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Effects of selectively assisting impaired 
subtasks of walking in chronic stroke survivors
Simone S. Fricke1* , Hilde J. G. Smits1, Cristina Bayón1, Jaap H. Buurke3,4, Herman van der Kooij1,2 
and Edwin H. F. van Asseldonk1

Abstract 

Background: Recently developed controllers for robot-assisted gait training allow for the adjustment of assistance 
for specific subtasks (i.e. specific joints and intervals of the gait cycle that are related to common impairments after 
stroke). However, not much is known about possible interactions between subtasks and a better understanding of 
this can help to optimize (manual or automatic) assistance tuning in the future. In this study, we assessed the effect of 
separately assisting three commonly impaired subtasks after stroke: foot clearance (FC, knee flexion/extension during 
swing), stability during stance (SS, knee flexion/extension during stance) and weight shift (WS, lateral pelvis move-
ment). For each of the assisted subtasks, we determined the influence on the performance of the respective subtask, 
and possible effects on other subtasks of walking and spatiotemporal gait parameters.

Methods: The robotic assistance for the FC, SS and WS subtasks was assessed in nine mildly impaired chronic stroke 
survivors while walking in the LOPES II gait trainer. Seven trials were performed for each participant in a randomized 
order: six trials in which either 20% or 80% of assistance was provided for each of the selected subtasks, and one base-
line trial where the participant did not receive subtask-specific assistance. The influence of the assistance on perfor-
mances (errors compared to reference trajectories) for the assisted subtasks and other subtasks of walking as well as 
spatiotemporal parameters (step length, width and height, swing and stance time) was analyzed.

Results: Performances for the impaired subtasks (FC, SS and WS) improved significantly when assistance was applied 
for the respective subtask. Although WS performance improved when assisting this subtask, participants were not 
shifting their weight well towards the paretic leg. On a group level, not many effects on other subtasks and spatiotem-
poral parameters were found. Still, performance for the leading limb angle subtask improved significantly resulting in 
a larger step length when applying FC assistance.

Conclusion: FC and SS assistance leads to clear improvements in performance for the respective subtask, while our 
WS assistance needs further improvement. As effects of the assistance were mainly confined to the assisted subtasks, 
tuning of FC, SS and WS can be done simultaneously. Our findings suggest that there may be no need for specific, 
time-intensive tuning protocols (e.g. tuning subtasks after each other) in mildly impaired stroke survivors.

Keywords: Robotic gait training, Rehabilitation, Gait, Stroke, Assist-as-needed, Subtask-based assistance
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Background
Robot-assisted gait training (RAGT) has been developed 
to improve therapy after neurological disorders (e.g. 
stroke) by providing intensive and task-specific training 
while decreasing physical load for therapists. The use of 
robotic devices can positively affect gait training after 
stroke, especially when combined with common physical 
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therapy and in the most impaired patients in the (sub-)
acute phase after stroke [1–3].

Previous studies suggest that RAGT can be further 
improved by personalizing training and promoting active 
participation since active participation is an essential fac-
tor in gait recovery and motor learning after stroke [4–
7]. To improve active participation, various controllers, 
based on the assist-as-needed principle (AAN, i.e. only 
assisting the patient when needed), have been developed 
[8–11]. Some of these current AAN controllers either set 
a specific assistance level for the whole gait cycle, or they 
adjust the assistance for each instance of the gait cycle 
(e.g. each percentage) [7, 9, 12]. Others focus on assist-
ing specific joints and intervals of the gait cycle that are 
related to impairments after stroke (also called subtasks) 
[10, 11, 13, 14]. The assistance is changed for these sub-
tasks based on deviations from reference trajectories [11, 
13]. Assistance is applied for the (most) impaired sub-
tasks, while subtask-based assistance allows the user to 
move freely during other, non-assisted, portions of the 
gait cycle.

A better understanding about the exact effect of sub-
task-based assistance on gait is needed to help with man-
ual assistance tuning (i.e. tuning done by therapists), and 
optimize controllers that automatically tune assistance 
during RAGT. Recently, we developed an automatically-
tuned subtask-based controller and tested it in people 
with stroke and spinal cord injury [13]. This controller 
simultaneously adjusted the assistance for various sub-
tasks of gait. However, whether interactions between 
subtasks affect this assistance tuning process is not 
known. For example, if the performance on one subtasks 
is limiting the overall gait performance, assistance on this 
subtask could lead to a widespread improvement on vari-
ous other subtasks. In this case, only assistance on this 
‘bottleneck’ subtask would be needed and not on each of 
the separate subtasks. We do not yet know whether these 
interactions occur and how they should be incorporated 
in the control.

