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Abstract

Previous ankle exoskeleton assistance techniques that were able to demonstrate metabolic
reductions can be categorized into those that delivered moment profiles similar to the biological
ankle moment throughout the stance phase, and others that delivered positive power only during
push off. Both assistance techniques and a powered-off condition were compared in treadmill
walking (1.5 m s™1) with a soft exosuit. We hypothesized that both techniques can result in a
similar metabolic reduction when providing a similar level of average positive exosuit power at
each ankle (0.12 W kg™1) and hip (0.02 W kg™1) while the underlying global center-of-mass and
local joint biomechanics would be different. We found a similar net metabolic rate reduction of
15% relative to walking with the suit powered-off for both techniques. The ankle moment inspired
technique showed larger magnitudes of reductions for biological moment and power at the hip and
the ankle. The ankle power inspired technique might benefit from higher biological efficiency,
when reducing positive instead of negative power at the knee and when almost keeping the
isometric function of the plantarflexors before push-off. Changes at the ankle caused energetic
reductions at the knee, hip and the center-of-mass. A major contribution to metabolic reduction
might be based on them. As the lower limb biomechanics that led to these reductions were
different, we believe that humans alter their gait to maximize their energetic benefit based on the
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exosulit assistance. For further insights on mechanisms that lead to metabolic reduction, joint
mechanics and muscle-tendon dynamics must be analyzed in combination.

Keywords

exosuit; control; moment; power; assistance

Introduction

Exoskeletons are developed to assist healthy individuals and users with mobility
impairments. One major goal of exoskeletons is to reduce the metabolic rate (MR) of
walking by providing passive or active assistance (Collins et al., 2015; Jackson and Collins,
2015; Koller et al., 2015, 2018; Lee et al., 2016; Mooney and Herr, 2016; Panizzolo et al.,
2016; Seo et al., 2016).

A key factor to achieve a reduction in MR of walking with an exoskeleton is the assistance
technique, or otherwise stated, the high level controller used to generate the mechanical
assistance profile with a certain magnitude and timing. Some exoskeletons are programmed
to actuate following specific moment or power patterns (Jackson and Collins, 2015; Lee et
al., 2016; Seo et al., 2016), while others are programmed to act in response to measurable
biological signals such as electromyography (EMG) (Koller et al., 2015, 2018). Depending
on the inspiration and implementation, the duration and timing of the applied assistance
varies.

Active ankle assistance was applied for about 150 ms with the peak at about 53% of the gait
cycle for (Mooney et al., 2014) and (Lee et al., 2016). Both approaches used the passive
structures of their systems to pretension cable actuators in advance. Assistance with an
earlier onset and longer duration was applied in (Collins et al., 2015; Koller et al., 2015,
2018; Sawicki and Ferris, 2009) where assistance starts at foot flat which occurs at about
10% of the gait cycle. Slightly later onset timings were used in (Quinlivan et al., 2017) and
ranged from 22% to 28% depending on the level of assistance. When onset timing for
plantarflexion assistance was varied with a pneumatic exoskeleton (13 to 54%), the highest
metabolic reductions were achieved at 43% (Malcolm et al., 2013), which is similar to the
timing used in (Mooney et al., 2014) and (Lee et al., 2016). When the assistance profile was
optimized online, based on MR for individuals, the optimal onset timing was found to be
between 17% and 37% of a gait cycle (Zhang et al., 2017). Almost the same range of onset
was used in (Malcolm et al., 2017) to study the effects of assistance with negative ankle
work. For this study, highest metabolic reductions were achieved with the onset at about
17%.

