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Abstract

In recent studies exoskeletons have been proven to augment human mobility and facilitate daily tasks
such as walking, running, and hopping. Most exoskeletons are designed to reduce the effort (i.e.,
metabolic rate) expended by their user while performing aerobic tasks. However, exoskeletons that
assist fast, explosive movement, specifically vertical jumping, have yet to be thoroughly examined.
Furthermore, a fundamental lack of understanding still prevails regarding the interactions between

humans and exoskeletons.

Our main hypothesis was that a passive exoskeleton has the ability to increase vertical jumping height
without providing additional external energy. The designed passive knee exoskeleton consists of
springs which act in parallel to the quadriceps femoris muscle. These springs store energy in the
negative-work phase, during knee flexion, and inject the energy in the consequent positive-work

phase, during knee extension. The stored energy can then be utilized to increase the jumping height.

The exoskeleton was tested on ten healthy participants, in two separate experimental sessions, in
which they aimed to jump as high as possible. In the first session, participants jumped under five
conditions- two without the exoskeleton and three with the exoskeleton and three different spring
stiffness levels. The participants jumped without receiving instructions on how to use the exoskeleton.
Results showed an increment in jump height as spring stiffness increased, and no difference in height
between the jumps with and without the exoskeleton. In the second session, participants jumped under
two conditions- without the exoskeleton and with the exoskeleton with the highest spring stiffness
level. The participants were trained to better utilize the exoskeleton by exploring different jumping

techniques in order to improve their adaption to the exoskeleton.

The second session, including instructions and training with the exoskeleton, resulted in a 6.4%+0.9%
(mean + SE) increase in jumping height compared to jumping without the exoskeleton. To the best of
our knowledge, this is the first time a passive exoskeleton is shown to be successful in augmenting
vertical jumping. The knowledge accumulated during this study regarding the human-exoskeleton

interaction has the potential to assist in the development of fast explosive motion exoskeletons.
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Subsequently, these results will be used in our laboratory for the development of a model for the
human-exoskeleton interaction using an optimal control process, that aims to enable developing

different types of exoskeletons in a faster and more economical way.

Sections of this work were presented in the 2019 International and American Society of Biomechanics
conference in Calgary, Canada. This work was also presented in 2020 The International Symposium
on Wearable Robotics conference in Vigo, Spain (Virtually). Additionally, we are also in

preparations for a publication in Science Robotics.
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1. Introduction

1.1 Exoskeletons

The field of wearable exoskeletons has developed tremendously over the past decades.
Exoskeletons are primarily designed for rehabilitation or augmentation of normal physical
human performance. Enhancing the physical performance of humans in different activities
could improve user efficiency and would be extremely useful for workers in a physically

demanding environment, such as industrial workers, police officers, soldiers, and firefighters.

1.1.1 Methods and parameters for exoskeletons’ evaluation

When designing and developing an exoskeleton, it is essential to determine its purpose and
the manner in which it should assist the user. In order to meet the design goals, one must
examine the parameters that indicate the degree of success, how it is operated, and its

structure.

One of these parameters is the Electromyography (EMG) signal, a biomedical signal that
measures the electric potential generated by muscle cells during their activation. A larger
signal means greater muscle force production. The EMG signal can be obtained using
invasive electrodes (needles) or by non-invasive electrodes, also known as surface EMG
(sEMG), placed on the surface of the skin. Analyzing EMG signals requires noise filtering to
obtain the most accurate signal (Reaz, Hussain, & Mohd-Yasin, 2006). To process the EMG
signal, several steps need to be performed: (1) Raw signal amplification, (2) Analog filtering,
(3) Analog to digital conversion and digital high-pass filtering, (4) filtering by one of two
methods (4.a) “linear envelope” that rectifies and uses digital low pass filter, or (4.b)
computing the Root Mean Square (RMS) value of the signal within a window which “slides
across” the signal, and lastly (5) determines the times in which muscles “turn on” and “turn

off” (Rose, 2014).

The second group of parameters is the kinematics (i.e., motion) and kinetics (i.e., forces and

torques) parameters, examining the exoskeleton's impact on user movements. Using an



exoskeleton will, in most cases, lead to a change in the movement of the human body. This
change can be measured by examining various kinetics and kinematics indices such as the
center of mass, the joints' angles, forces, and moments. Motion capture systems are used for
recording and processing the human movement, and force plates are used for measuring the
external forces. Signal processing filters need to be implemented in order to remove unwanted
components from a transmitted signal. Most often, this means removing some frequencies to
suppress interfering signals and reduce background noise. The most common filter used in the
motion field is Butterworth, which is designed to have as flat of a frequency response as
possible. In addition, since there could be measurement errors and soft tissue artifacts, it is
recommended to use another noise reduction method. There are two common methods: (1)
6DOF that performs segment optimization by assuming a rigid segment, and treating each
segment individually. (2) Inverse Kinematics (IK) for global optimization by computing a
“best match” between the actual markers and the model determined markers, therefore it
allows errors in the actual marker locations (Kainz et al., 2016; Mentiplay & Clark, 2018).
After using one of the methods for soft tissue artifact reduction, the forces and moments in the
joints can be obtained by using the Inverse Dynamics method (Winter, Patla, Frank, & Walt,
1990), which uses kinematic measures, the anatomical structure of the subject (e.g., height
and weight), and combines them with measured external forces to estimate the joint forces

and moments.

