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Abstract: Concerning the biomechanics and energy consumption of the lower limbs, a soft exoskele-
ton for the powered plantar flexion of the ankle, named A-Suit, was developed to improve walking
endurance in the lower limbs and reduce metabolic consumption. The method of ergonomics design
was used based on the biological structures of the lower limbs. A profile of auxiliary forces was
constructed according to the biological force of the Achilles tendon, and an iterative learning control
was applied to shadow this auxiliary profile by iteratively modifying the traction displacements of
drive units. During the evaluation of the performance experiments, four subjects wore the A-Suit and
walked on a treadmill at different speeds and over different inclines. Average heart rate was taken
as the evaluation index of metabolic consumption. When subjects walked at a moderate speed of
1.25 m/s, the average heart rate Hav under the Power-ON condition was 7.25 ± 1.32% (mean ± SEM)
and 14.40 ± 2.63% less than the condition of No-suit and Power-OFF. Meanwhile, the additional
mass of A-Suit led to a maximum Hav increase of 7.83 ± 1.44%. The overall reduction in Hav with
Power-ON over the different inclines was 6.93 ± 1.84% and 13.4 ± 1.93% compared with that of the
No-Suit and Power-OFF condition. This analysis offers interesting insights into the viability of using
this technology for human augmentation and assistance for medical and other purposes.

Keywords: soft robotic suit; ankle assistance; powered planter flexion; iterative learning control

1. Introduction

Lower limb exoskeletons are developed to reduce the metabolic consumption of hu-
man walking or running and are widely used in rehabilitation and strength enhancement [1].
According to the stiffness of the robot’s main components, the lower limb exoskeleton can
be divided into two types: rigid and soft exoskeletons. The traditional rigid exoskeleton
robots imitate the biological structure of human lower extremities, and the rigid linkages
and components are taken as the main mechanical body. They can provide gait correction
for patients with dyskinesia and walking assistance for healthy persons (BLEEX [2], HAL
System [3], EKSO [4], and ReWalk [5]). However, the additional mass of these lower ex-
tremities and the axis misalignment of the human–machine system after wearing can easily
lead to the increment of additional torques, disorders of natural gait, and dislocations of the
auxiliary assistance [6,7]. In order to overcome the shortcomings of the rigid exoskeleton
mentioned above, many scholars have studied soft exoskeletons that are more comfortable
to wear (SEU-EXO [7], Exosuit [8], Myosuit [9], etc.), namely the soft power assistance
system, which can assist the lower limbs in the state of walking or running [10]. The
flexible driving units, such as the Bowden line, pneumatic muscle, and airbag, are applied
to transmit the auxiliary forces and moments to the hip, knee, or ankle joints [11]. It is easy
for the soft exoskeleton to adapt to the anatomical differences of different populations and
the physiological changes of different movement modes. The tension parallel to human

Micromachines 2022, 13, 1114. https://doi.org/10.3390/mi13071114 https://www.mdpi.com/journal/micromachines

https://doi.org/10.3390/mi13071114
https://doi.org/10.3390/mi13071114
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com
https://orcid.org/0000-0002-4338-6420
https://doi.org/10.3390/mi13071114
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com/article/10.3390/mi13071114?type=check_update&version=1


Micromachines 2022, 13, 1114 2 of 18

muscles or tendons can be compensated, and the wearer of the soft exoskeleton can walk
more naturally.

The soft power assistance system supported by skeletons around the lower limb
transfers the auxiliary forces through the flexible elements distributed along the skin’s
surface to the single or multiple joints and reduces the loads and metabolic consumption of
the corresponding flexor/extensor muscles. The Biodesign Lab at Harvard developed a soft
exosuit using Bowden cable for the assistance of hip and/or ankle movement, which made
great improvements [8,12–14]. The Stanford Research Institute Robotics group developed a
soft robotic suit (Super-Flex) for assisting ankle plantar flexion through a twisted-string
actuator anchored on the back of the lower limb [15]. A bioinspired design approach was
used in a rehabilitation device, where four Mckibben PAMs were distributed to mimic
the muscle-tendon ligament structure for assisting the movements of the ankle joint [16].
A soft inflatable robotic boot called ExoBoot was developed to assist the plantar flexion
of the ankle using a pneumatic interference actuator [17]. A quasi-passive soft robotic
suit (XoSoft) used two passive elastic elements connected in series with electromagnetic
clutches for improving the ground clearance and gait symmetry of stroke patients [18]. The
passive robotic suit ExoBand, with a total weight of 645 g, could reduce the metabolic cost
of walking at 1.10 m/s by an average 3.30% without external power [19].

The relationship between the assistance magnitude and the metabolic cost of walking
was isolated and characterized while also examining changes to the wearer’s underlying
gait mechanics [20]. The contour of the auxiliary force was designed to supply assistance
to the flexion movements of the hip joint based on the maximum/minimum hip angle
and the corresponding time when the heel hits the ground [13]. Furthermore, according
to the individual differences in walking, an individualized control strategy was proposed
to adjust the control parameters of an assistive device and minimize the metabolic cost of
walking using Bayesian optimization [14]. Two auxiliary profiles for walking and running
were improved according to the biological hip moment and muscle-driven simulations,
respectively [8]. Based on the kinematics and the ground-supporting force data collected
by the VICON system and a force plate, the biological moment curves of the hip, knee,
and ankle joints in the sagittal plane were obtained by the standard inverse dynamics
method [21]. Based on the measurement experiments, a human musculoskeletal model of
equal proportions was established to study the influence of external equipment on the lower
limb muscle and metabolic consumption under loading and slope walking conditions [22].
The gait analysis affected by the external force and the activation degree of the hip flexors
was discussed with the help of the soft exoskeleton H-Suit [23,24].

Bowden cable, consisting of steel cable and sheath, is widely used in soft robotic
suits due to its advantages of flexibility, safety, and lightness. The distribution path of the
Bowden cable can be planned according to the actual available space, which benefits from its
own flexibility. Besides, the power can be transmitted over long distances, and the location
of the drive unit is not limited. Benefitting from the above advantages, the ergonomics
design of robotic suits focuses more on how to match the physiological structure of the
limbs and improve human–machine compatibility. In order to achieve accurate controls of
position, velocity, and auxiliary forces, a hierarchical controller was used to compensate for
friction and backlash in the transmission by an adaptive paradigm [25]. A more pragmatic
approach adopted in the robotic suits mentioned above is to use a high-gain position or
velocity loop cascaded with the force controller. A force-based position feedback controller
was applied to track the desired assistance profile [12,26]. The force feedback measurement
is used to update the cable displacement, only once per step, to maintain consistent force
application. An alternative approach for indirect force control comprises inner-velocity
and outer-force control loops [27–29]. The admittance control strategy was used in the
two approaches above, where an experimentally identified human-suit stiffness and a
desired virtual admittance are needed. Additionally, an iterative learning control strategy is
adopted to approach the preset contour of auxiliary forces for reducing the errors generated
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due to the difference between the wearing position and the biological features of the
different users [30].