In this study, we assessed the effect of assistance dur-
ing walking for three of the most common impairments 
after stroke: (1) insufficient knee flexion during swing 
phase (foot clearance (FC) subtask), (2) increased knee 
flexion or hyperextension during stance phase (stability 
during stance (SS) subtask) and (3) problems with shift-
ing the weight towards the paretic leg (weight shift (WS) 
subtask) [15, 16]. For each of these subtasks, only little is 
known about the effect on other intervals of the gait cycle 
and spatiotemporal parameters in stroke survivors:

Foot clearance (FC): Previous experiments in stroke 
survivors receiving foot clearance assistance in robotic 
gait trainers or using powered orthoses have also shown 
some effects, although minor, on other parts of the 

gait cycle. For example, foot clearance assistance in the 
LOPES I and LOPES II gait trainer resulted in an increase 
in knee and hip angles during the swing phase and a 
larger step height [12, 17]. No significant effects on other 
spatiotemporal gait parameters were found in these stud-
ies. In addition, Sulzer et al. [18] found a small increase 
in peak hip abduction (2°) when assisting knee flexion 
during the pre-swing phase with a powered knee orthosis 
(Series Elastic Remote Knee Actuator, SERKA).

Stability during stance (SS): To the best of our knowl-
edge, so far no study investigated the effect of robotic 
assistance during the stance phase in stroke survivors 
[19]. In children with cerebral palsy, knee extension assis-
tance did not lead to significant changes in step length 
and step width, however, an increase in peak stance 
knee and hip extension was found [20]. This shows the 
potential of SS assistance to also improve other aspects 
of walking.

Weight shift (WS): Only little is known about the effect 
of weight shift assistance. Next to improving lateral pel-
vis movement, weight shift assistance improved step 
length symmetry in a stroke survivor in LOPES II [10]. 
After incomplete spinal cord injury (injury level between 
C4 and T10), weight shift assistance with another robotic 
device also led to an increased step length in the weaker 
leg of the participants [21].

To sum up, sometimes small effects of assisting FC, SS 
and WS were found for specific subtasks in small groups 
of people with neurological disorders (1–9 participants 
per study). However, in most previous studies only a lim-
ited number of outcome measures were analyzed. The 
goal of the current study was to determine how robotic 
assistance for FC, SS and WS subtasks influences the 
gait pattern within one session. We analyzed the perfor-
mance for various other subtasks and spatiotemporal gait 
parameters (e.g. step length, stance time). We expected 
that assistance for a specific subtask clearly improves per-
formance for the assisted subtask, but could also influ-
ence other portions of the gait pattern. Findings from this 
study can lead to improvements in robotic gait training 
by optimizing assistance tuning and targeting assistance 
better towards the specific needs of the patient.

Methods
Participants
Nine chronic stroke survivors (> 6 months after stroke) 
participated in this study (7 male, 56 ± 12 years, height 
1.78 ± 0.06 m, weight 83.4 ± 8.9 kg). Information about 
the participants, their clinical scores and settings while 
walking in LOPES II can be found in Table 1. 

The inclusion criteria were (1) diagnosis of a hemi-
paresis as a result of a stroke that occurred more than 
6 months prior to the study, (2) a stable medical and 
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physical condition that allowed for three minutes of 
walking, (3) an age of at least 18 years, and (4) sufficient 
cognitive abilities to follow instructions and report any 
discomfort. Exclusion criteria were severe spasms that 
can interfere with the functions of LOPES II.

The experimental protocol was approved by the local 
medical ethical committee (METC Twente, Enschede, 
The Netherlands) and participants gave written informed 
consent prior to their participation.

