healthy individuals and 
even impossible for individuals with limited or no available hip 
torque. We hypothesize that sign changes in the hip relate to the 
change in walking pattern that many studies report above 30% sup
port force (14).

Sign changes in the knee torque could also impede certain indi
viduals from being able to walk. Without BWS, gravity causes an 
extending torque in the knee, making it easier to hold the knee ex
tended. Sign changes eliminate this effect, meaning that humans have 
to actively keep their knee extended in stance phase. This makes walk
ing harder for healthy participants and even impossible for humans 
with limited or no available knee torque.

Our experiments for research question 3a showed that the attach
ment influences selfselected walking velocity (Fig. 4A). The experi
ment for the subsequent research question 3c indicates that for type 1 
and type 3 attachments, an increased (type 1) or decreased (type 3) 
AP force can compensate the change in walking velocity. The exper
iment for question 3a was also repeated with three patients. Both 
attachment variations (types 1 and 3) reduced the selfselected walk
ing velocity (Fig. 4D). A possible explanation is that patients, who al
ready have affected walking capabilities, prefer reducing the walking 
speed in the presence of an unfamiliar attachment type.

Generalization to other BWS devices
For BWS devices with a direct pelvic attachment (e.g., KineAssist) (52), 
the moment arm of the support force to the hip joint is nearly zero. 
The static model predicts that this is beneficial, because it prevents 
sign changes in hip torques. However, this is not always possible due 
to an impaired upper body control caused by some neurological con
ditions. In such a case, a higher attachment point is beneficial for trunk 
stabilization, because it produces stabilizing torques around the hip 
joint. Furthermore, pelvic attachment restricts rotation of the body 
around the vertical axis, unlike harnesses attached to an overhead sus
pension point. Thus, depending on the harness fixation, the AP force 
has to be adapted accordingly.

Another fundamental property of BWS devices is the method used 
to generate the reference support force and whether this force is in
tended to be constant or vary with gait phases. Devices based on a 
counterweight influence gait differently than those with a spring sup
port and/or a feedbackcontrolled motorized winch (37, 53, 54). Be
cause gait phase–dependent vertical unloading has shown potential 
in pilot studies (14), extending this approach to AP forces can be a 
promising direction for future research.

To summarize, therapy settings cannot be transferred between de
vices without knowing whether device properties are the same, and 
care needs to be taken when comparing outcomes of therapeutic re
gimes conducted with different systems. Regardless of these prop
erties, two findings of this study generalize to all BWS devices. First, 
participants seem well able to judge optimal settings themselves. In
stead of choosing no or positive AP forces, participants chose AP forces 
that made their gait more similar to normal walking. Second, small 
variations in AP force can strongly affect gait performance (9). There
fore, having a device that can precisely render AP forces is neces
sary to distinguish between participants and to compensate for 
other device properties such as remaining impedance and harness 
attachment.
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Limitations of this paper
In this work, we only analyzed the vertical and AP GRF parameters 
and gait velocity. Although gait velocity and the vertical GRF profile 
are indicators of the functional improvement due to rehabilitation 
(55, 56), BWS also affects joint moments, pelvic and trunk motion, 
vertical motion of the center of gravity, etc. Analysis of these kine
matic and kinetic parameters and electromyography can help extend this 
work. Another limitation is the low number of neurologically im
paired participants included in the study, as our focus was on validation 
of the proposed hypotheses for the design of robotic systems and not 
on conducting a clinical trial. Furthermore, the small negative forc
es measured in RYSEN might have some compensatory aspects, es
pecially in the y direction, where the damping is larger. In addition to the 
AP direction, investigating the influence of force in the ML direction can 
allow a more efficient utilization of a 3D BWS device. Last, the AP force 
was set only in discrete steps of 1.5% for the analysis of GRFs. A higher 
resolution of AP forces could improve the precision of these results.

CONCLUSION
We evaluated the influence of three determinants on gait when walk
ing with a BWS system:

1) Regarding device transparency, we found large differences 
between two stateoftheart 3D BWS systems. This influences the 
generalizability of the AP forces needed to show a natural walking pat
tern, and we conclude that device transparency should be reported 
for future research with BWS systems.

2) For the support force direction, in contrast to earlier research, 
our investigation with RYSEN shows that, when given the choice, par
ticipants select a small negative AP force of −1.5% of the BW. The 
most likely explanation of the difference between the studies is re
maining device impedance. Because RYSEN is quite transparent, we 
can generalize that humans need a small negative AP force to walk 
normally when being unloaded. The preference for small negative 
AP forces could not be seen in all three tested neurologically im
paired patients.

3) For the harness, we conclude that especially the location of the 
attachment on it strongly affects the emerging gait patterns.

We showed that the three determinants strongly affect gait; that 
despite using apparently similar systems, the scientific data obtained 
by the devices are not similar; and that recommendations for the op
timal therapy settings have to be customized to each device.

We conclude that these determinants may explain the variability 
in outcomes in neurorehabilitation research, and reporting them will 
enable comparing results from different devices and eventually help 
to create evidence for neurorehabilitation principles across devices.

MATERIALS AND METHODS
Objectives and study design
For the three determinants in this study, we used different experiments.
D1: Device transparency
For research question 1, we performed experiments on the linearized 
dynamic behavior and sensing performance of RYSEN. A dedicated test 
setup (Appendix: Performance evaluation of the RYSEN) was used to 
move the end effector of RYSEN while recording interaction forces.

The frequency response of RYSEN was assessed by setting multi
sine reference forces, with frequencies ranging from 0.4 to 3 Hz. The 
power of the signals was kept constant over the frequencies, meaning 
that the amplitudes of the oscillations decreased from 41.8 to 5.6 N in 
horizontal directions and from 112.8 to 15.0 N in vertical directions.