Understanding how those devices affect the metabolic consumption of human bodies
is fundamental for quantifying their benefits and drawbacks, assessing their suitability
for different walking terrains, and guiding continuous data-driven design refinement. We
present a soft exoskeleton named A-Suit for the plantar flexion of the ankle, using the
method of ergonomics design based on the biological structures of the lower limbs. A
profile of auxiliary forces was determined and the iterative learning control was applied
to shadow this auxiliary profile through iteratively modifying the traction displacements
of the drive units. The average heart rate was taken as the evaluation index of metabolic
consumption. The changes of heart rates under the different walking speeds and inclines
were analyzed and are herein discussed comprehensively. The ergonomics design and
the evaluation method of assistance performance are the innovative technologies in this
research, in which the wearable comfort and assistance strategy may find continuous
improvement over future daily use. The analysis in this paper offers interesting insights on
the viability of using this technology for human augmentation and assistance for medical
and other purposes.

2. Materials and Methods
2.1. Ergonomics Design of A-Suit
2.1.1. Optimization of Anchor Locations

The ankle joint can be simplified as a spherical joint with three rotational degrees
of freedom, which perform movements of plantar flexion/dorsiflexion (PL/DO), adduc-
tion/abduction (AD/AB), and introversion/eversion (IN/EV), respectively. Research
shows that the movements of AD/AB and IN/EV play a significant role in keeping balance
and adjusting the direction of movements, and the corresponding ranges of motion are
relatively small (less than 5◦) [31,32]. PL/DO, with the peak torque of the ankle, has a
larger range of motion and longer duration. The energy consumption of plantar flexion
is also significantly greater than that of dorsiflexion. Thus, plantar flexion is taken as the
assistance movement.

The assistance of the soft exosuit (A-Suit) for the plantar flexion consists of an exosuit
body, a drive unit, and Bowden cables; a sketch of A-Suit is shown in Figure 1a. The
anchors used to fix the Bowden cables are sutured on the calf garments and the straps of
the boot covers. The auxiliary forces are transmitted to the ankle joint through the Bowden
cable, where the lower ends of the sheath and the steel cable are fixed at the upper and
lower anchors, respectively. The lower anchor, denoted by A, is located on the back of the
heel, and upper anchor B on the gastrocnemius surface, as shown in Figure 1b. When the
steel cable is pulled by the drive unit, the tension forces Ft from lower anchor A to upper
B are produced to generate the assistance for the plantar flexion. In order to ensure the
efficiency and stability of the assistance process, the rated output of the drive unit and
the smoothness of auxiliary forces should be taken as the objective function to solve the
optimal anchor locations.
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Figure 1. Optimization of anchor locations. (a) A-Suit, for plantar flexion, consists of an exosuit 
body, a drive unit, and Bowden cables. (b) Biological structures of the gastrocnemius and heel are 
measured and shaped, where the anchors A and B move along the arcs. (c) The torque arm d and 
initial length l0 are calculated, with the changes of the angles φh and φg. 
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are respectively fixed on the drive unit and the upper anchor parts. Similarly, the two 
ends of the steel cable are fixed on the capstan of the drive unit and the lower anchor. The 
traction ability of the drive unit is achieved by the axial movements of the steel cable 
along the sheath. The external mechanical energy is transmitted to the upper/lower an-
chors to replace part of the required metabolic energy. A-Suit is worn on the surface of 
the lower limbs, and the additional mass inevitably leads to increased increments of 
metabolic consumption. Furthermore, the metabolic consumption raises sharply with 
increments at the distal limb. Therefore, the drive unit and the battery are fixed on the 
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improve its strength and reduce the total mass. The mass distribution along the lower 
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Based on the selected anchor positions, the connecting components with a butterfly 
shape for fixing the sheath and the steel cable are designed and manufactured with nylon 
materials and 3D printing technology. The metal bases are sewed at the anchors of the 
exosuit, and the components are connected to the metal base by screws. The exosuit, with 
a good coating property and high wearable comfort, consists of the bottom garment, calf 
garment, boot cover and Velcro. The bottom garment is skin-friendly and can be worn 
directly on the lower limbs. The calf garment is made of breathable mesh fabric and 
tightly bound to the calf surface by Velcro. Concerning the structure of the military boot, 
the boot cover consists of nylon fabric belts which provide the installation location for the 
connecting components and IMUs. 

Figure 1. Optimization of anchor locations. (a) A-Suit, for plantar flexion, consists of an exosuit body,
a drive unit, and Bowden cables. (b) Biological structures of the gastrocnemius and heel are measured
and shaped, where the anchors A and B move along the arcs. (c) The torque arm d and initial length
l0 are calculated, with the changes of the angles ϕh and ϕg.

The biological structures of the gastrocnemius and heel are approximately arc-shaped.
The upper/lower anchors are located on the two arcs, respectively. The optimization
of anchor locations can be transformed into a geometric solution, and the optimization
model can be established for the standing posture. The mathematical model of the anchor
locations establishes and solves the torque arm d of the auxiliary forces Ft and the initial
distance l0 corresponding to different locations of the upper/lower anchors, as shown in
Figure 1c. The mathematical model and results are presented in Appendix A. When the
torque arm d reaches a maximum dmax (dmax = 143.2 mm), the optimal anchor locations in
the coordinate xaoaya are obtained. Furthermore, the initial length l0 between the optimal
locations (l0 = 180.9 mm) can meet the requirements of the space of load cells and quick-
release connectors.

2.1.2. Ergonomics Design of the A-Suit System

The A-Suit system constitutes the drive unit, Bowden cables, anchor parts, the flexible
exosuits and the gait detection unit, as shown in Figure 2. The two ends of the sheath
are respectively fixed on the drive unit and the upper anchor parts. Similarly, the two
ends of the steel cable are fixed on the capstan of the drive unit and the lower anchor. The
traction ability of the drive unit is achieved by the axial movements of the steel cable along
the sheath. The external mechanical energy is transmitted to the upper/lower anchors
to replace part of the required metabolic energy. A-Suit is worn on the surface of the
lower limbs, and the additional mass inevitably leads to increased increments of metabolic
consumption. Furthermore, the metabolic consumption raises sharply with increments
at the distal limb. Therefore, the drive unit and the battery are fixed on the back and
front of the waist, respectively, to reduce the additional mass on the calf and foot as much
as possible. The detailed structure of the flexible exosuit was optimized to improve its
strength and reduce the total mass. The mass distribution along the lower limbs is shown
in Figure 2e.
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Figure 2. Design and actuation of A-Suit. (a) A-Suit system is composed of the drive unit, Bowden
cable, anchor parts, flexible exosuit, and gait detection unit. (b) The drive unit and battery are fixed
to the waist belt and placed on the back and front of the body. (c) Anchors A and B are sutured on
the calf garment and boot cover, and the load cells are connected in series between the two anchors.
(d) The drive unit consists of two traction devices and the steel cables are pulled and released by the
capstan. (e) The A-Suit doesn’t affect the natural movements of the human body, and most of the
weight is distributed around the waist.

Based on the selected anchor positions, the connecting components with a butterfly
shape for fixing the sheath and the steel cable are designed and manufactured with nylon
materials and 3D printing technology. The metal bases are sewed at the anchors of the
exosuit, and the components are connected to the metal base by screws. The exosuit, with
a good coating property and high wearable comfort, consists of the bottom garment, calf
garment, boot cover and Velcro. The bottom garment is skin-friendly and can be worn
directly on the lower limbs. The calf garment is made of breathable mesh fabric and tightly
bound to the calf surface by Velcro. Concerning the structure of the military boot, the
boot cover consists of nylon fabric belts which provide the installation location for the
connecting components and IMUs.