Robotic gait trainer and assistance
The LOPES II robotic gait trainer was used in this study 
to provide robotic assistance to the participants dur-
ing walking. LOPES II is a device that is attached to the 
user with push–pull rods at the pelvis and lower legs [10]. 
While the user is walking on an instrumented treadmill 
(custom-built treadmill, Motek Medical, Amsterdam, The 
Netherlands), the device can assist movements in eight 
degrees of freedom (DOFs): pelvis anteroposterior, pel-
vis mediolateral, and hip abduction/adduction, hip flex-
ion/extension and knee flexion/extension for both legs. 
LOPES II is admittance controlled and the robot can be 
tuned from transparent mode (0% assistance, minimizing 
interaction forces between the device and the user) to full 
assistance (100% assistance, mimicking position control).

LOPES II can move the user along reference trajecto-
ries when applying assistance. For each DOF, a reference 
trajectory is defined based on a data set from healthy, 
elderly subjects [22] and previous experiences with these 
reference trajectories [11, 13]. The amount of assistance 
that is applied by LOPES II depends on deviations from 
these reference trajectories and virtual spring stiffnesses 
(with equilibrium positions on the reference trajectories). 
This virtual spring stiffness K is calculated with the fol-
lowing equation for each DOF (j) and each instant (i in 
%) of the gait cycle:

where Kmax,j is a maximal stiffness that is defined for each 
DOF of LOPES II and Gj,i is the desired assistance [10].

For each DOF, a subtask-based assistance can be 
applied with LOPES II, i.e. assisting only specific inter-
vals of the gait cycle for the respective DOF (e.g. for foot 
clearance only swing phase for the knee). In this study, we 
assisted the FC, SS and WS subtasks, as these subtasks 
are often the most impaired subtasks after stroke. The 
assistance profiles for these subtasks are shown in Table 2 
together with other non-assisted subtasks that were used 
to assess the effect of assistance for FC, SS and WS. Each 
subtask was assisted separately at a low (20%) and a high 

Kj,i = Kmax,j

(

Gj,i

100

)2

level (80%), depending on the trial (see “Experimental 
procedures” section).

In addition to the subtask-based assistance, a general 
assistance was applied, meaning that the whole gait pat-
tern was assisted (i.e. all DOFs during the whole gait 
cycle with a constant assistance level). The minimal 
impedance mode of LOPES II is not completely trans-
parent and especially for the pelvis the virtual inertia is 
rather high (40 kg) [10]. We applied a general assistance 
of 3% to make walking in the device without any addi-
tional assistance easier, especially for stroke survivors.

Experimental procedures
Each participant attended two sessions (familiariza-
tion and experimental session) on two different days. 
In the familiarization session, clinical assessment was 
performed by an experienced physical therapist. The 
following clinical scores were determined: Functional 
Ambulation Category (FAC) [23], comfortable walking 
speed in the 10 meter walking test (10MWT) [24], Fugl-
Meyer Assessment (FMA) [25] for the lower extremity 
and Motricity Index (MI) [26] for the lower extremity 
(Table  1). After this, participants walked for three tri-
als in LOPES II to get used to the device and to choose a 
comfortable walking speed. No body weight support was 
applied by the LOPES II system, however, participants 
used the hand rails of LOPES II during all trials in both 
sessions. If participants were not able to lift their toes/
feet enough during swing phase (i.e. prematurely hitting 
the ground), a passive toe-lifter was used on the more 
impaired leg. In the first two trials of the familiarization 
session, participants received various amounts of general 
assistance (max. 30%) to get used to LOPES II. In the last 
trial, 3% of general assistance was applied to make sure 
that they were able to walk in this condition. No individ-
ual assistance (FC, SS, WS) was applied in this familiari-
zation session.

In the experimental session (Fig. 1), participants started 
with a familiarization trial of 3 min to get used to walk-
ing in LOPES II again, receiving 3% general assistance. 
After this, seven trials (2 min each), which were used for 
data analysis in this study, were performed (Fig. 1). The 
order of the trials was randomized between participants. 
In the baseline trial (BASE), no subtask-based assistance 
was applied and participants received only 3% general 
assistance. In the other trials, 3% general assistance was 
applied for the whole gait cycle, and specific subtasks 
(FC, SS or WS) were assisted with either 20% or 80%.

Outcome measures
For each trial, we calculated the performance for vari-
ous subtasks of gait and spatiotemporal parameters. 
As explained in detail in the subsections below, these 
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assessments were based on joint angles and joint posi-
tions measured by the LOPES II, all sampled at 1000 Hz 
[10]. Additionally, we performed statistics comparing the 
different trials (no, 20, 80% assistance) for each assisted 
subtask. For the analysis, the first five and last five steps 
were removed and not taken into account during further 
analyses.