Based on these past studies and others, ankle assistance techniques for the stance phase that
were able to demonstrate metabolic reductions can be grouped into two fundamental
techniques. The first technique is designed to supply positive exoskeleton ankle power and
creates assistive plantarflexion moments mainly during the push off (Lee et al., 2016;
Malcolm et al., 2013; Mooney and Herr, 2016). This assistance technique targets the
reduction of biological joint moments and power during push off and will be referred to as
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the ankle positive power inspired technique (APIT). Such a concept seems advantageous as
most of the positive work during gait comes from ankle plantarflexion during push off
(Farris and Sawicki, 2011) and previous studies have shown that increasing positive work at
the ankle is beneficial to reduce the MR of walking (Caputo and Collins, 2014; Quinlivan et
al., 2017; Zhang et al., 2017). The second technique creates a plantarflexion moment profile,
similar to the positive biological ankle moment, starting early in stance (Collins et al., 2015;
Koller et al., 2015, 2018; Quinlivan et al., 2017; Sawicki and Ferris, 2009). This assistance
technique, referred to as the ankle moment inspired technique (AMIT), targets the reduction
of biological joint moments and power throughout stance.

In a previous comparison of AMIT and APIT with a unilateral ankle exoskeleton, metabolic
benefits were only observed for APIT (Jackson and Collins, 2015). However, others have
found metabolic reductions when applying AMIT bilaterally (Quinlivan et al., 2017).

Global and local biomechanical parameters as well as muscle behavior were used to explain
the metabolic reductions associated with exoskeleton walking assistance. One assumed
reason for the metabolic reduction in Jackson and Collins (2015) was the increased
exoskeleton-side center-of-mass (COM) push-off work in combination with the reduction in
contralateral-limb collision and rebound work. Other authors hypothesized that a reduction
of vertical CoM power may reduce MR of walking (Gordon et al., 2009; Ortega and Farley,
2005). While they were not able to prove this theory in unassisted walking it might be true
for assisted walking.

When increasing assitive hip and ankle peak moment and average power, biological
parameters and metabolic effort were reduced in Quinlivan et al. (2017). Further, MR was
negatively correlated with net exoskeleton power in Zhang et al. (2017), but minimizing MR
was not equivalent to maximizing exoskeleton mechanical work.

Also muscle electromyographic signals (EMG) have been used for MR explanations. Several
studies showed that parallel forces in line with the human muscles could reduce
plantarflexor muscle activity during walking (Collins et al., 2015; Koller et al., 2015;
Sawicki and Ferris, 2009). In line with reduced muscle activity, force related metabolic
consumption of muscles (Maas et al., 1989; Sanchez et al., 1979) may have decreased. On
the other hand studies showed that muscle activity was reduced while the metabolic effort
increased (Collins et al., 2015; Jackson and Collins, 2015). Muscle-tendon behavior was
used to explain these contrary results. In (Jackson et al., 2017) it was found that an ankle
exoskeleton can potentially disturb the muscle-tendon interaction to cause increased
muscular effort.

Previous studies for loaded (APIT, (Lee et al., 2016)) and unloaded (AMIT, (Quinlivan et al.,
2017)) walking showed almost similar metabolic reductions when applying similar positive
exosuit power.

Thus we hypothesized that similar metabolic reductions can be achieved in unloaded
walking with different assistance techniques when providing a similar level of average
positive exosuit power bilaterally. It was assumed that global CoM power and local joint
angle, moment and power characteristics would be different for both techniques.
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The study compared the metabolics, biomechanics and underlying energetics of two
different assistance techniques (AMIT and APIT, Fig. 1) relative to an unpowered condition
(POWERED-OFF). The AMIT and POWERED-OFF data used for this article are part of the
dataset analyzed in (Quinlivan et al., 2017). The APIT data was measured in the same
experiment but not published in past work. For comparison, one out of four AMIT
conditions was selected that had a similar level of average positive exosuit ankle and average
positive exosuit hip push-off power as APIT (AMIT, ankle 0.12+0.02 and hip 0.0240.01 W
kg1 per leg; APIT, ankle 0.12+0.03 and hip 0.0220.01 W kg~ peg leg). The soft exosuit
and the tethered offboard actuation are described only briefly in this work; further details
can be found in (Lee et al., 2016; Quinlivan et al., 2017) and their supplementary
information.