The gait detection unit is used to measure the postures of the lower limbs and soles to
provide the starting/halt time for the auxiliary forces. IMUs are fixed on the surfaces of the
shanks and insteps, respectively. The attitude angles of the IMUs at the sagittal plane are
collected and the angles of the ankle joints and the soles are obtained at the same time. A
reference IMU is added on the anterior abdomen of the trunk. When humans walk uphill,
downhill, on stairs, or other road conditions, the trunk generally maintains a stable vertical
or forward posture. The walking environment can be predicted by the reference IMU and
the characteristics of the ankle angles to adjust the traction displacement and assistance
profile in time.

The drive unit, which consists of two identical traction devices and a control unit, is
used to pull the steel cables of the Bowden cables and assist the plantar flexions of the
left and right ankles, respectively. The traction device is composed of a DC motor (RE40,
Maxon motor Inc., Sachseln, Switzerland), a reducer (transmission ratio 13:1), a driver
(Epos4, Maxon motor Inc., Switzerland), and a capstan. The capstan base is installed on
the flange of the reducer by means of the screwed connection. The capstan is directly
mounted on the output shaft of the reducer. The protective shell and the capstan base form
a closed cavity for the steel cable. The steel cable is wound in the outer grooves of the
capstan. The upper end of the sheath is fixed on the capstan base. When the capstan rotates
anticlockwise, the steel cable is twined in the outer groove and moves along the axis of
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the sheath to draw the lower anchor and generate plantar flexion assistance, as shown in
Figure 3. The kinematics of the drive unit are determined by the control strategy. The range
of motion of the capstan is 300◦, and the corresponding traction displacement is 210 mm.
Additionally, the maximum traction force is 120 N, and the maximum speed of the cable
can reach 1.5 m/s.
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Figure 3. Kinematics of the drive unit. (a) Contraction of the steel cable at the plantar flexion of the
ankle. (b) Release of the steel cable at the prophase of the swing phase.

A prototype of the drive unit was developed, and the total weight of A-Suit is 5.2 kg.
The load cells are connected in series between the Bowden cable and lower anchors to
measure the auxiliary forces in real-time. Based on the gait information, an expected profile
of auxiliary forces can be applied to assist with ankle movement through controlling the
traction displacements. If the drive unit produces a dangerous tension, A-Suit can indeed
damage the user’s lower limbs and body balance [33]. Hence, safety was taken as the
primary condition that must be satisfied. The maximum tension and maximum speed are
set in the control software. When one of them exceeds the maximum value, the motor will
be automatically powered off, and the steel cable can be pulled out under the action of a
small external force to reduce the constraint and injury to the ankle joint. Additionally, a
limit block is added in each traction unit to limit the rotation angle of the capstan and the
traction distance of the steel cable.

2.2. Assistance Strategy of A-Suit

Based on the biomechanical characteristics of the ankle joint, the ideal assistance
profile was established. Furthermore, the natural and elastic displacements of the Bowden
cable were calculated for human walking. The ideal assistance profile was achieved by
adopting iterative learning control (ILC).

2.2.1. Profile of the Auxiliary Force

The single gait cycle T starts when the heel hits the ground and ends when the heel
hits the ground for a successive time [34]. The cycle T can be divided into the stance phase
and the swing phase. When the foot is completely off the ground, this is regarded as the
swing phase of the gait cycle. The stance phase begins with the heel hitting the ground
and ends with the toe leaving the ground. The angle ϕf of the foot at the sagittal plane is
measured by the IMU stuck to the instep, and the ankle angle θ is the difference between
the angles of the foot and instep. The two angles in a single cycle T are measured by the
gait detection unit at a walking speed of 1.25 m/s, as shown in Figure 4a. The incline
slope of the walking environment can be detected by the angle ϕf. Meanwhile, the traction
displacements of the drive unit are directly influenced by the ankle angle θ.
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Figure 4. Biomechanical characteristics of the ankle joint. (a) The angles ϕf and θ are measured by
the gait detection unit. The external assistance mainly happens in the stance phase. (b) The desired
auxiliary force Fa is designed from the biological force Fbio of the ankle joint during the four actions
(male; weight: 78 kg; height: 175 cm; walking speed: 1.25 m/s).

The plantar flexion mainly occurs in the stance stage, where the biological force of
the ankle, especially the Achilles tendon, should be analyzed. The biological force Fbio
has a triangle shape and reaches its maximum during the max. Dorsiflexion propels the
body upward and forward. The profile of the auxiliary force Fa starts at 45%T, and ends at
67%T (Ta ∈ [45%T, 67%T]). The force Fa reaches a maximum from 47%T to 54%T, where
Fa,max = 80 N, as shown in Figure 4b.

2.2.2. Initial Displacement of the Bowden Cable

The natural displacement of the Bowden cable is used to track the changes in distance
between the upper and lower anchors during normal walking. The reference coordinate
xdoayd is established at the rotation center oa, and moves with the ankle. Additionally, the
transverse axis oaxd is always horizontal. The coordinate x1o1y1 is connected to the shank
IMU, and the vertical axis o1y1 is parallel to the axis oaya. Similarly, the coordinate x2o2y2
is fixed onto the instep IMU, and the horizontal axis o2x2 is parallel to the sole, as shown
in Figure 5. Since the above coordinate systems are mainly used to calculate the postures
of the ankle and foot, the corresponding origins can be superimposed, making it easier
to express the included angles among the coordinates. The shank angle α relative to the
vertical axis oayd is measured by the shank IMU, and the instep angle β is relative to the
vertical axis oaxd via the instep IMU. α and β are positive when the coordinates x1o1y1
and x2o2y2 rotate counterclockwise. The included angle between the axes oay1 and oax2 is
defined as the ankle angle θ. Based on the superimposed coordinate systems, the ankle
angle θ can be obtained as follows:

θ = θ0 + α− β (1)

where θ0 = π/2.
The lower/upper anchors A and B are fixed to the back of the heel and the gastrocne-

mius surface, respectively. The vector oaA moves with the coordinate x2o2y2 and vector
oaB with the coordinate x1o1y1. The included angle ϕa between the two vectors can be
acquired as the following:

ϕa = ϕa0 − α + β (2)

Substituting Equation (1) into Equation (2), the function of ϕa with respect to θ can
be solved:

ϕa = ϕa0 +
π

2
− θ (3)
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The natural displacement xn of the drive unit is the change in the length lAB of AB
relative to its initial length l0, which can be calculated as follows:

xn = l0 − lAB (4)
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Figure 5. Coordinate systems established on the ankle.

According to the cosine theorem of trigonometric functions, lAB can thus be achieved:

lAB =

√
|oaA|2 + |oaB|2 − 2|oaA| · |oaB| · cos ϕa (5)

A volunteer wears A-Suit and walks on a horizontal treadmill at a moderate speed of
1.25 m/s. The angles α and β are collected by the shank and instep IMUs. Then, angles θ
and ϕa are obtained. The natural displacement xn within the gait cycle T can be achieved,
as shown in Figure 6.
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Figure 6. Desired displacement of the Bowden cable. (a) The total stiffness ktotal is measured and
fitted by the drive unit at the standing posture. (b) The desired displacement xd is the sum of the
displacements xn and xe.