The linearized remaining impedance was calculated at frequen
cies between 0.45 and 2.25 Hz (see fig. S3). The motorized slider dis
turbed the sling bar by applying oscillatory motions. The power was 
again kept constant, meaning that the amplitudes of the oscillations 
decreased from 5 cm (0.45 Hz) to 1 cm (2.25 Hz).

Furthermore, we determined RYSEN’s dynamic behavior during use 
with human participants. Fifteen healthy participants walked in RYSEN 
while recording reference and interaction forces and the position over 
time. Fifteen other healthy participants walked in RYSEN while record
ing the GRF, RYSEN interaction force, and position over time.
D2: Support force vector
To answer research questions 2a to 2d, we determined how gait pa
rameters respond to changing unloading level and AP force. Fifteen 
healthy participants walked in RYSEN while recording GRF, pos
ture, RYSEN interaction force, and position over time. Every partic
ipant performed four trials for each of the stated combinations of 
AP and unloading forces.

This experiment was repeated with three patients with severe 
chronic SCI with AIS C (American Spinal Injury Association Im
pairment Scale) (see fig. S2). Patients were enrolled in the STIMO 
study (ClinicalTrials.gov identifier: NCT02936453) and had com
pleted the intensive rehabilitation training combining spatiotem
poral spinal stimulation with robotic BWsupported locomotor 
training at the time of testing.

Patients were attached to the RYSEN system and were asked to walk 
overground between parallel bars using their usual spatiotemporal 
stimulation walking program. The patients were unloaded with 20% 
(except for P3 who had 55% unloading), and the AP force was initially set to 
−3% and incrementally increased in 1% steps to +4%. At each AP 
force level, patients were asked to perform a round trip in the parallel 
bars (8 m in total) and to give a feedback on the general ease of walking 
with respect to the current AP force compared to the previous trial. 
Physiotherapists were also asked to comment on the walking pattern 
with respect to the different AP forces.

Fig. 5. Definitions and free-body diagrams of the static model of the human 
body with BWS. 
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All participants signed informed consent forms, and the experi
ments were approved by the Delft University of Technology ethics 
board for the healthy participants and the Swissethics (ethical ap
proval number: PB_201600886) for patients. Mathematical descrip
tions of the metrics used in these experiments can be found in the 
Supplementary Materials.
D3: Attachment to the harness
A static model was developed to explain how joint torques change 
with attachment and unloading. Fifteen healthy participants walked 
in RYSEN while changing the attachment type and AP force and 
recording the selfselected velocity. Different attachment types were 
also tested with the three patients mentioned above. The patients 
were asked to perform a round trip with type 1 attachments and 
type 3 attachments.

Data acquisition and analysis
We used the setup described in the Supplementary Materials to apply 
disturbances to RYSEN and to measure the force RYSEN applies. 
RYSEN data and the external HBMMCS10 6DOF force sensor data 
were recorded at a sample frequency of 1000 Hz.

The participants’ selfselected velocity was derived from the time 
to travel between two predetermined positions within the workspace, 
using RYSEN position measurements. RYSEN data during those 
experiments were recorded using a non–realtime recorder with a 
sample frequency of about 250 Hz. The force references were re
corded by hand.

To measure GRFs and participant kinematics, we respectively 
used synchronized Kistler Type 9260AA6 force plates and a Qualisys 
Oqus 7+ motion capture system with wearable passive reflective 
markers. In patient experiments, kinematic analysis was performed 
offline after 3D reconstruction of the recorded joints (hip, knee, 
ankle, and foot) to measure walking velocity (in meters per second) 
in all tested conditions.

In all experiments, participants were not informed up front about 
the study goal. However, because of obvious differences between many 
conditions, completely blind testing was impossible. Conditions were 
randomized between participants, and the data were processed only 
after all data were collected.

Data were only excluded when participants could not finish the 
complete experiment. All data were processed in MATLAB. We used 
the MATLAB implementation of a Welch test for the AP impulse 
data and twosample t test for all other datasets; a 5% significance 
level was chosen to test for significant differences.

Static model used for D3
To understand the influence of BWS on the human body, we con
sider a simple 2D model with ankle, knee, and hip joint (see Fig. 5). 
BWS in upward and forward direction is modeled as a fraction of hu
man BW, with factors x and z. For static equilibrium, the human 
joint torques must be (with variables as defined in the freebody dia
grams in the figure)

   T  h   =  m  t   g  l  tg   sin(   t   ) −    z   mg  l  t   sin(   t   ) +    x   mg  l  t   cos(   t  )  (1)

   T  k   =  T  h   +  m  u   g  l  ug   sin(   u   ) +  F  hz    l  u   sin(   u   ) +  F  hx    l  u   cos(   u  )  (2)

   T  a   =  T  k   +  m  l   g  l  lg   sin(   l   ) +  F  kz    l  l   sin(   l   ) +  F  kx    l  l   cos(   l  )  (3)

We simulated the model with anthropomorphic data (57). We 
averaged between males and females and assumed the trunk, head, 
arms, and hands to be rigidly connected. This led to a model with 
mt = 40.0 kg, mu = 9.7 kg, ml = 3.1 kg, ll = 0.73 m, lu = 0.40 m, llg = 
0.43 m, ltg = 0.35 m, lug = 0.24 m, llg = 0.24 m. We simulated the model 
with all body segments at an angle of 0.1 rad and the attachment 
point lt = 0.53 m.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scirobotics.abf1888
Text
Figs. S1 to S5
Tables S1 to S3
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