Soft exosuit and offboard actuators

The used soft exosuit was designed to assist with ankle plantarflexion and hip flexion (Fig.
2), as previously described in (Lee et al., 2016; Quinlivan et al., 2017). The exosuit consisted
of a spandex base layer, a waist belt, two calf wraps, and four vertical straps (two per leg)
crossing from the back of the calf wrap, through the approximate center of the knee joint
axis, to the front of the waist belt. Two motor driven offboard actuators were used to
generate assistive forces. Bowden cables were used to transmit those forces to the soft
exosuit local to the wearers ankle. On the human side, the Bowden cable sheath connected to
the back of the calf wrap and the bottom of the vertical straps, while the inner cable
extended further and attached to a metal bracket at the back of the heel of the boot. As the
motor retracted the inner cable, the distance between the two attachment points was
shortened, generating a force that was distributed between the calf wrap and the vertical
straps (Lee et al., 2016). At each foot and shank a gyroscope was attached to measure
angular velocity of the limb segments online. A load cell was fixed below each calf wrap in
series with the Bowden cable to measure the force delivered to the suit. Additionally, two
load cells were fixed at the left side of the exosuit to measure the assistive force transmitted
through the vertical straps to the hip joint (Lee et al., 2016; Quinlivan et al., 2017).

Assistance techniques

Ankle moment inspired technique (AMIT): As described in (Quinlivan et al., 2017), the
high-level cable position profile was designed to deliver a similar assistive torque with a
typical ankle moment while walking, considering the force-displacement characterization of
the human-exosuit system (Asbeck et al., 2015) as well as the ankle kinematics and kinetics
during walking (Winter, 1987), similar to the robotic-tendon methodology proposed by
(Hollander et al., 2006). The cable position profile was approximated as a linear function
during the stance phase, which is depicted in Fig. 1 (a and b). Constant retracting speed was
iteratively adapted during walking by a force-based position control on a step-by-step basis
to reach a maximum peak force of 56.2% of the subjects body weight (5.620.2 N kg™1) in
late stance. The approach resulted in an average positive exosuit ankle power of 0.12 W kg1
per leg.
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Ankle positive power inspired technique (APIT): As shown in Fig. 1 (c and d) and
previously described in (Lee et al., 2016), this technique delivers assistance predominantly
during the positive power phase at ankle. Two gyroscopes per leg were used to detect the
zero-crossing of ankle angular velocity, which represents the transition from the negative
(dorsiflexion) to positive (plantarflexion) power phase. During the negative power phase, the
system held the cable at a constant position to generate a passive pretension, and as soon as
the zero-crossing was detected, the system retracted the cable to generate active force to
deliver positive power to the ankle. The system performed power based position control to
iteratively regulate the cable retraction amplitude on a step-by-step basis, delivering an
average of 7.93 W (0.12 W kg™1) of positive exosuit power assistance per ankle (Lee et al.,
2016).

For both active conditions, the rest length of the cable position was set during a warm-up
condition to achieve a maximum force of 10 N in the cable over the gait cycle while walking
without actuation.

Experimental Protocol

Seven healthy (26.71#4.75 y; 68.43#9.46 kg; 1.74+0.06 m; mean#SD) adult males
participated in this study. The study was approved by the Harvard Long-wood Medical Area
Institutional Review Board and all subjects provided written informed consent before their
participation. All participants attended a training session and a testing session where they
walked under different conditions in a random order on a treadmill at 1.50 m s™L. For this
article three of the five minutes lasting conditions are compared: AMIT, APIT and a
POWERED-OFF condition for baseline comparison. We chose to use a POWERED-OFF
condition as opposed to a condition while walking without the exosuit to reduce the length
of testing sessions and avoid repositioning the markers used for kinematic analysis which
could have led to increased variability. Further, the main focus was the comparison of both
assistance techniques, rather than the comparison to baseline. Further, the minimal mass of
the exosuit (medium size textiles in total 0.89 kg) and the ability to move your joints freely,
will only cause minor changes for the used baseline walking kinematics and Kinetics as
observed in another lightweight design (Collins et al., 2015).