The A-Suit system will generate obvious elastic deformation under the traction force
Ft. The transmission efficiency of the auxiliary force is restricted by the total stiffness ktotal
of the system. ktotal is mainly composed of the stiffness of the A-Suit body, local soft tissues,
and the steel cable. The method of experimental measurement is adopted to calculate the
stiffness ktotal [26]. The traction force Ft is continuously applied to the ankle joint from 0 N
to 120 N through the drive unit at the standing posture. Meanwhile, the ankle produces
the corresponding resistance and keeps relatively stationary. The elastic displacement xe
of the Bowden cable was measured and recorded by a displacement sensor. Based on the
collected data of xe, four real curves were formed and plotted, shown in Figure 6a. The
fitting curve of the forces and displacements is the average value of the four measurement
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curves. The stiffness ktotal was calculated with OriginPro software. Hence, the expression
of ktotal can be fitted:

ktotal = 0.8 + 0.019xe (6)

The desired displacement xd of the Bowden cable under the auxiliary profile of Fa
consists of the displacements xn and xe:

xd = xn + xe (7)

Based on the auxiliary profile of Fa and the stiffness ktotal, the desired displacement xd
during a walking speed of 1.25 m/s is calculated as shown in Figure 6b.

2.2.3. Adaptive Detection Algorithm

The A-Suit system is a typical human–machine coupled system. The corresponding
performance is directly restricted by the accuracy of the gait information. An adaptive gait
detection algorithm was proposed for changing the assistance ranges and determining the
trigger and halt times of the drive units according to the gait cycles at different walking
speeds. The gait information, especially the foot angle ϕf, is detected by IMUs. The trigger
time Ttr and the halt time Tha can be obtained dynamically by analyzing the changes of the
angles ϕfe and ϕmin.

The collected data ϕi of the angle ϕf are temporarily stored in the array called ϕ-queue.
When ϕi = 0◦, the current datum ϕi will be compared with the previous three data. If the
previous angles are all greater than ϕi, the current datum ϕi will be defined as ϕfe, when
the angle is equal to ϕfe, it is about 45%T at this time, and the drive units will be triggered
to drag the steel cable immediately. During a gait cycle T, the current datum ϕi which is
less than 0◦ will be compared with the previous i-1 angles. When the datum ϕi is less than
all i-1 angles, the minimum ϕmin can be acquired, when the angle is equal to ϕmin, it is
about 67%T at this time and the drive units will be stopped at this time. When the datum ϕi
on the rising edge of the angle ϕf (Figure 4a) equals 0◦, ϕi is defined as ϕre and the ϕ-queue
is refreshed. The criterion for ϕre is similar to that of ϕfe. The criteria for the above three
angles are as follows:

ϕi =


ϕfe
ϕmin
ϕre

(ϕi−3 > ϕi−2 > ϕi−1 > ϕi)
(ϕ1, . . . , ϕi−1 > ϕi)

(ϕi−3 < ϕi−2 < ϕi−1 < ϕi)
(8)

When the foot angle ϕf reaches ϕfe, the drive unit begins to move, and the steel cable
is pulled to produce the desired profile of the auxiliary force Fa. The steel cable will be
released quickly when the angle ϕf reaches ϕmin.

2.3. Control Strategy of the A-Suit

Due to the hysteresis effect, the dynamic asymmetry of the one-way transmission
and nonlinear coupled problems of Bowden cables [35], delays of dynamic response and
unknown jitters may occur during the assistance process. It is difficult to realize the
high-accuracy force-position control of the drive unit. For solving the above problems,
an ILC strategy was proposed according to the periodicity of human gait [36,37]. An
iterative learning law was constructed to correct the control variable xd,k(t) at current
moments by continuously learning the historical errors of the output forces [38]. The
traction displacement xd,k of the drive unit at the kth gait cycle is taken as the input and the
auxiliary force Fa,k as the output. The displacement xd,k is adjusted constantly based on the
historical errors. The auxiliary profile of the traction force Fa,k can be converted quickly to
the ideal profile of Fa.

The key of ILC is to construct a learning law to obtain the desired control variable
xd(t) [39,40]. Under the effects of xd(t), the system output Fa,k(t) can approach the desired
profile of Fa(t) as accurately as possible within the auxiliary range Ta. The state-space
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representation of the auxiliary system can be obtained through the system identification
toolbox of MATLAB.[

y1,k(t + 1)
y2,k(t + 1)

]
=

[
0.757 0.371
−0.925 0.61

][
y1,k(t)
y2,k(t)

]
+

[
0.014
0.036

]
xd,k(t) (9)

Fa,k(t) =
[
33.46 2.84

][y1,k(t)
y2,k(t)

]
(10)

where yi,k(t) (i = 1,2), xd,k(t), and Fa,k(t) are the state variables, controlled input variable, and
output variable of the auxiliary system at the kth iteration, respectively.

Based on the desired profile of Fa(t) (Figure 4b), the corresponding approximate
expression can be fitted by the software of OriginPro:

Fa(t) =
5

∑
i=0

Ai(t)
i(t ∈ Ta) (11)

where Ai is the polynomial coefficient and shown in Table 1.

Table 1. Parameters of the desired profile.

Params Values Params Values

A0 −394.05 A1 −56.07
A2 3514.71 A3 −6837.22
A4 3797.91 A5 0.44

The second-order P-type ILC was proposed to improve the convergence rate of the
system, as shown in Figure 7. The iterative error ek(t) and the learning law are as follows:

ek(t) = Fa(t)− Fa,k(t) (12)

xd,k+1(t) = xd,k(t) + Lek(t) (13)

where L is the learning gain.
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the desired control variable xd(t), and approach the desired profile of Fa(t) as accurately as possible.

If xd,k(0) = xd(0) (k = 0,1,2 . . . ), Fa,k(t) generated under the effects of ILC will eventually
converge to Fa(t).

lim
∞

Fa,k(t) = Fa(t) (t ∈ Ta) (14)

3. Results

Since efficient and accurate assistance for the plantar flexion is the primary goal of the
A-Suit, performance experiments were designed. When walking speed exceeds 1.5 m/s,
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the optimum form of human motion will switch from walking to running. The maximum
walking speed during the experiments was 1.5 m/s. Four subjects (male, average age: 25,
average height: 175 cm, average weight: 77 kg) wore the A-Suit and walked on the treadmill
at the speed of Vm (m = 1, 2, 3). The actual performance of the assistance planning and
the control strategy of ILC was verified by comparing the assistance profile of Fa with the
actual profile of Fa,k collected by load cells. The learning gain L of ILC was optimized
and obtained through the numerical simulation in Simulink (of MATLAB) to improve the
convergence rate. The maximum allowable output error emax of Fa,k(t) is 5 N. The main
parameters are listed in Table 2.

Table 2. Parameters of performance experiments.