Subtask performance
To evaluate gait performance: FC, SS, WS, circumduc-
tion, lateral foot placement, trailing and leading limb angle, 
and prepositioning were used (Table  2). Subtask-based 

Table 2 Overview of assistance and evaluated variables for different subtasks

Reference (black dotted lines) and example measured data (orange lines) positions and joint angles ( Pref , Pref , θref , θref ), assistance profiles (K) and evaluation 
points (e.g. Pref ,e1 ) that were used to calculate the error are shown. Each figure shows one gait cycle starting with left heel strike at 0%. Weight shift to the right side, 
abduction and flexion angles are defined positive. The subtasks that were assisted in this study are shown with a grey background

WS20 WS80FC80FC20 SS20 SS80BASE

No
assis-
tance

Foot
clearance
assistance

Stability
during stance

assistance

Weight shift
assistance

Fig. 1 Overview of the seven trials of the experimental session. Each 
participant took part in all trials. The order of the seven trials was 
randomized and each trial took 2 minutes. BASE: baseline, WS: weight 
shift, FC: foot clearance, SS: stability during stance. No subtask-specific 
assistance was applied in BASE. 20 means 20% of assistance and 
80 means 80% of assistance for the respective subtask. For all other 
portions of the gait cycle 3% of general assistance was provided in all 
trials (including BASE)
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performances were calculated based on deviations from 
reference trajectories for specific evaluations points (col-
umn 3 and 4 of Table 2).

For some subtasks, the absolute error was calculated as 
deviations in both directions can be found in stroke survi-
vors. For example, for the SS subtask, some stroke survi-
vors might have too much knee flexion during stance while 
others can get hyperextension of the knee. For other sub-
tasks, we did not take the absolute error since we assumed 
that deviations in only one direction would be detrimental 
(Table 2): for example, a larger knee flexion during swing 
(foot clearance subtask) is acceptable. However, not enough 
knee flexion might lead to the toes being dragged along the 
ground which is detrimental for the walking pattern.

Spatiotemporal parameters
The following spatiotemporal parameters were assessed: 
step length (anterior–posterior distance between trailing 
and leading limb ankle at heel strike), step height (ankle 
height at the moment that the ankle had the same ante-
rior–posterior position as the hip), step width (mediolat-
eral distance between trailing and leading limb ankle at 
heel strike), and duration of the stance and swing phases.

Statistics
Friedman tests were used for the statistical analyses, to 
determine the effect of the assistance for a specific sub-
task on the performance of this specific subtask and other 
subtasks, and spatiotemporal parameters. The Friedman 
test is a non-parametric alternative to repeated measures 
ANOVA and does not rely on the assumption that data is 
normally distributed. The Friedman tests uses ranks of the 
observations instead of using the exact magnitudes. For 
example, for the FC assistance, for each subtask (including 
FC) and each spatiotemporal parameter, a separate Fried-
man test was performed to evaluate the effect of FC assis-
tance. These tests were also performed for the other two 
assisted subtasks. A p-value smaller than 0.05 was consid-
ered statistically significant.

If statistically significant effects of the assistance were 
found, post-hoc comparisons were performed by apply-
ing the Wilcoxon signed-rank test. A Bonferroni correc-
tion was used to account for multiple comparisons which 
means that p-values smaller than 0.017 (0.05 divided by 3 
comparisons) were considered statistically significant for 
the post-hoc tests.

Results
Effect on subtask performance and spatiotemporal 
parameters
Foot clearance (FC)
Errors for the FC subtask significantly decreased when 
assistance was applied (Fig. 2, ( χ2 = 16.22, p = 0.0003)). 

The average error decreased from 14.1° in BASE to 6.2°. 
in FC20 and 1.3° in FC80. Post-hoc comparisons show 
significant differences for BASE-FC20, BASE-FC80 
(p = 0.0039 in both cases) and FC20-FC80 (p = 0.0117).