Joint Kinetics and Kinematics

Reflective markers were used to capture body segment motion (see appendix for details)
during walking with a motion capture system (Vicon, Oxford Metrics, Oxford, UK; 120 Hz).

Three-dimensional ground reaction forces (GRF) were measured using an instrumented
split-belt treadmill (Bertec, Columbus, OH, USA; 2160 Hz). Marker and force trajectories
were filtered using a zero-lag 4th order low pass Butterworth filter. A 5-9 Hz optimal cut-off
frequency was selected using a custom residual analysis algorithm (MATLAB, MathWorks,
Natick, MA, USA). Kinematic and inverse dynamics analyses (Visual3D, C-Motion,
Rockville, MD, USA) were used to determine joint angles, total joint moments, and total
joint powers for the sagittal plane of the right leg. Direct kinematics were used to calculate
joint angles and angular velocities. The hip (between pelvis and thigh) and knee (between
thigh and shank) angle were based on the absolute segment angles. In contrast, the ankle
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angle (based on the shank and foot) was adapted to be zero in standing using the static pose
from the beginning of the measurement.

For the inverse dynamics analysis, segment masses were taken from (Hanavan and Ernest,
1964). Segment moments of inertia were estimated by modeling each segment as a frustum
of a right cone of uniform density with proximal and distal radii measured during a standing
pose taken at the beginning of each session (Kwon, 1996; Zatsiorsky, 2002).

The start of the plantarflexion was defined as the timing for the maximum ankle
dorsiflexion. To determine single strides, an automatic gait event detection algorithm from
Visual3D was used. Ten strides from the final minute of each condition were used to
generate mean kinematic and kinetic data for each participant and condition. These subject
means were subsequently combined to calculate condition mean data.

To compute exosuit related values, data from the suit-mounted sensors was synchronized
with the motion capture system. Ankle exosuit moment was calculated by multiplying the
load cell forces by the corresponding ankle moment arm which was determined by the
perpendicular distance between the joint center and the line between markers on either end
of the exposed Bowden cable. Exosuit hip flexion moments were calculated using forces
from the vertical strap load cells and the perpendicular distance between the hip joint center
and the line between two markers on the vertical straps. Moment and power values were
normalized by each participant’s body mass. Biological moment and powers were calculated
as the difference between total and exosuit values.

Center of Mass

The center of mass (CoM) position and velocity were calculated based on the ground
reaction forces of both limbs. CoM power was calculated only for the right limb as proposed
in (Donelan et al., 2002). Total center of mass power was defined as the dot product of
ground reaction force with center of mass velocity (Donelan et al., 2002). Average collision,
rebound, preload and push-off CoM power were defined as described in Jackson and Collins
(2015). Vertical center of mass (CoM) excursion was determined by subtracting the lowest
from the highest vertical individual leg CoM position throughout one stride. Vertical CoM
power was defined as the product of the vertical ground reaction force and the vertical CoM
velocity. CoM power was normalized to body mass.

Metabolic rate

Metabolic rate (MR) was assessed by indirect calorimetry (K4b2, Cosmed, Rome, Italy).
The last two minutes of carbon dioxide and oxygen rate were averaged for each condition.
Metabolic power was calculated using a modified Brockway equation (Brockway, 1987).
Net MR was obtained by subtracting the MR in standing (measured in advance of walking
trials) from the MR measured in the walking conditions. Reported net metabolic reduction
for the two active conditions were calculated as the difference between the net MRs in the
active and POWERED-OFF conditions. Metabolic values were normalized to subjects body
mass.
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A repeated measures ANOVA was performed to check for overall differences in between
conditions. Mauchly’s test was used to check for sphericity. If it was not met, the
Greenhouse-Geisser method was used to adapt p-values. If there was a significant difference
in between conditions (p<0.05), a paired t-tests with a Sidak-Holm step-down correction for
multiple comparisons (Peter et al., 2000) was used to determine individual condition
differences. Significant differences were indicated by two stars (p<0.01) or one star
(p<0.05).