Params Values Params Values

V1 1.0 m/s V2 1.25 m/s
V3 1.50 m/s L 2.26

There were three experiments for the performance evaluations: (I) wear A-Suit and
turn on the power switch (Power-ON); (II) wear A-Suit and turn off the power switch
(Power-OFF); and (III) do not wear A-Suit (No-Suit). A subject performs each experiment
by walking on the treadmill for 10 min, as shown in Figure 8a. The four subjects were
informed that they could not eat and not exercise 3 h before the tests to prevent further
variability in energy consumption that could affect the experimental results [41,42]. A
group of experiments were carried out each day and all evaluations were completed within
6 days. The subjects rested for 20 min before the test to keep their resting metabolic level
and walked in the state of Power-ON for 10 min. In addition, the walking speed changed
every two days from low to high.
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Figure 8. Scheme and platform of assistance experiments. (a) The volunteers rested for 20 min before
the test and walked in the state of Power-ON, Power-OFF, and No-Suit for 10 min. (b) The volunteers
walked on the treadmill at three different speeds and heart rate, auxiliary force, and displacement
data were measured and depicted in the visual interface.

The average heart rate Hav and oxygen consumption had a positive correlation during
the load exercises [43]. A heart rate meter (YX306, Yuwell Inc., Danyang, China) was
used to collect the heartbeat rate of the subjects during the experiments. Then the actual
assistance performance of A-Suit was verified by comparing the changes in Hav [23,44]. In
the process of the assistance experiments, the auxiliary forces Fa,k were collected by the
load cells, and the traction displacement xd,k of the Bowden cable was calculated by the
encoders of the drive units. Each type of experiment was conducted twice at the speed
of Vm. All experimental results are the average of the collected data used to evaluate the
performance of A-Suit.
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The preset displacement xd,0 was taken as the initial input of the control unit. The
control variable xd,k(t) of ILC was constantly modified via iteratively learning the errors
ek(t) of Fa,k. At the kth gait cycle, the input displacement xd,k and the output force Fa,k
were measured and recorded in the control unit. The results of the experiments for the
moderate speed V2 = 1.25 m/s (experimental data of subject No.1) are shown in Figure 9a.
The iterative force Fa,k at the kth gait cycle approaches the desired profile of Fa gradually
between the 11th~15th iterations, and the relative errors between Fa,k and Fa are limited
to the maximum allowable output error emax. The actual input displacement xd,k was
continuously changed under the effect of ILC. In the assistance stage, the real displacement
xd,k of the drive unit can allow smooth changes during walking assistance, and the errors of
Fa,k occur mainly due to the stiffness discrepancies and the elastic hysteresis of the exosuit
body. The root mean square error (RSME) of kth iteration decreased with the number of
iterations, as shown in Figure 9b. The force Fa,k was able to track the profile of the desired
auxiliary force Fa quickly. From the perspective of usability, the equipment can understand
the movement characteristics of the lower limbs, and the movement fluency between the
human and the machine is continuously improved. The subjects obviously felt the process
to be labor-saving.
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Figure 9. Output force Fa,k and input displacement xd,k (V2 = 1.25 m/s on the treadmill). (a) The
iterative force Fa,k at the kth gait cycle approached the desired profile of Fa gradually after 11th~15th
iterations. (b) The force Fa,k can quickly track the profile of the desired auxiliary force Fa.

The heart rates of the subjects rose with the increment of walking time. When subjects
walked at the three different speeds, their average heart rates Hav were calculated based
on the experimental data collected during the tests, as shown in Figure 10a. Solid curves
indicate actual changes in Hav during the three walking conditions of moderate speed
1.25 m/s, while error bars indicate the standard error of mean (SEM). Reported values and
measurements from here onwards, in both graphs and text, are presented as mean ± SEM.
When the A-Suit was powered on, the heart rates Hav declined massively, and the metabolic
consumption also decreased greatly. However, the portable A-Suit generates additional
mass and leads to fair increments in heart rate Hav, such as the 7.15 ± 1.44% increment
when under the conditions of Power-OFF at V2 = 1.25 m/s, as shown in Figure 10b. Hav,
in the state of Power-ON, decreased by 6.84 ± 1.41%, 7.25 ± 1.32%, and 6.25 ± 1.73%,
compared with that of No-Suit at speed Vm, respectively. Heart rate Hav under Power-
ON at V1 = 1.0 m/s can be reduced by 14.67 ± 1.21% compared with Power-OFF. The
performance of A-Suit can improve with an increase in walking speed. However, the mass
of A-Suit also consumes more metabolic energy. The subjects could clearly feel the force
exerted by the external device on the ankle. The control strategy of ILC can quickly track
the gait of subjects with the increase in walking time. Therefore, A-Suit can assist the ankle
in the expected range according to the current angle ϕk. The actual profile of Fa,k could
rapidly and accurately approach the desired profile of Fa via the method of ILC.
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presented clearly. The assistance of A-Suit significantly reduced the heart rates of the volunteers. 
Hence, it is verified that the A-Suit system can reduce human metabolic consumption. 

Figure 10. Heart rates Hav under different conditions. (a) The heart rates Hav were depicted in real
time under three walking conditions of moderate speed 1.25 m/s (p = 0.015), while error bars indicate
the standard error of mean (SEM). (b) The changes in Hav for the three walking speeds are presented
clearly. The assistance of A-Suit significantly reduced the heart rates of the volunteers. Hence, it is
verified that the A-Suit system can reduce human metabolic consumption.

The experiments on the flat treadmill do not fully reveal the real assistance perfor-
mance of A-Suit. It is also necessary to evaluate the performance of A-Suit when on two
typical slopes, such as uphill (+10◦) and downhill (−10◦). The heart rate Hav of each
individual for the slope conditions are exhibited in Figure 11. The means of the heart rates
Hav under No-Suit and Power-OFF conditions decrease from uphill to downhill conditions.
The heart rates Hav declined markedly when A-Suit was turned on. The overall reduction
of Hav for Power-ON was 6.93± 1.84% and was 13.4± 1.93% when compared with No-Suit
and Power-OFF conditions. The performances under different inclines were roughly equal
with no specific regularity. Therefore, A-Suit can be applied to walking uphill and downhill.
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Figure 11. Changes in heart rates Hav over different inclines (V2 = 1.25 m/s). (a) The heart rates Hav

of the four subjects over Uphill terrain (+10◦), Flat, and Downhill terrain (−10◦) are depicted clearly.
Translucent circles are the values for each individual subject; opaque contoured circles indicate the
mean over the subjects. There are no outliers identified by Thomson tau analysis. (b) A-Suit can be
applied to walking uphill and downhill. The overall reduction of Hav for Power-ON is 13.4% ± 1.94%
compared with that of Power-OFF. Black cycles indicate a significant difference from 0.

4. Discussion

The methods of ergonomic design were proposed in my previous research [11,23,24],
including the optimization of anchor points, comfort evaluation, analysis of biomechanical
characteristics of the lower limb, etc. Additionally, our team has obtained two national
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patents for soft robotics [45,46] and developed three types of exosuits for the hip and/or an-
kle joints. Compared with the development of the existing soft assistance systems [8,16,19],
the design process is here presented in more detail. The A-Suit system can guarantee the
improvement of assistance performance in the future.