FC assistance also significantly affected the leading 
limb and trailing limb angle subtasks, showing consistent 
changes in various participants. The error for the lead-
ing limb angle subtask significantly decreased (i.e. hip 
flexion increased) when applying assistance ( χ2 = 12.67, 
p =  0.0018, post-hoc: significant differences for BASE-
FC80 (p =  0.0039) and FC20-FC80 (p =  0.0078). How-
ever, it should be considered that in eight of the nine 
participants the error was already close to 0°. or lower in 
BASE, and improvements for the leading limb angle sub-
task were not necessarily needed for these participants. 
For the trailing limb angle, significant differences were 
found ( χ2 = 8.67, p = 0.0131). Although post-hoc anal-
yses showed a significant increase of the error between 
BASE and FC80 (p =  0.0039), the effect was only small 
(about 1°).

For the rest of the analysed subtasks, no significant 
effect on performances was found on a group level. Still, 
sometimes changes for other subtasks were found in spe-
cific participants (e.g. prepositioning for P4 and P9 in 
Fig. 2).

Regarding the spatiotemporal parameters, significant 
effects on stance time, step length and step height of the 
paretic leg were found for FC assistance (Fig.  3; stance 
time: χ2  =  6.22, p  =  0.0446, step length: χ2  =  12.29, 
p = 0.0021, step height: χ2 = 7.14, p = 0.0281). For stance 
time, post-hoc tests did not show significant differences 
between the conditions. Paretic step length was signifi-
cantly increased by 0.02  m and 0.03  m for BASE-FC20 
and BASE-FC80, respectively (in both cases p = 0.0117). 
For step height, a significant increase of 0.01 m between 
BASE-FC80 was found (p = 0.0117).

In addition, a change in spatiotemporal parameters was 
observed for the (non-assisted) non-paretic leg: stance 
time was significantly affected ( χ2 = 6.22, p = 0.0446). A 
significant increase in stance time from 1.56 s in BASE to 
1.62 s in FC20 was found (p = 0.0117). Post-hoc tests did 
not show any other significant differences for the pair-
wise comparisons.

Stability during stance (SS)
The errors for the SS subtask significantly decreased 
by applying SS assistance ( χ2 = 18, p =  0.0001, Fig.  7). 
Post-hoc tests showed significant differences between 
BASE-SS20, BASE-SS80 and SS20-SS80 (p = 0.0039 in all 
cases). For none of the other subtasks a clear and signifi-
cant effect of SS assistance was found on a group level.

No large changes for spatiotemporal parameters were 
found (Fig.  3). Only swing time of the paretic leg was 
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significantly influenced by SS assistance ( χ2 = 6.22, p = 
0.0446). Post-hoc tests revealed a significant swing time 
increase of 0.03s between BASE and FC80 (p = 0.0078).

Weight shift (WS)
WS assistance significantly affected performance for the 
WS subtask ( χ2 = 14.89, p = 0.0006). Post-hoc compari-
sons show a significant decrease in the error between 
BASE-FC20 and FC20-FC80 (in both cases p = 0.0039). 
Also, a significant effect was found for circumduction 
( χ2 = 6.89, p = 0.0319). However, post-hoc tests did not 
show significant differences between the conditions. No 
clear and consistent effect for all participants was found 
for the performance of any of the other subtasks.

The lateral pelvis movements were clearly affected by 
the WS assistance and all participants could closely fol-
low the reference trajectory (Fig.  4). However, this did 
not necessarily imply that participants were shifting their 
weight more towards the paretic leg. The mediolateral 
distance between the paretic ankle and the pelvis was 
much larger than the distance between the non-paretic 
ankle and the pelvis (Fig.  5). Applying WS assistance 
moved the pelvis trajectory towards the reference tra-
jectory, however, participants did not modify their foot 

placement relative to the pelvis. Consequently, for none 
of the participants, WS assistance resulted in changes in 
the distance between the ankle and pelvis for the paretic 
and non-paretic leg (Fig. 6).  

Swing time of the non-paretic leg was significantly 
affected by WS assistance ( χ2 = 6.22, p = 0.0446). Post-
hoc tests did not show significant differences between 
specific conditions. None of the other spatiotemporal 
parameters were significantly affected by WS assistance.