AMIT and APIT reduced the net MR of walking relative to POWERED-OFF by 0.7240.21
W kg~ (14.78#3.63%) and 0.7420.30 W kg1 (15.36£5.53%),respectively.

Average net power

Hip joint

Knee joint

Ankle joint

No significant difference was found for the average net power at the ankle (APIT: 0.440.08
and AMIT, 0.3620.08 W kg™1) and the hip (AMIT: 0.2240.09 and APIT: 0.2#0.15 W kg™?).
In contrast, without assistance the average net power was less than half for the ankle
(0.1620.05, p <0.01 compared to AMIT and APIT) and slightly higher for the hip (0.2620.1
W kg1, p <0.01 compared to AMIT).

Compared to POWERED-OFF and AMIT, APIT showed reduced hip flexion angle at heel
strike (Fig. 3). Both techniques reduced the peak and average negative biological moment
compared to POWERED-OFF, but the reductions were greater for AMIT than APIT (Fig. 4).
In addition, peak and average exosuit hip moment and power (both negative) were larger for
AMIT than for APIT. Both AMIT and APIT showed a significant decrease in peak total and
biological hip push off power and average positive biological hip power compared to
POWERED-OFF (Fig. 4). Peak negative biological and average positive total hip power
were only reduced for AMIT compared to POWERED-OFF.

No change in knee angle was found across conditions (Fig. 3). Compared to POWERED-
OFF, AMIT reduced knee extension moment and power (late push off) and APIT total knee
flexion moment and total knee flexion power (early push off).

Less peak dorsiflexion as well as an earlier onset of plantarflexion were identified for AMIT
compared to APIT and POWERED-OFF (Fig. 3, Tab. 1). Both reduced peak and average
positive biological moment compared to POWERED-OFF while the decrease was larger for
AMIT than for APIT. A significant increase in peak positive total power was found for APIT
compared to AMIT and POWERED-OFF (Fig. 3). For both techniques, average negative
total and biological power were reduced compared to POWERED-OFF, but the reductions
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were significantly greater for AMIT compared to APIT (Fig. 5). AMIT also reduced the total
negative average ankle power compared to POWERED-OFF and the biological positive
average ankle power compared to APIT.

Center of mass

Compared to APIT and POWERED-OFF, a decreased vertical CoM excursion (Tab. 1) and
less positive and negative average vertical CoM power (Fig. 6) were identified for AMIT.
While the average CoM push-off power was increased for APIT compared to AMIT and
POWERED-OFF, for both AMIT and APIT average CoM rebound power decreased
compared to POWERED-OFF (Fig. 7).

Discussion

In the present study two assistance techniques with different joint moment timing and
magnitude but similar level of average positive exosuit power were compared that resulted in
a similar reduction in average net MR relative to the POWERED-OFF condition.

Major similarities between the two techniques can be found at the hip where both AMIT and
APIT showed similar reductions in total and biological positive hip power. These changes
are in line with a study on the relationship between ankle plantarflexion and hip flexion
where reductions in total hip flexion moments were found when subjects voluntarily
increased their push off work at the ankle joint (Lewis and Ferris, 2008). Like the authors of
the study, we assumed that an increase in ankle push off work may unload the proximal
joints, and thus, may contribute to the MR reduction. Such unloading for the hip was also
reported with other ankle exoskeletons (Koller et al., 2015, 2018; Mooney and Herr, 2016).
Further, the multiarticular exosuit coupling from the ankle to the hip might additionally
facilitate this process.

Biological changes were more pronounced for AMIT than for APIT. For example, peak and
average positive biological ankle moments were reduced for both techniques, but
significantly larger magnitudes were identified for AMIT. In addition, AMIT reduced peak
negative biological power at hip and peak and average positive biological power at ankle.
Both the reduction in biological moment and power may contribute to the reduction of MR,
as assumed in previous studies (Collins et al., 2015; Jackson and Collins, 2015; Mooney and
Herr, 2016; Quinlivan et al., 2017; Farris et al., 2013).