According to the periodicity of the human gait, we propose the strategy of ILC to
overcome the hysteresis effect and the dynamic asymmetry and nonlinear coupled problems
of Bowden cables. The subjects really feel that the external forces can quickly and softly
follow those of the gait and the lower limbs. Although Quinlivan [12], Schiele [20], and
Xiloyannis [27] applied admittance control strategies, ILC can also achieve considerable
performance and provide a backup method for the soft assistance suits. Meanwhile, this
method can deal with unknown repetitive interference and avoid the hysteresis effect
caused by traditional closed-loop controls.

The metabolic consumption of the human body is calculated by measuring the pro-
portion and quantity of carbon dioxide and oxygen in the exhaled gas, which is used to
evaluate the performance of the power assistance system. However, the gas detector is
easily affected by the ambient air and basic metabolism, and only measures the overall
metabolic consumption over a long duration, making it difficult to measure the real-time
values. The gas detection equipment, especially the portable ones, are generally expen-
sive. Heart rate, which directly reflects the changes of metabolic level [41,43,44], can be
measured and displayed in real-time. Heart rate detection is a mature technology, and the
specialized equipment to measure it is cheap. In addition, intelligent bracelets and watches
can generally detect heart rate. Hence, the average heart rate is taken as the evaluation
index of assistance performance.

With incremental changes in walking steps, A-Suit can quickly follow the gait charac-
teristics of different subjects. Similarly, with the increase in test duration and familiarity
with the assistance system, subjects adjusted their gaits to adapt to the movements of
the traction units. The cooperation between the traction movements and the intended
movements of the lower limbs can reduce the biological force of ankle plantar flexion and
save on the metabolic consumption of the human body. The subjects’ behaviors during the
performance experiments are consistent with the research results in the literature [47]. The
human body can reduce the total energy demand for different road conditions by adjusting
pre-controlled momentum and extracting the positive energy from the external assistance
equipment.

5. Conclusions

The exosuit is mainly composed of flexible fabric, and it does not affect the natural
activities of the lower limbs. A-Suit can be used in daily life due to its portability and
availability. During the experiments of performance evaluation, four subjects wore A-Suit
and walked on a treadmill at different speeds and inclines. When subjects walked at a
moderate speed of 1.25 m/s, the average heart rate Hav for Power-ON was 7.25 ± 1.32%
(mean ± SEM) and was 14.40 ± 2.63% less than that for the No-suit and Power-OFF
condition. Additionally, A-Suit generates an additional mass for the user and leads to the
maximum increase in Hav of 7.83 ± 1.44%. The overall reduction in Hav for Power-ON
over the different inclines was 6.93 ± 1.84% and 13.4 ± 1.93% compared with the No-Suit
and Power-OFF condition. The experimental results show that although the driving unit
increases the load on the human body, A-Suit can still produce a significant assistance effect
via reasonable weight reduction and the control strategy.

Future studies will include further weight reductions by optimizing the mechanical
structure of the suit, with the aim of achieving greater energy expenditure reduction. In
addition, exploration of the best assistive force profiles for different walking patterns is
necessary. Based on this, our final goal is to develop an effective, lightweight, completely
wearable robotic suit that improves walking endurance for healthy people.
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Appendix A

The coordinate system xaoaya is established from where the origin oa is located on
the rotation center of the ankle joint, as shown in Figure A1a. The longitudinal axis oaya
points from oa to the rotation center of the knee joint. The outlined dimensions of the
gastrocnemius have been measured and its shape fitted. The center og and radius rg of
this arc are solved and determined as well. Similarly, the position of the center oh and
the radius rh of the heel arc are obtained. Anchors A and B are located on the heel and
gastrocnemius arcs, respectively. The coordinate systems xgogyg and xhohyh are established
on centers og and oh, where the axes ogxg and ohxh are horizontal. The relationship among
the above coordinate systems is expressed in Figure A1b. The vector AB of the traction
cable is obtained as follows:

AB = oaB− oaA (A1)

where oaA = oaoh + ohA, oaA = oaog +ogB. The initial length l0 between anchors A and B
is the modulus of vector AB, where l0 = |AB|.
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muscle and heel. (b) Sketch map of anchor points.

The traction force Ft acts on the upper/lower anchors along vector AB. The lower
anchor A is towed by the steel cable and the auxiliary torque relative to the rotation center
oa is produced. The torque arm d of the force Ft relative to the center oa is obtained as
follows:

d =
|oaA| · |oaB| · sinϕa

|AB| (A2)

where ϕa is the angle between vectors oaA and oaB.
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The locations of anchors A and B are determined by ohA and ogB. The length of the
traction vector AB is calculated by continuously changing the directions of the two vectors.
Based on the biological structures of the gastrocnemius and heel, the variation range of
angle ϕh between ohA and ohxh is obtained. Similarly, angle ϕg, between vectors ogB and
ogxg, is acquired as well. The relative parameters for anchor optimization are depicted in
Table A1.

The torque arm d reaches the maximum dmax when ϕh = 2.20 rad and ϕg = 1.03 rad.
Taking the maximum power of the drive unit, the tensile strength of the Bowden cable, and
the space for load cells into consideration, the maximum traction force Ft can be calculated
when the arm d reaches the maximum dmax. The values of angles ϕa, ϕh, and ϕg at the
maximum dmax are taken as the initial values, denoted by ϕa0, ϕh0, and ϕg0. The drive unit
will have the maximum traction efficiency. Additionally, the initial length l0 (l0 = 187.9 mm)
can meet the requirements of the space of load cells and the quick-release connectors. The
relative parameters are shown in Table A2.

Table A1. Parameters of anchor optimization.

Params Values Params Values

Og/mm (247.61, 255.83) rg/mm 310.63
Oh/mm (−82.75, −32.82) rh/mm 80.52

ϕh/◦ 150~198 ϕg/◦ 100~194

Table A2. Optimal location of upper/ lower anchors.

Params Values Params Values

ϕa0/◦ 189 ϕh0/◦ 126
ϕg0/◦ 59 A/mm (−59.6, 207.2)
B/mm (−129.4, 32.7) dmax/mm 143.73

References
1. Yang, B.; Huang, J.; Chen, X.; Xiong, C.; Hasegawa, Y. Supernumerary Robotic Limbs: A Review and Future Outlook. IEEE Trans.

Med. Robot. Bionics 2021, 3, 623–639. [CrossRef]
2. Zoss, A.B.; Kazerooni, H.; Chu, A. Biomechanical Design of the Berkeley Lower Extremity Exoskeleton. IEEE-ASME Trans.