Finally, metabolic rate is the primary measure for exoskeleton success in aerobic activities
such as walking and running. It is the amount of energy the organism needs per unit of time
(Maxwell Donelan, Kram, & Arthur D., 2001). This measure is calculated by the percentage
of oxygen consumed and the percentage of carbon dioxide emitted from the body using
indirect calorimetry systems. Over the past decade, several studies have shown that metabolic
power can be reduced using an exoskeleton during walking (Collins, Bruce Wiggin, &
Sawicki, 2015; H. J. Lee et al., 2017; Lim et al., 2019; Malcolm, Derave, Galle, & De Clercq,

2013; Mooney & Herr, 2016) and running (G. Lee et al.,, 2017; Nasiri, Ahmadi, &



Ahmadabadi, 2018; Simpson et al., 2019). One study even examined an exoskeleton that
assists both walking and running (J. Kim et al., 2019). Metabolic rate examination is used
only when the body is engaged in aerobic activity but could not be used to evaluate

exoskeletons assisting anaerobic and explosive power activities.

1.1.2 Classification of exoskeletons

Sawicki et al. (2020) reviewed peer-reviewed publications that report on exoskeletons that
improve user walking or running efficiency, and categorized these as either “tethered” or
“autonomous.” Furthermore, they classified autonomous systems as active or passive. Active
exoskeletons contain actuators that add energy to the motion (J. Kim et al., 2019; S. Lee et al.,
2018), whereas passive exoskeletons use passive elements such as springs and dampers
(Nasiri et al., 2018; Simpson et al., 2019; Walsh, Edo, & Herr, 2007). Nuckols et al. (2020)
describe the concept of energy transfer from one phase of motion to the next, either within or
across joints. This concept can be used to design passive exoskeletons that extract energy
during the negative phase and inject the energy in a later positive phase. Passive exoskeletons
are typically cheaper and lighter than active exoskeletons, whereas active exoskeletons are

more adaptable given their ability to exploit any torque-time profile.

An alternative way to classify exoskeletons is by the number of joints they assist.
Exoskeletons for lower-limbs can either assist only one joint (i.e., hip, knee, or ankle) or
assist two or more joints by span cable or spring through all these joints. Based on the
Sawicki et al. (2020) review, most of the lower-limb exoskeletons who succeeded in
augmenting walking or running were one joint exoskeletons (e.g., Collins, Bruce Wiggin, &
Sawicki, 2015; Lim et al., 2019; Nasiri, Ahmadi, & Ahmadabadi, 2018), while only one
multi-joint exoskeleton augmented walking with load-carriage while assisting both the ankle
and hip joints. This is most probably due to the complexity of building and controlling multi-

joint exoskeletons.



1.1.3 The design process of an exoskeleton
Despite the significant amount of work that has been devoted to the design and control of
exoskeletons, there is still much to be done. In particular, a lack of knowledge about human-

exoskeletons interaction remains, which is critical to exoskeletons' successful design.

In such devices' design, several interconnected parameters must be taken into consideration
(e.g., actuator type, gear ratio). Since the components influence one another, the design
procedure is a complicated task. Today, the primary method for exoskeleton design is
building and rebuilding several prototypes until the desired parameter values are reached
(Guizzo & Goldstein, 2005), making it both costly and time-consuming. A recent exciting
development is a design method in which researchers adjust exoskeleton parameters and test
their effect on human performance online. Examples include adjusting torque profiles for the
ankle (Zhang et al., 2017) or the hip during walking with a soft exosuit (Ding, Kim,
Kuindersma, & Walsh, 2018). However, even with this approach, there is still a need for
multiple experiments and the use of complex, expensive devices. A suitable solution to the
above problems in exoskeleton design may lie in optimization-based motion prediction. This
methodology assumes that human motions aim to optimize some performance measures, such
as jerk (i.e., the rate of change of acceleration) (Flash & Hogan, 1985) and energy expenditure
(J. H. Kim, Malek, Yang, & Marler, 2006). In this methodology, human motion is determined
by solving an optimization problem with constraints, such as maximum joint torque or
maximum joint angle. Designs of exoskeletons with simulation were reported by several
studies that have focused on the influence of the exoskeleton on human movement during
continuous and non-continues tasks (Farris, Hicks, Delp, & Sawicki, 2014; Jackson, Dembia,
Delp, & Collins, 2017; Millard, Sreenivasa, & Mombaur, 2017; Ong, Hicks, & Delp, 2016).
However, most of the simulations developed were not verified by an examination of a similar
exoskeleton in experiments. Hence, while the objective function might be improved in the

simulation, it might not function in reality.