Discussion
The goal of this study was to determine the effect of 
FC, SS and WS assistance in LOPES II on the perfor-
mance of the assisted subtasks, and to assess how this 
assistance affects the performance of other subtasks 
and spatiotemporal gait parameters. Performance of 
the assisted subtasks (FC, SS or WS) clearly improved 
when assistance was applied for the respective subtask. 
However, this selective assistance did not have much 
beneficial effects on the performances of other non-
assisted subtasks or spatiotemporal gait parameters. 
Only FC assistance affected the FC subtask as well as 
the leading limb angle subtask resulting in a larger step 
length. Still, the assistance also did not have significant 
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detrimental effects on other intervals of the gait cycle, 
except for a small increase in the error for the trailing 
limb angle for 80% FC assistance.

The lack of clear effects on other subtasks on a group 
level can have different causes. First, the patient popu-
lation performed well for most unassisted subtasks, 
which means that no clear performance improvements 
were needed for these subtasks. However, as described 
below, participant-specific dependencies were found 
in some of the more impaired participants. Second, 
two of the most impaired subtasks, FC and SS, were 
assisted during different parts of the gait cycle (swing 
and stance, respectively), which makes interactions 
between these subtasks less likely.

Comparison to literature
Many of our results are in agreement with previous stud-
ies that evaluated the effect of FC, SS or WS assistance. 
However, the comparisons should be treated carefully 
due to the small sample sizes of the studies (including 
ours, max. 9 participants).

Foot clearance (FC)
For FC assistance, in line with our results, Koopman 
et al. [12] found an increased performance for the lead-
ing limb angle subtask in healthy participants. However, 
the results for the effect of FC assistance on hip abduc-
tion were less consistent: Koopman et al. [12] like us, did 
not find any significant differences in hip abduction when 
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assisting FC during swing. In contrast to this, Sulzer et al. 
[18] found an increase in hip abduction when assisting 
knee flexion. One of the reasons for the differences could 

be that Sulzer et al. applied assistance during pre-swing 
phase which might have influenced the gait pattern in a 
different way than the assistance applied later during the 
swing phase in our study. Besides, it should be considered 
that we did not find a significant change in hip abduction 
on a group level. However, for 7 of the 9 participants we 
noticed more circumduction (i.e. more hip abduction 
during swing) for FC80 compared to BASE (Fig. 2). Simi-
lar to results from Sulzer et al. [18], hip circumduction, 
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which is sometimes seen as a compensatory mechanism 
in stiff-knee gait [15], did not decrease when applying 
knee flexion assistance during swing phase in our study. 
This also supports the results from a study by Akbas et al. 
[27] who claims that hip circumduction is not a com-
pensatory mechanism for deficits in knee flexion during 
swing phase.

Stability during stance (SS)
For SS assistance, similar to a study by Lerner et al. [20] 
who applied assistance for the knee joint during the 
stance phase of walking in children with cerebral palsy, 
we did not find any significant effects on step length 
and step width. While Lerner et al. found an increase in 
peak hip extension during stance, in our study no clear 
changes in peak hip extension (trailing limb angle sub-
task) were found on a group level. A possible reason for 
this is that most of the stroke survivors already had suf-
ficient hip extension in BASE (i.e. close to the reference 
trajectory) while children with crouch gait due to cere-
bral palsy do not have sufficient hip extension [28]. The 
one subject with limited hip extension in BASE in our 
study, did show an increase in peak hip extension result-
ing from SS assistance (P5 in Fig. 7).

Weight shift (WS)
For WS assistance, our results deviate from previous 
pilot experiments with two stroke survivors walking 
in LOPES II [17], where WS assistance resulted in a 
decreased hip abduction. The reason for this is that the 
assistance is not directly comparable: Meuleman et  al. 
[17] applied assistance for pelvis lateral movement as 
well as hip abduction during the whole gait cycle. In 
the current study, we wanted to focus on assistance of 
the lateral pelvis movement only, and did not assist hip 
abduction.