Mechatron. 2006, 11, 128–138. [CrossRef]
3. Yoko, I.; Michiko, I. Global Rulemaking Strategy for Implementing Emerging Innovation. Case of Medical/Healthcare Robot,

HAL by Cyberdyne. Policy Discuss. Pap. Jpn. (In Japanese). 2019, 1–27.
4. Stearns-Yoder, K.A.; Brenner, L.A. Novel Psychological Outcomes with Ekso Bionics Technology. Arch. Phys. Med. Rehabil. 2018,

99, 70–71. [CrossRef]
5. Zeilig, G.; Weingarden, H.; Zwecker, M.; Dudkiewicz, I.; Esquenazi, A. Safety and Tolerance of the ReWalk Exoskeleton Suit for

Ambulation by People with Complete Spinal Cord Injury: A Pilot Study. J. Am. Paraplegia Soc. 2012, 35, 96–101. [CrossRef]
6. Xiloyannis, M.; Alicea, R.; Anna-Maria, G.; Haufe, F.L.; Riener, R. Soft Robotic Suits: State of the Art, Core Technologies, and

Open Challenges. IEEE Trans. Robot. 2021, 38, 1343–1362. [CrossRef]
7. Natalia, S.; Simha, S.N.; Donelan, J.M.; Finley, J.M. Taking Advantage of External Mechanical Work to Reduce Metabolic Cost:

The Mechanics and Energetics of Split-belt Treadmill Walking. J. Physiol. 2020, 98, 324–339.
8. Kim, J.; Lee, G.; Heimgratne, R.; Revi, D.A.; Karavas, N.; Nathanson, D.; Galiana, L.; Eckert-Erdheim, A.; Murphy, P.; Perry,

D.; et al. Reducing the Metabolic Rate of Walking and Running with a Versatile, Portable Exosuit. Science 2019, 365, 668–672.
[CrossRef]

9. Haufe, F.L.; Wolf, P.; Duarte, J.E.; Riener, R.; Xiloyannis, M. Increasing exercise intensity during outside walking training with a
wearable robot. In Proceedings of the 8th IEEE RAS/EMBS International Conference for Biomedical Robotics and Biomechatronics
(BioRob), New York, NY, USA, 29 November–1 December 2020; pp. 390–395.

10. Pérez Vidal, A.F.; Rumbo Morales, J.Y.; Ortiz Torres, G.; Sorcia Vázquez, F.D.J.; Cruz Rojas, A.; Brizuela Mendoza, J.A.; Rodríguez
Cerda, J.C. Soft Exoskeletons: Development, Requirements, and Challenges of the Last Decade. Actuators 2021, 10, 166. [CrossRef]

11. Li, J.; Li, G.; Zhang, L.; Yang, D.; Wang, H. Advances and Key Techniques of Soft Wearable Lower Limb Power-Assisted Robots.
Acta Autom. Sin. 2020, 46, 427–438.

12. Quinlivan, B.T.; Lee, S.; Malcolm, P.; Rossi, D.M.; Grimmer, M.; Siviy, C.; Karavas, N.; Wagner, D.; Asbeck, A.; Galiana, I.; et al.
Assistance Magnitude versus Metabolic Cost Reductions for a Tethered Multi-articular Soft Exosuit. Sci. Robot. 2017, 2, eaah4416.
[CrossRef] [PubMed]

http://doi.org/10.1109/TMRB.2021.3086016
http://doi.org/10.1109/TMECH.2006.871087
http://doi.org/10.1016/j.apmr.2018.07.249
http://doi.org/10.1179/2045772312Y.0000000003
http://doi.org/10.1109/TRO.2021.3084466
http://doi.org/10.1126/science.aav7536
http://doi.org/10.3390/act10070166
http://doi.org/10.1126/scirobotics.aah4416
http://www.ncbi.nlm.nih.gov/pubmed/33157865


Micromachines 2022, 13, 1114 17 of 18

13. Jin, S.; Iwamoto, N.; Hashimoto, K.; Yamamoto, M. Experimental Evaluation of Energy Efficiency for a Soft Wearable Robotic Suit.
IEEE Trans. Neural Syst. Rehabil. Eng. 2017, 25, 1192–1201. [CrossRef] [PubMed]

14. Ding, Y.; Kim, M.; Kuindersma, S.; Walsh, C.J. Human-in-the-loop Optimization of Hip Assistance with a Soft Exosuit during
Walking. Sci. Robot. 2018, 3, eaai5438. [CrossRef] [PubMed]

15. Stevens, M.; Kernbaum, A. Twisted String Actuators for Exosuits, in Workshop: Twisted String Actuation: State of the Art,
Challenges and New Applications. In Proceedings of the 2016 IEEE International Conference on Intelligent Robots and Systems,
Daejeon, Korea, 9–14 October 2016.

16. Park, Y.L.; Chen, B.R.; Perez-Arancibia, N.O.; Young, D.; Stirling, L.; Wood, R.J.; Goldfield, E.C.; Nagpal, R. Design and Control of
a Bio-inspired Soft Wearable Robotic Device for Ankle-foot Rehabilitation. Bioinspir. Biomim. 2014, 9, 016007. [CrossRef]

17. Sridar, S.; Qiao, Z.; Rascon, A.; Biemond, A.; Beltran, A.; Maruyama, T.; Kwasnica, C.; Polygerinos, P.; Zhang, W. Evaluating
Immediate Benefits of Assisting Knee Extension with a Soft Inflatable Exosuit. IEEE Trans. Med. Robot. Bionics 2020, 2, 216–225.
[CrossRef]

18. Natali, C.D.; Poliero, T.; Sposito, M.; Graf, E.; Bauer, C.; Pauli, C.; Bottenberg, E.; Eyto, A.D.; Sulivan, L.; Hidalgo, A.F. Design and
Evaluation of a Soft Assistive Lower Limb Exoskeleton. Robotica 2019, 37, 2014–2034. [CrossRef]

19. Haufe, F.L.; Wolf, P.; Riener, R.; Grimmer, M. Biomechanical Effects of Passive Hip Springs During Walking. J. Biomech. 2020, 98,
390–395. [CrossRef]

20. Schiele, A.; Letier, P.; Linde, R.V.D.; Helm, F.V.D. Bowden Cable Actuator for Force-feedback Exoskeletons. In Proceedings of the
2006 IEEE/RSJ International Conference on Intelligent Robots and Systems, Beijing, China, 9–15 October 2006; pp. 3599–3604.

21. Schache, A.G.; Blanch, P.D.; Dorn, T.W.; Brown, N.A.T.; Rosemond, D.; Pandy, M.G. Effect of Running Speed on Lower Limb Joint
Kinetics. Med. Sci. Sports Exerc. 2011, 43, 1260–1271. [CrossRef]

22. Dembia, C.L.; Silder, A.; Uchida, T.K.; Hicks, J.L.; Delp, S.L. Simulating Ideal Assistive Devices to Reduce the Metabolic Cost of
Walking with Heavy Loads. PLoS ONE 2017, 12, e0180320. [CrossRef]

23. Zhang, L.; He, Y.; Li, J.; Su, P.; Tao, C.; Ji, R.; Dong, M. Ergonomic Design of Flexible Lower Limb Assist Exosuit and Gait
Prediction. J. Cent. South Univ. (Sci. Technol.) 2021, 52, 1171–1184.