1.1.4 Exoskeletons’ adaptation

As mentioned earlier, exoskeletons can alter the human body’s natural movement and make it
more efficient at locomotion. However, the human body needs to adapt to these changes in a
process called motor adaptation. Humans regularly modulate muscle activity during
movement in response to environmental (e.g., terrain, obstacles) and neuromuscular factors
(e.g., fatigue, muscle strength). Since the exoskeleton causing neuromuscular perturbations,
the human body needs to adapt to it (Gordon & Ferris, 2007). Robertson, Farris, and Sawicki
(2014) showed that adaptation to an exoskeleton for hopping would reduce muscle activation
while increasing the spring stiffness. Sawicki and Ferris (2008) found reductions of metabolic
rate up to 13% during walking, while using a powered exoskeleton compared to unpowered,
but only after an adaptation period of up to 90 min. Since then, several studies have shown an
adaptation to the exoskeleton after ~20 min of walking (Collins et al., 2015; Galle, Malcolm,

Derave, & De Clercq, 2013).

Selinger et al. (2015) studied humans walking with novel exoskeletons and found that in
order to find the optimal step frequency, which minimized their metabolic rate, subjects had
to carry out an exploratory session in which they walked at fast and slow step frequencies.

Hence, the subjects had to perform motor adaption in each walking speed they explored.

Therefore, an examination of motor adaptation is crucial in understanding the interaction
between the human and the exoskeleton and could contribute to more efficient utilization of

the exoskeleton.

1.2 Vertical Jumping

Vertical jumping starts with a negative-work phase during hip and knee flexion and ankle
dorsiflexion. In this phase, the jumper lowers their body into a squat position. The next phase
is a positive-work phase that includes hip and knee extension and ankle planter-flexion. This

phase extends from the start of upward movement until the toes leave the ground (Fukashiro
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& Komi, 1987). In addition, hip and knee joint moments have been reported to exceed ankle
moments during a vertical jump (Bobbert & van Ingen Schenau, 1988; Fukashiro & Komi,

1987; Vanezis & Lees, 2005).

There are two primary vertical jumping techniques. The first is the countermovement jump,
where the jumper starts from an erect position and makes a downward movement before
starting to push-off. The second is squat jump, where the jumper is instructed to start from a
semi-squatted position and make no countermovement (Bobbert, Gerritsen, Litjens, & Van

Soest, 1996; Van Hooren & Zolotarjova, 2017).

1.3 Exoskeleton for vertical jumping

The use of an exoskeleton to augment walking, running, and leaping was already proposed in
1890 by Yagn (1890), who presented a theoretical design consisting of long bow springs
operating parallel to the legs. Later, Grabowski and Herr (2009) designed a full-leg
exoskeleton that reduces the metabolic cost during hopping by up to 30% from 2.0 to 2.6 Hz.
Farris and Sawicki (2012) also designed an exoskeleton that reduces the metabolic cost during
hopping. Their design includes a passive spring-loaded ankle exoskeleton that reduces the

metabolic cost of hopping by 12% at 2.5 Hz.

However, hopping is an aerobic activity and differs from fast, explosive movement, such as
vertical jumping. To the best of our knowledge, only Kim et al. (2015) have heretofore
attempted to build and test an exoskeleton for fast, explosive motion. Their passive-elastic
ankle exoskeleton uses a one-way clutch mechanism to enhance vertical jumping. In the pilot
tests, the subjects nearly reached their maximum vertical jump height with the exoskeleton,

but could not surpass it.

In this study, we built and tested experimentally a passive knee exoskeleton with springs
acting parallel to the muscle. The springs store energy during the negative-work phase and

return the energy in the following positive-work phase. We focused on the knee joint because
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of the large moments involved with this joint and because the design is simpler than for the

hip joint.

