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Rehabilitative body weight supported gait training aims at restoring walking function as

a key element in activities of daily living. Studies demonstrated reductions in muscle and

joint forces, while kinematic gait patterns appear to be preserved with up to 30% weight

support. However, the influence of body weight support on muscle architecture, with

respect to fascicle and series elastic element behavior is unknown, despite this having

potential clinical implications for gait retraining. Eight males (31.9 ± 4.7 years) walked at

75% of the speed at which they typically transition to running, with 0% and 30% body

weight support on a lower-body positive pressure treadmill. Gastrocnemius medialis

fascicle lengths and pennation angles were measured via ultrasonography. Additionally,

joint kinematics were analyzed to determine gastrocnemius medialis muscle–tendon

unit lengths, consisting of the muscle’s contractile and series elastic elements. Series

elastic element length was assessed using a muscle–tendon unit model. Depending on

whether data were normally distributed, a paired t-test or Wilcoxon signed rank test

was performed to determine if body weight supported walking had any effects on joint

kinematics and fascicle–series elastic element behavior. Walking with 30% body weight

support had no statistically significant effect on joint kinematics and peak series elastic

element length. Furthermore, at the time when peak series elastic element length was

achieved, and on average across the entire stance phase, muscle–tendon unit length,

fascicle length, pennation angle, and fascicle velocity were unchanged with respect

to body weight support. In accordance with unchanged gait kinematics, preservation

of fascicle–series elastic element behavior was observed during walking with 30%

body weight support, which suggests transferability of gait patterns to subsequent

unsupported walking.
Keywords: unloading, muscle fascicle behavior, series elastic element behavior, ultrasound imaging, walking, gait,

rehabilitation, AlterG
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DISCUSSION

Effects of Walking With 30% BWS on
Contractile and Series Elastic Element
Behavior
During the walking trials, participants were successfully unloaded
by 30% of their body weight, as the average plantar forces
actually achieved by inducing LBPP did not differ significantly
from the target average plantar forces. The main findings were
that walking with 30% BWS did not significantly affect joint
kinematics. Furthermore, in contrast to the hypotheses, walking
with 30% BWS induced no statistically significant differences
from 0% BWS in peak SEE length as well as MTU length, fascicle

FIGURE 3 | Series elastic element length (A), muscle-tendon unit length (A),

fascicle length (A), pennation angle (B), and fascicle velocity (C) at the time of

the peak series elastic element length as presented as boxplots for participants

walking without body weight support (black box) and 30% body weight

support (red box). The lower and upper parts of the box represent the first and

third quartile, respectively. The length of the whisker represent the minimum

and maximum values. The horizontal line in the box represents the statistical

median of the sample; +, the mean of the sample; ◦, individual data points.

length, and pennation angle neither at the time of the peak SEE
length, nor on average across the stance phase. Also, in contrast
with the hypotheses, no statistically significant effect of 30% BWS
was found on fascicle shortening velocity at the time of the peak
SEE length, nor on average across stance, despite a reduction
in absolute walking speed (albeit same Froude number). These
findings are further supported by the overall small effect sizes.

Previous studies and simulation models have shown that the
GM force-length-velocity behavior shifts with gait type and speed
to meet the varying locomotor demands (Farris and Sawicki,
2012; Arnold et al., 2013). However, in the present study, fascicle
length and pennation angle were unchanged when walking with
30% BWS, which implies that the GM remains operating on a
similar part of the force–length relationship, thereby preserving
its force generation ability (Arnold et al., 2013). Moreover, GM
fascicle velocity has been reported to decrease with decreasing
walking speed, thereby increasing GM’s force generation ability
(Farris and Sawicki, 2012; Arnold et al., 2013). In fact, in the
present study average fascicle velocity was 5.0 ± 10 mm·s−1

slower when walking at a slightly slower speed at 30 vs. 0%
BWS (−0.24 m·s−1) reaching a moderate effect (dz = 0.51),
however, high variability may have contributed to it failing to
reach statistical significance.

It has been reported that the ankle plantarflexion moment
decreases with increasing BWS (Lewek, 2011; Goldberg and
Stanhope, 2013; Fischer and Wolf, 2015). In fact, the present
results suggests a reduction in average plantar force by almost
200N whilst ankle joint kinematics were largely preserved when
walking with 30% BWS suggesting that ankle joint moment was
reduced. Interestingly, this did not affect peak SEE length, which
incorporates the length of the free tendon and aponeurosis. As
aponeurosis stiffness varies upon contractile conditions (e.g.,
reduced muscle activity results in lower orthogonal muscle
expansion linked to lower transverse strain) (Azizi and Roberts,
2009), SEE length can remain similar despite a reduction in ankle
joint moment.

However, as in the present observational study MTU
interaction was only modeled for the GM, which accounts for a
modest fraction (∼17%) of the physiologic cross-sectional area
of the plantar flexor muscles (Ward et al., 2009), changes that
influence the ankle joint moment might not be fully reflected.
Furthermore, joint moments were not determined and SEE

TABLE 2 | Means and standard deviations of gastrocnemius medialis muscle and SEE outcome measures while participants walked at 75% of their preferred walk-to-run

transition speed with 0 and 30% body weight support.

