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Abstract

The success of locomotion training with robotic exoskeletons requires 
identifying control algorithms that effectively retrain gait patterns in neurologically 
impaired individuals. Here we report how the two training paradigms, performance-
based error-augmentation versus error-reduction, modified walking patterns in 
four chronic post-stroke individuals as a proof-of-concept for future locomotion 
training following stroke. Stroke subjects were instructed to match a prescribed 
walking pattern template derived from neurologically intact individuals. Target 
templates based on the spatial paths of lateral ankle malleolus positions during 
walking were created for each subject. Robotic forces were applied that either 
decreased (error-reduction) or increased (error-augmentation) the deviation 
between subjects’ instantaneous malleolus positions and their target template. 
Subjects’ performance was quantified by the amount of deviation between their 
actual and target malleolus paths. After the error-reduction training, S1 showed 
a malleolus path with reduced deviation from the target template by 16%. In 
contrast, S4 had a malleolus path further away from the template with increased 
deviation by 12%. After the error-augmentation training, S2 had a malleolus path 
greatly approximating the template with reduced deviation by 58% whereas S3 
walked with higher steps than his baseline with increased deviation by 37%. 
These findings suggest that an error-reduction force field has minimal effects on 
modifying subject’s gait patterns whereas an error-augmentation force field may 
promote a malleolus path either approximating or exceeding the target walking 
template. Future investigation will need to evaluate the long-term training effects 
on over-ground walking and functional capacity. 
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Introduction
Robotic leg exoskeletons have been developed to assist gait 

rehabilitation for individuals with neurological disorders [1]. 
Incorporating robotic devices into training can substantially reduce 
physical demands on therapists and provide more precise guidance 
than conventional therapist-assisted training [2]. However, recent 
large-scale randomized controlled trials demonstrated that robot-
assisted locomotion training was worse than or not superior to the 
conventional physical therapy or therapist-assisted treadmill training 
[3-6]. It is possible that the excessive guidance and stabilization 
provided by the robotic exoskeleton interferes with learning and 
reduces subjects’ effort [7].

One way to ensure the success of gait rehabilitation with robotic 
exoskeletons is to identify robotic control algorithms that facilitate 
motor learning in people with neurological disorders [8]. An assist-
as-needed paradigm, providing guidance only when needed, is 
employed in some current leg exoskeletons [9-12]. Generally, the 
assist-as-needed guidance reduces the deviation between subject’s 
movement pattern and a prescribed pattern. We refer to this 
paradigm as performance-based error-reduction. The nature of this 
paradigm would minimize subject’s performance errors [13] which 
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are important for motor learning [14]. This is potentially problematic 
for chronic stroke survivors since they do not recognize errors in 
their performance and enhancing those errors may enhance motor 
learning [15].  

A performance-based error-augmentation paradigm may have 
the potential to better engage subject’s in the training. Because the 
performance-based error-augmentation paradigm amplifies subjects’ 
movement errors, this type of protocol would favour motor learning 
principles such as encouraging active participation [16] and physical 
effort [17], preserving movement variability [18, 19] and allowing 
subjects to discover normal movement patterns. Here we report how 
four chronic post-stroke individuals responded to the performance-
based error-augmentation versus error-reduction training as a proof-
of-concept for future locomotion training following stroke. 

Device Description
Training was performed using a unilateral robotic leg exoskeleton 

(Figure 1). Details of the exoskeleton’s design and algorithms of 
force field are documented elsewhere [11, 20, 21]. Briefly, when the 
force field is active, motors mounted at the hip and knee joints of 
the exoskeleton provide a pattern of torques with a resulting force 
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applied to the ankle. Target walking templates based on the spatial 
paths of neurologically intact volunteers’ lateral malleolus positions 
(i.e., malleolus path) during walking were created for each subject 
(Figure 2). The performance-based force field was programmed as 
a non-linear virtual spring [11, 20, 22-24], applying a normal force 
towards (error-reduction) or away from (error-augmentation) the 
prescribed template (Figure 2). The amount and direction of the 
normal force varied depending on the deviation between subjects’ 
instantaneous malleolus position and their prescribed template.