There are two main goals for this study. The first goal is to test whether a passive exoskeleton
can improve vertical jumping height. The second goal is to learn about the human-
exoskeleton interaction and to validate a simulation of jumping with an exoskeleton. This
simulation will later be used for developing different types of exoskeletons in a faster and

more economical way.
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2. Method

2.1 Participants

Ten healthy males (age 24.9 + 2.7 years; mass 73.0 = 3.7 kg; height 1.74 + 0.03 m)
participated in the study. Note that only a single exoskeleton was available, so only subjects
who fit the exoskeleton were selected. Two additional subjects dropped out during the
experiments, one of whom was afraid of using the exoskeleton and thus did not bend his
knees during the jump. For the other subject, the exoskeleton proved too narrow at the knee,
causing pain during the jump. All subjects provided written informed consent before
participation in the study (see appendixes 6.4-6.7). The study was approved by Ben-Gurion

University’s Human Research Institutional Review Board.

2.2 The Designed Exoskeleton

For this study, we designed and constructed the passive knee exoskeleton shown in Fig. 1.
The exoskeleton consists of aluminum 6061 frames, attached to the leg with the help of wide
Velcro® straps. Rubber springs (typically used for spear guns) to contribute to moment are
located near the knee and are aligned parallel to the quadriceps femoris muscle. The total
mass of the exoskeleton is about 1.5 kg per leg. Specifications of the exoskeleton components

are found in Table 1.

Figure 1. The designed knee exoskeleton
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Table 1

Contributions to Passive Exoskeleton Mass by Component

Segment Mass
Aluminum frame 1272 g
Net spring 148 g
Spring with attachments 244 g
Three springs for highest stiffness 732 ¢g
Velcro stripes with attachments 160 g
Total mass 1505.2 g

This table gives the total mass for an exoskeleton with the highest spring stiffness, for one leg.

2.3 Protocol

Two experimental sessions were performed. In the first session, the subjects jumped as high
as possible without the benefit of instructions on how to utilize the exoskeleton for jumping.
In the second session, the subjects were first trained on how to utilize the exoskeleton before
performing their jump attempts. The two sessions were performed as in previous studies of
walking with exoskeleton (Collins et al., 2015; Galle et al., 2013), showed that the subjects

adapted to the exoskeleton and that their performance improved from one session to the other.

2.3.1 The first session protocol

In the first session, the subjects jumped vertically under five conditions: without the
exoskeleton (NoExo); with the exoskeleton but with no spring connected (Exo0) (in this case,
the exoskeleton is a deadweight); with the exoskeleton and four springs that provided in total
70 Nm at a 90° knee bend (Exol); with the exoskeleton and six springs that provided in total
105 Nm at a 90° knee bend (Exo02); and again without the exoskeleton (NoEx02). The
exoskeleton tests were conducted in random order, and tests NoExo at the beginning and

NoExo2 at the end served as control conditions. Before performing each condition with the
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exoskeleton, the subjects free jumped with it for five minutes to adapt to it. The subjects then
jumped vertically eight times under each condition, and the data were collected from the last

five jumps each time.

The moment values provided by the exoskeleton are based on tensile tests of the rubber
springs that relate spring force to strain ratio. The tests were conducted with the help of a
universal testing machine (Hounsfield, HIOKT). The 70 and 105 N m moments are equivalent
to a spring stiffness of 38 and 57 N m/rad, respectively, which reflect a compromise between
keeping the device compact and lightweight using relatively affordable components and
providing larger moments. Furthermore, based on previous studies (Bobbert & van Ingen
Schenau, 1988; Fukashiro & Komi, 1987; Vanezis & Lees, 2005) with professional athletes,

these values provide about 20% and 33% peak knee moment during the jump, respectively.

2.3.1 The second session protocol

Due to COVID-19 restrictions, the second session was conducted about three months after the
first session. Since the results from the first session reveal a positive correlation between
spring stiffness and jump height, the second session included two conditions only: one
without the exoskeleton (NoEx0S2); and one after training with the exoskeleton with springs

that provided 105 Nm at a 90° knee bend (Ex02S2).

To improve the adaption to the exoskeleton in this session, we had the subjects explore
different jumping techniques. The experimental protocol was adapted from Gast (2019), who
found that walking on rough terrain while exploring various walking speeds reduces the time
for convergence to minimum cost of transport during walking at preferred speed. In addition,
in a study of human walking with exoskeletons, Selinger (2015), found that subjects
discovered their optimal step frequency in exploratory sessions in which they walked at high
and low step frequencies. Thus, after jumping without the exoskeleton, the subjects in the
present work were trained to better utilize the exoskeleton. The training consisted of
executing four squat jumps from different starting postures, where the main change was the

depth of the squat. We also gave minimal instructions regarding possible ways to achieve this
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posture (e.g., maximum bend at the knee, flat feet, and straight back). We then chose the jump
with the maximum vertical height and tweaked the technique to optimize the results. Since we
noticed that the subjects increased the distance between the feet when using the exoskeleton
during the first session, in this session, they were instructed to keep their feet at pelvic-width,
to the extent possible. Feet at pelvic-width will cause the forces to be on a more vertical axis
and potentially contribute to the jump height. Each subject executed up to ten training jumps
to adapt to the new jumping technique with the exoskeleton. A schema of both experimental

protocols is presented in Fig. 2.