Further, increased average CoM push-off power might have reduced the average rebound
power for APIT as observed in (Jackson and Collins, 2015) and thus the metabolic rate. In
contrast, average CoM rebound power was also reduced for AMIT by probably reducing
vertical CoM excursion and power. Voluntary reduction of vertical CoM power was
previously tested (Gordon et al., 2009; Ortega and Farley, 2005) for unassisted walking.
Authors found increases in MR of walking due to increases in hip and ankle positive work.
In contrast, the exosuit provided additional positive work to both joints, which might be a
way to benefit from the idea of reducing vertical CoM power to reduce metabolic cost of
walking.
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Given the greater joint-level reductions for AMIT relative to APIT, the similar level of
overall metabolic reductions may be outside of ones expectation. One potential explanation
could be the total and biological negative ankle power, which were larger for APIT
compared to AMIT. This larger negative ankle power may mean that with APIT subjects
could store more energy in the Achilles tendon during dorsiflexion, which could be reused to
support the push off (Ishikawa et al., 2005). Furthermore, due to the kinematic changes at
the ankle during the stance phase for AMIT, calf muscle contraction may have been changed
to be more concentric or eccentric rather than isometric. The former two have been shown to
be less efficient (Ryschon et al., 1997), and thus, may have a negative effect on MR. Similar
effects were assumed for another exoskeleton study that found increases in MR for specific
exoskeleton stiffness values (Collins et al., 2015). It is assumed that the parallel stiffness of
the exoskeleton changed the overall joint stiffness, previously defined by the tendon stiffness
when the muscle fibers act isometric. Due to changed overall stiffness human muscle fibers
have to adapt their tension to suboptimal solutions, to adjust for the desired joint moment
and angle during gait. Such an decrease in human muscle-tendon efficiency was also
assumed in (Jackson et al., 2017) for an AMIT like assistance approach in walking and in
(Farris et al., 2013, 2014) for assisted hopping. Increased fascicle excursion Farris et al.
(2013), increased fiber velocity or a shift to less favorable muscle fiber lengths (Farris et al.,
2014) were assumed as a reasons for reduced efficiency. Of note, the muscle-tendon
efficiency may be affected also by the changes in spatio-temporal parameters (Umberger and
Martin, 2007); thus, when an assistive device alters stride time, length, or frequency (as in
APIT), the muscle-tendon dynamics may be influenced by the combined effect between (i)
the local/direct changes due to the exosuit stiffness and (ii) the global/indirect change related
to whole-body spatio-temporal changes.

Another explanation for the similar metabolic benefit may be the differences in the reduction
of total knee power compared to POWERED-OFF. For APIT reduced positive power was
found for knee flexion during push off, whereas for AMIT reduced negative power was
found to stop knee flexion during push off. Considering that a muscle’s concentric behavior
involving positive power is less efficient than an eccentric behavior with negative power
(Ryschon et al., 1997), this may partly explain benefits for APIT. Interestingly, for APIT
knee power reductions occurred during midstance before exosuit assistance within a stride;
this may imply that the changes at knee were not a direct result from the applied moment to
the body, but a result from humans’ continuous attempt to optimize the overall cost of
walking with the existence of external assistance.

Overall, APIT and AMIT had a similar metabolic reduction relative to POWERED-OFF for
similar levels of delivered average positive power and average net power (hip and ankle);
however, the underlying biomechanical changes that may have led to this metabolic
reduction appear to be different. This suggests that with a similar level of power delivered,
humans may alter their gait in an effort to maximize their energetic benefit. Such a
hypothesis aligns with findings from other studies such as Selinger et al. (Selinger et al.,
2015) which found that during walking subjects alter their gait in an attempt to minimize
their walking energetics. We believe that the proximal joints and the CoM have a major role
for this adaptation as they might contribute a major part to the metabolic reduction. The
theory of a global energetic gait optimization is strengthened by training studies with ankle
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exoskeletons, which showed that the ankle function was optimized with training to further
unload the proximal joints (Koller et al., 2015; Wiggin and Sawicki, 2012). As only two
profiles were explored in this study, subsequent studies are necessary to draw more
definitive conclusions regarding the relation of metabolic reduction, positive exosuit power
and net power.