Training
Stroke subjects received training on four consecutive days and 

one bout of training two days later (Figure 3). The training speed 
was determined as 125% of their preferred speed (Table 1). Each 
regular session consisted of six 5-minute training bouts (T1-T6) and a 
2-minute evaluation bout before the training (Baseline), and after T6 

(Post-Test). Day Five included a training bout and evaluation bouts 
before and after the training. Subjects were provided with a visual 
display of their instantaneous malleolus position and target template 
for a total of five training bouts (Figure 3). Subjects were instructed to 
walk in such a way that would minimize robotic forces and match the 
target template when the visual display was present. 

Case Presentation
Four stroke survivors gave written informed consent and 

participated in this short-term robotic gait training study, approved 
by the University’s Institutional Review Board. S1 and S4 received 
performance-based error-reduction training whereas S2 and S3 
received performance-based error-augmentation training. Subjects’ 
specific characteristics are listed in Table 1. Subjects were included 
if they had chronic stroke involving cerebral cortical regions, single 
lesion, noticeable gait deviation, ability to walk without an orthoses, 
normal or corrected normal vision, and ability to follow instructions. 
The exclusion criteria were uncontrolled hypertension (>190/110 
mmHg), evidence of chronic white matter disease or cerebellar stroke 
on MRI, or any medical condition, other than stroke, that affects 
walking ability.

Subjects’ performance during the training was quantified by the 

Figure 1: ALEX II (Second version of the Active Leg EXoskeleton).

Figure 2: Malleolus path template and the performance-based force fields. 
d is the distance between the subject’s current lateral malleolus position (P) 
and the nearest point on the target template (N). D0 is defined as the width of 
the virtual wall. The normal forces (Fn) were produced only when the distance 
between P and N exceeded D0. The tangential forces (Ft) were minimal, 
designed to ensure that the subjects’ leg produced continuous movement 
along the malleolus path. When the deviation of the subject’s instantaneous 
malleolus position (P) from the target template exceeds D0, the performance-
based error-augmentation algorithm would take the subject’s leg further away 
from the target (N) (see Fn in red dashed line) whereas the performance-
based error-reduction algorithm would bring the subject’s leg towards the 
target (N) (see Fn in solid black line).

Figure 3: The training protocol included four 6-bout training sessions on four 
consecutive days (Days 1-4) and a 1-bout training session two days later 
(Day 5). Real-time visual display of the subject’s instantaneous malleolus 
positions and target malleolus path was provided for a total of five bouts. 
For all evaluation trials (not shown here), no force field or visual display 
of malleolus paths was provided to the subjects. Subjects walked with the 
exoskeleton in zero-torque mode for the evaluation bouts but walked with a 
performance-based force field for the training bouts.

S1 S2 S3 S4

Paradigm error- 
reduction

error- 
augmentation

error-
augmentation

error-
reduction

Self-selected speed 
(mph) 1.3 0.9 1.2 1.1

Training speed (mph) 1.7 1.1 1.5 1.4

Age (years) 65 57 51 50

Gender (M/F) M F M M

Height (m) 1.75 1.50 1.73 1.79

Weight (kg) 70 67.3 68.1 72.5
Time since stroke 

(years) 8.5 4.4 4.2 3.7

Type of stroke Ischemic Ischemic Ischemic Ischemic
Device used during 

daily walking none none AFO, single-
point cane

Single-point 
cane

Lower-limb Fugl-Meyer 
(max = 34) 25 28 20 23

Berg balance scale 
(max = 56) 53 54 54 53

Functional gait 
assessment (max = 30) 16 15 14 13

Table 1: Participant characteristics.