In both sessions, the subjects followed a given warm-up routine of walking on a treadmill at
1.6 m s for four minutes, followed by free jumping. Then, for each jump, they were
instructed to jump as high as possible with their hands crossed on their chest (see Fig. 3). To
prevent fatigue, the subjects rested for two minutes between jumps. Fig. 3 shows the phases

of the jump.

a) First Session

( 3\ ( \
. Experimental conditions (3+5 jumps): 2 minutes
Preparation e No device resting
of the o Springless device between each
subject . . . Random . .
e Device with 70 N m spring order Jump to
e Device with 105 N m spring prevent
e No device fatigue
\ ) \ J
X5 Experimental conditions
b) Second Session
) Experimental conditions: 2 minutes resting
Preparation ) )
of the e No device (3+5 jumps) between each
. e Device with 105 N m spring jump to prevent
subject . .
([5-101+5 jumps) fatigue

X2 Experimental conditions

Figure 2. The experimental protocol of the two sessions
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Figure 3. The jumping experiments. a) The subject wearing the exoskeleton and preparing for vertical
jumping under the experimental protocol. The subject is standing on an instrumented treadmill while
markers and EMG sensors are attached to him. b) The different phases of the vertical jump: Standing,
the starting position for the Upward Movement (UPM), Take-Off (TO), and reaching Max Height.
During knee flexion, the springs are stretched, and from UPM to TO, the stored energy in the springs is
added to the biological energy. The COM height parameters are also presented according to the phase
of the jump. The muscles in red represent the knee extensor muscles and ankle plantar flexors. We
measured EMG from Rectus Femoris and Gastrocnemius.

2.4 Data Collection

The motion of the subjects was recorded using fourteen cameras operating at 179 Hz
(Qualisys, Gothenburg, Sweden) and that tracked reflective markers fixed to the subjects and
to the exoskeleton. The reflective marker set can be found in Appendix 6.1. Ground reaction
forces were recorded at 2040 Hz by using an instrumented treadmill (Bertec, Columbus, OH,
USA). During one jump, the force plate initialization malfunctioned, so this jump was
omitted. The activity of the right-leg rectus femoris and gastrocnemius muscles was measured
by using surface electromyography (sEMG) sensors (Trigno Wireless System, Delsys,
Boston, MA, USA) at 2000 Hz. We chose to examine these muscles because of their
contribution to vertical jumping (Goodwin et al., 1999; Pereira, Machado, Miragaya, Pereira,

& Sampaio-jorge, 2008; Sotiropoulos et al., 2010; Tsai, Liu, Chen, & Huang, 2004). The skin
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around the attachment of the EMG sensors was shaved and scrubbed clean with 70% alcohol.
The EMG sensors were attached to the body by adhesive tape provided by the manufacturer.
Yet, due to sweating and shock during landings, the EMG sensor on the rectus femoris muscle
moved for three subjects during the final tests. Additionally, during the final tests, the EMG
sensor on the gastrocnemius muscle also moved for two subjects. Thus, the data from these

jumps were not used.

2.5 Data Analysis

The data from all three systems were recorded and synchronized using Qualisys Track
Manager software (Qualisys, Gothenburg, Sweden). In this software, I built an Automatic
Marker Identification (AIM) model that automatically labels the markers (see Appendix 6.2).
Then, the data were exported into Visual 3D (C-Motion Inc., Rockville, MD, USA), which
uses bottom-up inverse dynamics (Winter, 2009) with six degrees of freedom to calculate
joint angles, angular velocities, body center of mass (COM), moments, and powers (see
Appendix 6.3). The angles for the ankle, knee, and hip joints are defined as follows: the ankle
angle is measured from the foot to the shank; when standing, it is about 90° and increases
during plantar flexion. The knee angle is measured from the shank to the thigh; when
standing, it is about 180° and decreases during flexion. Finally, the hip angle is measured
from the thigh to the pelvis; when standing, it is about 180° and decreases during flexion. An

illustration of the join angles is presented in Fig. 4.



18

Figure 4. An illustration of the joint angles. 8 is the hip angle, 8}, is the knee angle, and 6, is the ankle
angle.

The motion of the subjects and the ground reaction forces were filtered by using two fourth-
order Butterworth low-pass filters with 10 and 35 Hz cutoff frequencies, respectively. EMG
recordings were digitized by using a bandpass filter (20450 Hz) and processed in Matlab
(Math Works Inc., Cambridge, MA, USA) to obtain a linear envelope (LE). The EMG data
were rectified and filtered by using a second-order low-pass Butterworth filter with 3 Hz
cutoff frequency. This signal processing is based on that used in (Koo & Mak, 2005; Lenzi et

al., 2012; Rose, 2014) and presented in Fig. 5.
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Figure 5. The stages of filtering EMG signal. The rectification and lowpass filter phases are part of the
liner envelope method for signal processing.