0% BWS 30% BWS Differences 95% CI P Effect size

Average SEE length (mm) 404.19 ± 23.40 404.62 ± 20.74 0.42 ± 7.70 −6.02 to 6.86 0.945w 0.05

Average MTU length (mm) 449.11 ± 19.80 449.18 ± 18.27 0.07 ± 6.24 −5.15 to 5.28 0.641w 0.01

Average fascicle length (mm) 49.44 ± 6.48 49.18 ± 5.28 −0.25 ± 2.58 −2.41 to 1.90 0.790t −0.10

Average pennation angle (◦) 24.92 ± 3.93 25.16 ± 3.84 0.24 ± 1.46 −0.98 to 1.46 0.641w 0.16

Average fascicle velocity (mm·s−1) −31.03 ± 16.18 −26.01 ± 8.72 5.02 ± 9.91 −3.27 to 13.31 0.148w 0.51

Overall fascicle shortening (mm) 17.23 ± 7.54 15.12 ± 4.64 −2.10 ± 4.91 −6.20 to 2.00 0.313w −0.43

BWS, body weight support; CI, confidence interval; P result of the paired t-test (t) or Wilcoxon matched-pairs signed rank test (w) indicating a statistically significant effect of body weight

support (α = 0.05). n = 8.
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length was not measured directly but estimated using an MTU
model. Thus, if tuning of the mechanical properties of the SEE
actually causes preserved SEE and fascicle kinematics warrants
further study.

Implications for Rehabilitative Body Weight
Supported Gait Training
Maintenance of joint kinematics and GM behavior may facilitate
rehabilitative gait training by preserving “natural” movement
patterns, despite joint loads and related pain being reduced
(Eastlack et al., 2005; Cutuk et al., 2006). Preserved fascicle’s
operating range suggests that the stimuli exerted on the muscle
remain the same and thus help to maintain optimum fascicle
length for force production, which is key for locomotor recovery.
Furthermore, the maintenance of SEE strain, as possibly achieved
by an increased aponeurosis strain, might help to prevent
degeneration and maintain function of the aponeurosis despite
external unloading. Patients who may benefit from LBPP gait
training during their early postoperative rehabilitation include
not only those with tendon, ligament and meniscus repairs
but also joint replacements or fractures (Eastlack et al., 2005).
However, the increased aponeurosis strain, which is required
to compensate for the decreased free tendon strain (and thus
to maintain SEE strain), could pose a potential risk to patients
after Achilles tendon rupture if the rupture does not exclusively
affect the free tendon. Therefore, BWS rehabilitation should
be individualized to the specific pathological characteristics
of patients, depending on the impaired biological tissues that
require unloading, e.g., rehabilitation after total knee arthroplasty
vs. ankle or Achilles tendon injury. Based on the current findings,
further studies including different patient groups are required.

The present data, are not only in agreement with a recent
systematic review, which concluded that spatio-temporal and
kinematic gait parameters can be preserved with up to 30%
BWS (Apte et al., 2018), but extends this view to preserved
muscle–SEE mechanics. In fact, healthy individuals appear able
to retain normal walking kinematics even when unloaded by
up 50% BWS (Van Hedel et al., 2006; Awai et al., 2017). The
absence of any effects when BWS was increased from 0 to
30% suggests that the modulation of fascicle–SEE behavior does
not develop linearly with increasing BWS but is determined
by a certain threshold, however if this threshold is below or
above 50% BWS remains to be determined. Additionally, if non-
LBPP BWS systems, such as overhead suspension harnesses,
therapist-assisted waist belts or robotic-assisted gait-training
devices, are also able to preserve GM behavior warrants further
study. Nevertheless, the present observational study supports the
recommendation (Fischer and Wolf, 2015) for LBPP-induced
30% BWS in rehabilitative gait training. Finally, it should
be noted that walking speed was intentionally reduced with
increasing BWS via the adjustment to the same Froude number
to obtain mechanically equivalent walking speeds (Vaughan and
O’Malley, 2005). Thus, the observation that the neural system
appears to largely preserve GM overall contraction behavior
in addition to joint kinematics suggests that the approach of

producing comparable gait patterns across the different walking
conditions was successful and should be considered for future
gait rehabilitation.

CONCLUSIONS

This is the first study to examine in vivo GM fascicle–SEE
behavior during walking at 30% BWS, frequently employed in
gait rehabilitation, at 75% PTS on an LBPP treadmill. The present
findings reveal that during walking with 30% BWS fascicle–SEE
behavior was largely preserved, in contrast to the hypothesis.
Thus, the present study not only supports the contentionmade in
previous studies that walking with the recommended therapeutic
dose of 30% BWS largely retains spatio-temporal and joint
kinematic characteristics but extends this to GM fascicle and SEE
mechanics. This may be advantageous during rehabilitative gait
training with BWS as it indicates transferability of gait patterns
to subsequent unsupported walking.
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