Phys Med Rehabil Int 2(9): id1066 (2015)  - Page - 03

Pei-Chun Kao Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

amount of deviation between their actual and target malleolus paths 
estimated by the area enclosed between the two paths during the 
swing phase (Total Area). We also identified and summed regions 
where subject’s malleolus paths were above (Area Above) or below 
(Area Below) their target template.

Performance-based error-reduction training results
Subject 1: S1 walked with shallower malleolus paths than the 

target template before the training, evidenced by the large area 
below the template (Baseline on Day1, Total Area: 123.8±13.0 cm2, 
Area Above: 9.4±5.5 cm2, Area Below: 114.4±11.1 cm2) (Figure 4). 
After the training, S1 still walked with lower average step heights 
than the target template although his malleolus paths were closer to 
the target template. S1 reduced Total Area by ~16% with a decrease 
of ~47% in Area Below and an increase of ~31% in Area Above on 
Day Five, indicating a greater step height compared to Day One. 
Correspondingly, S1 increased the swing-phase peak hip and knee 
flexion by ~1 and ~8 degrees, respectively, on Day Five (Table 2). 
Ankle motion was not directly targeted during the training. However, 
S1 had a decrease of ~3 degrees in the swing-phase peak ankle 
dorsiflexion on Day Five. 

Subject 4: S4 walked with shallower malleolus paths compared to 
the target template before the training (Baseline on Day1, Total Area: 
120.0±18.2 cm2, Area Above: 2.6±0.0 cm2, Area Below: 117.4±1.0 
cm2) (Figure 5). After the training, S4 showed a trend to walk with 
even lower average step heights and had malleolus paths further away 
from the target template. On Day Five, S4 increased Total Area by 
~12% with an increase of 14% in Area Below and a decrease of 2% in 
Area Above. Correspondingly, S4 reduced the swing-phase peak hip 
flexion, peak knee flexion and peak ankle dorsiflexion by ~5, ~3 and 
~3 degrees, respectively, on Day Five compared to Day One (Table 2).

Performance-based error-augmentation training results
Subject 2: S2 walked with exaggerated average step heights before 

the training (Baseline on Day1, Total Area: 125.2±18.2 cm2, Area 
Above: 125.0±18.6 cm2, Area Below: 0.2±0.9 cm2) (Figure 6). After 

Figure 4: (A) S1’s baseline malleolus paths and prescribed target template, 
(B) hip and knee joint kinematics, and (C) area between actual and prescribed 
malleolus paths. (A) S1’s baseline malleolus paths are shown for Day One 
(red solid line) and Day Five (red dashed line). The black dashed line 
represents the prescribed target template of S1. (B) S1’s hip and knee joint 
kinematics over the gait cycle are shown for Day One (red solid line) and Day 
Five (red dashed line). (C) Mean data ± 1 standard deviation across strides 
are shown for the evaluation bout before (Baseline, B) and after the training 
(Post-test, P) on each day. The white region represents Area Above whereas 
the grey region represents Area Below. A smaller Total Area indicates less 
deviation from the target template, and vice versa.

Baseline peak hip flexion peak knee flexion peak dorsiflexion

S1 Day1 38.9° ± 1.3° 31.0° ± 1.6° -11.1° ± 4.2°

Day5 39.8° ± 1.4° 39.4° ± 1.8° -13.8° ± 2.7°

S2 Day1 38.7° ± 1.9° 45.2° ± 2.7° -13.5° ± 2.2°

Day5 29.2° ± 3.9° 34.1° ± 4.7° -3.3° ± 4.7°

S3 Day1 30.2° ± 1.4° 34.4° ± 2.5° -16.1° ± 3.3°

Day5 39.6° ± 0.8° 40.9° ± 2.6° -9.7° ± 2.6°

S4 Day1 22.8° ± 2.5° 19.3° ± 6.2° -1.3° ± 3.4°

Day5 17.5° ± 1.4° 15.9° ± 3.9° -3.9° ± 2.8°

Table 2: Peak joint flexion angle during swing.