Matlab was used to calculate the height, kinetic, and kinematic parameters. The maximum
(minimum) height AHy,,x (AH,in) is defined as the difference between the standing COM

and the maximum (minimum) height of the COM (see Fig. 3). Specifically,

AHpmax = Hmax — Hstanding (D

AHpin = Hstanding — Huin (2)

where Hgtanging 18 the height of the COM while standing, Hy,,x is the maximum height of the

COM during the flight phase of the jump, and Hpj, is the minimum height of the COM

during the pre-jump squat.
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Next, we calculated the net mechanical work performed by the ankle, knee, and hip joints

from the start of upward movement (UPM) to take-off (TO):

TO TO
Wi - Pl dt = UPM

UPM M; (‘)]dt 3)

where P; is the power at joint j, M; is the moment at joint j, and w; is the angular velocity at
joint j. The UPM point is defined during the minimum COM obtained in the jump, H,i,, and
the TO point is defined as the point where the ground reaction force first goes to zero. The
total knee power and work have exoskeleton and biological contributions. The exoskeleton
power was calculated by using a model that predicts the moment provided by the exoskeleton
(based on experiment and theory) multiplied by the measured angular velocity (for details, see

Appendix B):
TO TO .
WEXO = UPM PEXO dt = UPM MExowknee dt (4)

The biological-knee power obtained by subtracting the exoskeleton power from the total knee

power is given by

Waioknee = Whiotaltknee = Wexo (5)

The maximum EMG of the rectus femoris and gastrocnemius muscles was determined for
each jump, and the maximum muscle activity for each jump was normalized by the average
maximum muscle activity of the control conditions (i.e., NoExo for the first session and

NoExo0S2 for the second session).

Finally, we calculated jump duration from upward movement (UPM) to take-off ( TO).

2.6 Statistics

Given that the subjects had different physical traits and jumping techniques, we used a Linear
Mixed Model (LMM), with the subject as a random effect, across all jumping conditions (i.e.,
NoExo, Exo00, Exol, Ex02, NoExo2, NoExoS2, and Ex02S2) to examine how the exoskeleton

affects jumping height. The linear mixed model was also conducted on the following
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parameters: (i) work performed by the joints and the exoskeleton, (ii) muscle activity, (iii)
joint angles, (iv) AH,in, and (iv) jump duration. In addition, Q-Q plots ensured that the
residuals of the models are normally distributed. Pairwise comparisons were conducted using
Tukey’s honestly significant difference test, with a significance level of 0.05. Statistical
analysis was done by using R-studio, Ver 1.1.463 (R Ver 3.5.1; RStudio, Inc. Boston, MA,

USA).
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3. Results

3.1 Height

To examine the effect of the different experiment conditions on vertical jumping height, we
defined the difference of COM height from standing to maximum COM during the jump as
the jump height, AH,,,, (Fig. 6). By examining the height gained by each of the conditions,
of the first session, with the exoskeleton (i.e., Exo0, Exol, and Exo02) it is noticeable that as
spring stiffness increased, so did the height of the jump (P<0.05). However, there was no
significance difference between NoExo and Exo02. In the second session it can be seen that
training with the exoskeleton (Ex02S2) contributed to significantly higher jump than all other
conditions (P<0.0001). The average AH,,,, in Ex02S2 is 45.9+£7.3 cm (mean=+ SD), which is
higher by 2.74£0.4 cm and 8.1+0.4 cm (meanz SE) than in NoExoS2 and Exo0, respectively
(i.e., 6.4% and 21.4% higher, respectively). Furthermore, we tested if there was a change in
the subjects’ vertical jumping ability between the two experimental sessions and found no
significant difference between the conditions without the exoskeleton at the beginning of the
sessions (NoExo and NoExoS2, P>0.05). However, there was a marginally significant
difference between these conditions and NoExo2, that was performed at the end of the first

experiment, which resulted in a lower jump height (P<0.06).
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Figure 6. Max jump height relative to standing, for each of the 7 conditions. Averaged across subjects.
Error bars are SD and *P < 0.05.
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The results show that eight out of the ten subjects jumped higher with the exoskeleton