In our study, lateral pelvic movement assistance led to 
smaller deviations from the pelvis reference trajectory. 
However, users did not adjust their foot placement rela-
tive to the pelvis position, and therefore, did not shift 
their weight well towards the paretic leg. Assisting hip 
abduction, and ensuring proper lateral foot placement 
relative to the pelvis [17], can be a possible solution for 
this problem. Another approach is to adjust the refer-
ence trajectory for the pelvis based on foot placement. 
This means that the reference trajectory will be defined 
with respect to the leading stance foot to guarantee a 
certain weight shift, and not with respect to the global 
frame (center of treadmill) as currently done.
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Study limitations
Patient population
When assessing the effect of assistance for selective 
subtasks of gait, it is crucial that participants are able 
to walk without (or with low levels of ) assistance, while 
still suffering from gait impairments that can effectively 
be supported. The reason for this is that a high general 
assistance would improve performance for all subtasks, 
making it impossible to clearly show effects of assisting 
one specific subtask. Due to these requirements, only 
mildly impaired stroke survivors could be included. 
Some of these participants already followed the refer-
ence trajectories well (low errors) for the FC, SS and/
or WS subtask. The good performance for most of the 
unassisted subtasks left only little room for improve-
ment on these subtasks which also makes it less likely to 
find interactions between subtasks. For more impaired 
participants in which several subtasks are affected, 
larger interactions could occur. This is illustrated by P5 
in our study, who showed improved hip extension when 
applying SS assistance. Despite that it is difficult to find 
suitable participants that fulfill the above-mentioned 
requirements, we recommend to extend this research 
to more impaired participants.

Handrail use
Another limitation of this study is that participants 
were not able to walk without using the handrails as 
they did not feel secure enough. A previous study 
showed that handrail use while walking can influence 
step length and step width [29]. As participants used 
the handrails during all trials, we expected that hand-
rail use did not have a large influence on the differences 
between trials. However, performance for weight shift 
is likely to be influence more by handrail use. Previous 
(unpublished) experiments with healthy participants 
walking in LOPES II in minimal impedance mode have 
shown limited lateral pelvic movements compared to 
the reference trajectory when using handrails.

Toe‑lifter
For some participants, a toe-lifter was used on the 
paretic leg. This toe-lifter assisted ankle dorsiflexion 
and prevented that the participant prematurely hit the 
ground during swing phase. If a participant used the 
toe-lifter, it was used during all trials of this participant. 
So, none of the observed effects of the specific subtask 
assistance can be attributed to the use of the toe-lifters, 
but they could have had a general effect on the walking 
pattern while walking in the LOPES.

Future directions
Our results can be used to optimize manual and auto-
matic assistance tuning. In tuning support levels, we 
strive to quickly tune the assistance levels, and apply 
the least amount of assistance with the largest benefi-
cial effects to enhance active participation of the user. 
Our ideal case would be to find the ‘bottleneck’ subtask 
of walking for each individual user. Only assisting this 
‘bottleneck’ subtask would result in overall improve-
ments of gait (positive effect in several other subtasks). 
We did not find many clear dependencies between sub-
tasks in mildly impaired stroke survivors. Nonetheless, 
our results should be taken into account by therapists 
while manually tuning the assistance, and for the devel-
opment of automatically-tuned controllers [13]. Our 
findings suggest that FC, SS and WS can be tuned 
simultaneously without affecting each other and other 
non-assisted subtasks in mildly impaired stroke survi-
vors. Based on our results, we expect that there is no 
need to use specific time-intensive ‘tuning protocols’ 
where, for example, subtasks are tuned after each other.

In people with more impairments, and possibly more 
interactions between subtasks (e.g. similar to P5), 
advantages and disadvantages of various tuning pro-
tocols should be assessed. First, subtasks could still be 
tuned simultaneously to reduce the time needed for 
assistance tuning. Second, interactions between sub-
tasks could be taken into account. For example, simi-
lar to how therapists tune the assistance [13], we would 
start tuning the most impaired subtask and apply low 
levels of assistance for other subtasks. If more improve-
ments are needed, other subtasks should be tuned 
afterwards. Although it might be difficult to find suita-
ble participants (see “Study limitations” section), future 
research is required to find an optimal tuning protocol 
for various subtask of gait in more impaired patients.

Conclusions
Separately assisting foot clearance and stability during 
stance enhances performance for the respective assisted 
subtask. Our weight shift assistance should be further 
improved in the future. Hardly any dependencies were 
found between the assisted subtasks and other subtasks 
as well as spatiotemporal parameters. Our findings sug-
gest that FC, SS and WS can be tuned simultaneously 
without affecting other subtasks in mildly impaired 
stroke survivors. We expect that no time-intensive tun-
ing protocols (e.g. tuning subtasks after each other) are 
required in these patients.
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