Figure 5: (A) S4’s baseline malleolus paths and prescribed target template, 
(B) hip and knee joint kinematics, and (C) area between actual and prescribed 
malleolus paths. 
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the training, S2 was able to lower the stepping height and walked 
with malleolus paths closer to the target template. On Day Five, S2 
had a reduction of ~58% in Total Area by having a decrease of ~73% 
in Area Above and an increase of ~14% in Area Below compared to 
Day One. Correspondingly, S2 reduced the swing-phase peak hip 
and knee flexion by ~9 and ~11 degrees, respectively, on Day Five 
compared to Day One (Table 2). Contrary to the changes in hip 
and knee kinematics, S2 had an increase of ~10 degrees in the peak 
swing-phase ankle dorsiflexion, indicating that more control in the 
ankle motion may have been incorporated to ensure sufficient foot 
clearance. 

Subject 3: S3 walked with average malleolus paths lower than 
the target template during initial-to-mid swing but higher than the 
template during mid-to-late swing before the training (Baseline 
on Day1, Total Area: 110.0±10.1 cm2, Area Above: 57.7±15.1 cm2, 
Area Below: 53.2±15.7 cm2) (Figure 7). After the training, S3 walked 
with even higher steps than his Day One baseline. On Day Five, 
S3 had greater Total Area by 37% with an increase of 63% in Area 
Above and a decrease of 26% in Area Below compared to Day One. 
Correspondingly, the peak hip and knee flexion angles were increased 
by ~9 and ~6 degrees, respectively, on Day Five compared to Day One 
(Table 2). In addition, the swing-phase peak ankle dorsiflexion was 
increased by ~6 degrees, indicating a less plantar flexed ankle position 
during swing.

Discussion
This case report provided a preliminary comparison of short-

Figure 6: (A) S2’s baseline malleolus paths and prescribed target template, 
(B) hip and knee joint kinematics, and (C) area between actual and prescribed 
malleolus paths. 

term gait changes due to a performance-based error-augmentation 
versus error-reduction gait retraining paradigm for individuals 
post-stroke. The performance-based error-augmentation force field 
was well tolerated by the post-stroke subjects, evidenced by their 
ability to complete six bouts of training without reporting fatigue or 
discomfort. Results of this study were mixed but tended to support 
some predictions that a performance-based error-augmentation force 
field would have more effects on modifying participants’ gait patterns 
compared to the error-reduction force field after four days of training. 
However, as evidenced by the results, an error-augmentation force 
field would promote a malleolus path that either approximates or 
exceeds the target template. Thus, whether performance-based error-
augmentation training provides an advantage over error-reduction 
training certainly requires further investigation.

This investigation has some limitations. The four subjects were all 
independent community ambulators [25]. The nature of responses to 
the training paradigm may depend on the severity of subject’s motor 
impairments [26] or their pre-training gait patterns. In addition, we 
could not exclude some of the learning effect from simply tracking 
the target template via the visual feedback. Krishnan et al (2012, 2013) 
[27, 28] demonstrated that moderately impaired stroke survivors 
increased active participation and improved their motor function 
by repeatedly practicing a target-tracking task in a robotic leg 
exoskeleton that did not apply robotic forces to augment or reduce 
subject’s performance errors.

Conclusion
This case report serves as an initial evaluation of the effectiveness 

Figure 7: (A) S3’s baseline malleolus paths and prescribed target template, 
(B) hip and knee joint kinematics, and (C) area between actual and prescribed 
malleolus paths. 
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of robotic performance-based error-augmentation versus error-
reduction gait training paradigms in people post-stroke. Robotic 
performance-based training protocols were well tolerated by the post-
stroke subjects. The current results suggest that an error-augmentation 
force field may be more effective than an error-reduction force field 
in modifying subject’s overall gait patterns. Future work will evaluate 
the long-term therapeutic efficacy of performance-based error-
augmentation training on community-based walking and functional 
capacity.
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