(Ex02S2) than without the exoskeleton (NoEx0S2), as detailed in Fig. 7.
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Figure 7. AH,,,, for each subject for conditions NoExoS2 and Exo02S2, each subject jumped 5 times in
each condition

w
o
T

25

3.2 Work at joints

To gain better understanding on these results we used the data from the inverse dynamics
analysis for four conditions: Exo0, Ex02, NoExoS2, and Ex02S2. First, we calculated the
joint work performed by the ankle, knee, and hip as shown in equation (3), for both legs
together. We also calculated the net biological knee work and net exoskeleton work (Fig. 8).
The total joints and exoskeleton work at the Exo2S2 condition, 680.6190.8 J, was the largest
compare to all other conditions (P<0.0001). It was larger by 141.6+9 J and 140.5+9 J
(meant SE) than in NoExoS2 and Exo00, respectively. Also, the total knee work (i.e.,
exo+bio) at Exo2S2 was larger than in all other conditions (P<0.0001). Additionally, all the
conditions with the exoskeleton caused an increment in hip work relative to NoExoS2
condition (P<0.1, marginally significant). Further, the hip work was the largest in Ex02S2

condition compare to all other conditions (P<0.0001).
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Figure 8. The work of the exoskeleton and biological knee, the ankle, and the hip joints from upward
movement (UPM) to take-off (TO), for NoExoS2, Exo0, Exo2, and Exo2S2 conditions, both legs.
Averaged across subjects.

3.3 Angle, Moment, and Power

We compared between NoExoS2, and Exo02S2 conditions using the profiles of the angle,
moment, and power at the ankle, total knee (i.e., bio+exo), and hip. We examined these
parameters from upward movement (UPM) to take-off (TO), and normalized this phase in the
motion to 100% so that the results from the two conditions will be on the same scale (Fig. 9).
Due to symmetry, the presented data are from the right leg only. The moments and powers
were normalized by the subject’s mass and height. The comparison shows that the trajectories
of the joints angle, moment, and power are similar in shape. Full data of an example of a
subject’s jump from standing to TO, is presented in Fig. 10. It can be seen that for condition
Ex02S2, the subject reaches a squat position and searches for the right position for several

seconds until the start of upward movement. Therefore, although we did not intend to train the
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subjects with a specific jumping strategy (i.e., squat or countermovement), their jump is more
like a squat jump as opposed to a countermovement without the exoskeleton. That change in
jumping technique was detected for most of the subjects. Note that the normalized time is

calculated differently than in Fig. 9.

Further, quantitative information on the average joints’ angle during UPM point for
NoExo0S2, Ex00, Exo02, and Ex02S2 conditions is presented in Table 2. It can be seen that at
the UPM point, the angles at the knee and hip during Exo2S2 are smaller than NoExoS2,

indicating greater joints flexion (P<0.0001).

Table 2

Average Joint Angles at UPM Point

NoExo0S2 Exo0 Exo2 Ex02S2
Squat Angle (deg)
Ankle 78.0£ 5.8 79.0+ 8.2 78.8+ 58.2 80.2+ 8.1
Knee 71.1+ 15.4 74.5+ 15.9 77.4+ 16.5 59.2+9.2

Hip 489+ 18.0 47.54+ 231 4494 21.0 35.2+10.0
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Figure 9. The angle, moment, and power at the ankle, hip, and total knee (i.e., bio+exo), during
NoEx0S2 and Ex02S2 conditions, from upward movement (UPM) to take-off (TO), for right leg. The
average (for all subjects last 5 jumps at each condition) is the solid line and the shaded areas are the
SD.
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Figure 10. Angle, moment, and power of ankle, total knee (exo+bio), and hip from standing to take-off
(TO), of one subject (Average+ SD of five jumps), right leg. The vertical lines represent the start of
upward movement (UPM) for each jumping condition.
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3.4 EMG

Last, a comparison between normalized EMG peak signals was conducted in Exo0, Exo2,
NoExo0S2, and Ex02S2 conditions and presented in Fig. 11. The Rectus Femoris EMG peak
signal was not statistically different (P>0.4). However, the Gastrocnemius EMG peak in all
expect one conditions where the same. Were the signal during Exo2S2 was the largest
compare to all other conditions (P<0.01), and specifically greater by 12.7+ 0.2% than during
NoExoS2. The EMG signal is examined from standing (0.25 seconds before UPM) to
maximum jump height, and normalized this phase in the motion to 100% so that the results

from the four conditions will be on the same scale.
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Figure 11. The normalized EMG signals of Rectus Femoris and Gastrocnemius during NoExoS2,

Exo00, Exo02, and Ex02S2 conditions. The solid line is the average (for all subjects last 5 jumps at each
condition), and the shaded areas are the one standard deviation.
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3.5 Duration of the jump and Minimum COM

The differences of the COM from standing to minimum COM height (AH,,;,), and the

duration of the jump from the start of upward movement (UPM) to take-off (TO), are

presented in Table 3 for all experimental conditions.