24. Zhang, L.; Jiao, Z.; He, Y.; Su, P. 2022. Ergonomic Design and Performance Evaluation of H-Suit for Human Walking. Micromachines
2022, 13, 825. [CrossRef]

25. Dinh, B.K.; Xiloyannis, M.; Antuvan, C.W.; Cappello, L.; Masia, L. Hierarchical Cascade Controller for Assistance Modulation in a
Soft Wearable Arm Exoskeleton. IEEE Robot. Autom. Lett. 2017, 2, 1786–1793. [CrossRef]

26. Asbeck, A.T.; Rossi, S.M.D.; Holt, K.G.; Walsh, C.J. A Biologically Inspired Soft Exosuit for Walking Assistance. Int. J. Robot. Res.
2015, 34, 744–762. [CrossRef]

27. Xiloyannis, M.; Chiaradia, D.; Frisoli, A.; Masia, L. Physiological and Kinematic Effects of a Soft Exosuit on Arm Movements. J.
Neuroeng. Rehabil. 2019, 16, 29–44. [CrossRef] [PubMed]

28. Chen, C.; Zhang, Y.; Li, Y.; Wang, Z.; Liu, Y.; Cao, W.; Wu, X. Iterative Learning Control for a Soft Exoskeleton with Hip and Knee
Joint Assistance. Sensors 2020, 20, 4333. [CrossRef]

29. Lotti, N.; Xiloyannis, M.; Missiroli, F.; Bokranz, C.; Chiaradia, D.; Frisoli, A.; Riener, R.; Masia, L. Myoelectric or Force control? A
Comparative Study on Soft Arm Exosuit. IEEE Trans. Robot. 2022, 38, 1363–1379. [CrossRef]

30. Brand, R.A. The Biomechanics and Motor Control of Human Gait: Normal, Elderly, and Pathological. J. Biomech. 1992, 25, 949.
[CrossRef]

31. Farris, D.J.; Sawicki, G.S. The Mechanics and Energetics of Human Walking and Running: A Joint Level Perspective. J. R. Soc.
Interface 2012, 9, 110–118. [CrossRef]

32. Katsura, O.; Kayo, K.; Chiemi, S.; Kayoko, K. Estimation of Energy Expenditure Using Triaxial Accelerometers and a Heart Rate
Monitor. J. Home Econ. Jpn. 2008, 59, 221–229.

33. Cafolla, D.; Marco, C. Design and Simulation of Humanoid Spine. Mech. Mach. Sci. 2015, 24, 585–593.
34. Chaparro-Rico, B.D.M.; Cafolla, D. Test-Retest, Inter-Rater and Intra-Rater Reliability for Spatiotemporal Gait Parameters Using

SANE (an easy gAit aNalysis systEm) as Measuring Instrument. Appl. Sci. 2020, 10, 5781. [CrossRef]
35. Hu, H.; Hu, L.; Liu, Y.; Cao, W.; Chen, C. Control Method for the Soft Lower Limb Exosuit. Chin. J. Sci. Instrum. 2020, 41, 184–191.
36. Moore, K.L.; Chen, Y.; Ahn, H. Iterative Learning Control: A Tutorial and Big Picture View. In Proceedings of the 45th IEEE

Conference on Decision and Control, San Diego, CA, USA, 13–15 December 2006; pp. 2352–2357.
37. Freeman, C.T.; Hughes, A.M.; Burridge, J.H.; Chappell, P.H.; Lewin, P.L.; Rogers, E. Iterative learning control of FES applied to

the upper extremity for rehabilitation. Control. Eng. Pract. 2009, 17, 368–381. [CrossRef]
38. Bristow, D.A.; Tharayil, M.; Alleyne, A.G. A Survey of Iterative Learning Control. IEEE Control. Syst. Mag. 2006, 26, 96–114.
39. He, W.; Meng, T.; He, X.; Ge, S. Unified Iterative Learning Control for Flexible Structure with Input Constrains. Automatica 2018,

96, 326–336. [CrossRef]
40. He, W.; Meng, T.; Huang, D.; Li, X. Adaptive Boundary Iterative Learning Control for an Euler-Bernoulli Beam System With

Input Constraint. Unified iterative learning control for flexible structure with input constrains. IEEE Trans. Neural Netw. Learn.
Syst. 2017, 29, 1539–1549. [CrossRef]

41. Lee, M.; Park, J.H.; Seo, M.W.; Kang, S.K.; Lee, J.M. A New Equation to Estimate Energy Expenditure Using Heart Rate in
Children. Sustainability 2021, 13, 5092. [CrossRef]

http://doi.org/10.1109/TNSRE.2016.2613886
http://www.ncbi.nlm.nih.gov/pubmed/28113402
http://doi.org/10.1126/scirobotics.aar5438
http://www.ncbi.nlm.nih.gov/pubmed/33141683
http://doi.org/10.1088/1748-3182/9/1/016007
http://doi.org/10.1109/TMRB.2020.2988305
http://doi.org/10.1017/S0263574719000067
http://doi.org/10.1016/j.jbiomech.2019.109432
http://doi.org/10.1249/MSS.0b013e3182084929
http://doi.org/10.1371/journal.pone.0180320
http://doi.org/10.3390/mi13060825
http://doi.org/10.1109/LRA.2017.2668473
http://doi.org/10.1177/0278364914562476
http://doi.org/10.1186/s12984-019-0495-y
http://www.ncbi.nlm.nih.gov/pubmed/30791919
http://doi.org/10.3390/s20154333
http://doi.org/10.1109/TRO.2021.3137748
http://doi.org/10.1016/0021-9290(92)90236-T
http://doi.org/10.1098/rsif.2011.0182
http://doi.org/10.3390/app10175781
http://doi.org/10.1016/j.conengprac.2008.08.003
http://doi.org/10.1016/j.automatica.2018.06.051
http://doi.org/10.1109/TNNLS.2017.2673865
http://doi.org/10.3390/su13095092


Micromachines 2022, 13, 1114 18 of 18

42. Hwang, S.; Kim, J.; Yi, J.; Tae, K.; Ryu, K.; Kim, Y. Development of an Active Ankle Foot Orthosis for the Prevention of Drop
and Toe Drag. In Proceedings of the 2006 International Conference on Biomedical & Pharmaceutical Engineering, Singapore,
11–14 December 2006; pp. 418–423.

43. Terry, B.J.; KuoJia, Y.; Li, C.Y.; Chen, C.Y.; Lin, M.W.; Tsai, S.P.; Lin, C.; Yang, C.H. Influence of Accelerometer Placement and/or
Heart Rate on Energy Expenditure Prediction during Uphill Exercise. J. Mot. Behav. 2018, 50, 127–133.

44. Farris, P.S.; Miller, K. Objective Monitoring of Physical Activity Using Motion Sensors and Heart Rate. Res. Q. Exerc. Sport 2020, 9,
110–118.

45. Zhang, L.; He, Y.; Zhang, A.; Yang, S.; Zhang, F. Flexible Functional Outer Garment Body for Assisting Lower Limbs. Chinese
Patent ZL2020100910500, 13 August 2021.

46. Zhang, L.; Li, J.; Wu, Q.; Yang, D.; Zhang, Z.; Li, T. Wearable and Flexible Power-assisted Garment of Lower Limbs. Chinese
Patent ZL2017105781434, 9 October 2018.

47. Kong, K.; Jeon, D. Design and Control of an Exoskeleton for the Elderly and Patients. IEEE/ASME Trans. Mechatron. 2006, 11,
428–432. [CrossRef]

http://doi.org/10.1109/TMECH.2006.878550

	Introduction 
	Materials and Methods 
	Ergonomics Design of A-Suit 
	Optimization of Anchor Locations 
	Ergonomics Design of the A-Suit System 

	Assistance Strategy of A-Suit 
	Profile of the Auxiliary Force 
	Initial Displacement of the Bowden Cable 
	Adaptive Detection Algorithm 

	Control Strategy of the A-Suit 

	Results 
	Discussion 
	Conclusions 
	Appendix A
	References