Conclusion

The study identified similar metabolic reductions for AMIT and APIT relative to a
POWERED-OFF condition when delivering similar average positive exosuit power, while
underlying kinematic and kinetic adaptations were widely different. Assistance with AMIT
resulted in larger magnitudes of reductions for biological moment and power at the hip and
ankle. Alternatively, we hypothesize that APIT may benefit from targeting more
energetically expensive biological mechanisms, specifically by reducing positive instead of
negative power at the knee and maintaining much of the isometric function of the
plantarflexor muscle fibers during stance (Ishikawa et al., 2005).

Furthermore, while mainly assisting the ankle significant energetic reductions were found at
the hip, knee and CoM. As mechanisms that led to this reductions were different, it makes us
to believe that humans may alter their gait to maximize their overall energetic benefit. To
draw further conclusions on the mechanisms that lead to metabolic reductions, both the joint
mechanics and muscle-tendon dynamics must be analyzed. Possible approaches include
simulation based on joint kinematics, kinetics and muscle electromyography as done in
(Jackson et al., 2017) or experimental setups including ultrasound (Farris and Sawicki, 2012;
Ishikawa et al., 2005).
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Marker placement

Markers were placed unilaterally on the first and fifth metatarsals, the medial and lateral
sides of the calcaneus, the medial and lateral maleoli, and medial and lateral epicondyles of
the femur. Additional markers were placed on the left and right anterior superior iliac spine,
the left and right iliac crest, plus the left and right posterior superior iliac spine. To track
segment motion, two markers were placed halfway between the iliac crest and anterior
superior iliac spine markers on either side, and clusters of four markers were placed on the
anterior thigh and lateral shank.
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To calculate exosuit ankle plantarflexion moments, at each limb one marker was placed on
either end of the exposed Bowden cables near to the ankle. To calculate exosuit hip flexion
moments, two markers were placed on each of the left vertical straps.
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Figure 1:
Example position trajectories of the AMIT (a & b) and APIT (¢ & d). The AMIT performs a

force-based position control in attempt to produce a percentage of the ankle moment. The
APIT performs power-based position control using the ankle speed zero-crossing to ensure
that assistance delivered by the exosuit coincides with the positive biological ankle power.
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Figure 2:
Experimental setup with the offboard actuation system and the multi-articular soft exosuit

that assists with both ankle plantarflexion and hip flexion.
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Figure 3:

Mean hip, knee, and ankle angle, total moment, and total power for POWERED-OFF,
AMIT, and APIT. Significant (star) and no significant (ns) differences are indicated.
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Figure 4:
Total, biological and exosuit hip moment and power over the gait cycle for POWERED-OFF,

AMIT and APIT. Bar plots indicate peak positive and negative hip moment and power as
well as average positive and negative hip moment and power including standard deviation.
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Total, biological and exosuit ankle moment and power over the gait cycle for POWERED-
OFF, AMIT and APIT. Bar plots indicate peak ankle positive moment, peak ankle positive
power, and positive and negative average ankle moment and power.
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Figure 6:
Vertical center of mass power for the right limb over the gait cycle for POWERED-OFF,

AMIT and APIT. The bar plot indicates the average positive and negative vertical CoM
power. Averages are not including the small negative area at the beginning and the small
positive are at the end of stance phase.
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Figure 7:
Total center of mass power for the right limb normalized to body mass over the gait cycle

and phase specific average CoM power for POWERED-OFF, AMIT and APIT.
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