It can be seen that at the UPM point, the lowest COM height obtained (i.e., larger AH,,iy,),

relative to the other conditions, was at Exo2S2 (P<0.02). Also, the AH,,;;, during NoExo2

was greater than in all the other conditions, meaning lower COM height (P<0.05). Finally, the

duration of rising from UPM to TO was the longest for Exo2S2 and NoEx02 compared to all

other conditions (P<0.05).

Table 3
The Jump Duration and the Minimum COM for Each Condition

NoExo Exo0 Exol Exo02 NoExo2  NoExoS2

Ex02S2

AHmin(CM)

Time (sec)

36.5+11.1 35.2+8.0 35.8+8.0 352174 41.317.3 37.948.2

0.31£0.08  0.34+0.07 0.35£0.06 0.34+0.05 0.37£0.06 0.33+0.05

44.6+4.4

0.37+0.05
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4. Discussion

The results show that, after training to jump with the exoskeleton, the subjects increased their
jump height by 6.4% compared to jumping without the exoskeleton. To the best of our
knowledge, this is the first study that demonstrates that an exoskeleton can augment the fast,

explosive jumping movement.

A major factor in improving the jump height is the dipper squat position. Although studies
show that the squatting position does not affect jump height (Domire & Challis, 2007; Selbie
& Caldwell, 1996), these studies were conducted without an exoskeleton. In this study, the
subjects increased knee flexion to achieve the dipper squat position, which results in more
energy being stored in the springs. In addition, the hip angle is smaller (i.e., greater hip
flexion) at the start of the upward movement, which also corresponds to a lower COM. The
changes in the hip joint might be explained by the need for the subjects to avoid falling
backward. The changes in AH,;, and in the joint angles are also reflected in the net work
done by the joints. The total knee work and hip work increases when using the exoskeleton,
where part of this additional energy is required just to raise the COM back to Hgtanding-
Furthermore, the duration of time rising from the squat position to take-off was longer with
the exoskeleton (Ex02S2) than without it (NoExoS2) due to the lower squat position.
However, while examining the COM height during squat at Exo2S2 and NoExo02, we can see
that the COM height was lower at Exo2S2 while the rising duration was the same. Hence, the
dipper squat position without the exoskeleton was not efficient, but when using the

exoskeleton, the dipper squat position contributed to a higher jump.

Using the device had an impact in the short term but not in the long term. This can be
observed by examining the conditions without the exoskeleton at the beginning of sessions

(NoExo and NoExo0S2) and the end of the first session (NoExo02). There were marginally
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significant jump height changes. Jumping right after using the exoskeleton (NoExo02) resulted
in lower jump height, while jumping without exoskeleton after three months (NoExo0S2) did
not lead to decreased jump height relative to NoExo. The changes in NoExo2 were reflected
in lower COM during squat position. These movement changes are probably due to getting
used to jumping with the device and its restrictions, and therefore did not fully reach motor

adaptation for jumping without a device.

Comparing the total joint work and the maximum height difference between condition of
exoskeleton with no springs (Exo0) and condition with highest spring stiffness (Ex02S2), we
aim to gain a better understanding of the human-exoskeleton interaction. We analyze the
energy balance, where each jump has two energy components: one to move the COM from
the lowest point (UPM) to standing, and another to move the COM from standing to
maximum height. If we assume no energy loss, then the difference in joint work between the

two conditions Ex02S2 and Exo0 may be formulated as
(6)

AW = mg(AHmin,Z + AHp ) —mg (AHmin,O + AHmax,O)

max,2

140.5

AHY .., = ﬁ — 0.43 + (0.34 + 0.38) = 0.469 m = 46.9 cm

where AHEMX,2 is the predicted height when using the exoskeleton, AW is the difference in

total joint work between the two jumping conditions, and m is the average mass of the subject
(73 kg) plus the exoskeleton (3 kg) for a total of 76 kg. Recall that AH,,;, is the difference
between the COM height when standing and the minimum COM height (when squatting), and
AH,, 4, 1s the difference between the COM when standing and the maximum COM height (in

flight). Note also that the subscripts 2 and O refer to Exo2S2 and Exo0, respectively. In this

p
max,

analysis, the jump height AH .., is predicted by using the other work parameters and the
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other heights obtained from the experiments. Based on the experimental results for condition
Exo00, the expected height for conditions Exo2S2 is 46.9 cm, whereas the actual height gained

is 45.9+7.3 cm (mean + SD). This confirms the quality of the fit to the measurements.

Next, we examined the effect of wearing the device as a dead-weight, without the addition of
spring (Exo0). Since the exoskeleton mass is 3 kg, extra energy is required to raise that mass
when jumping. The amount of energy needed to raise that mass to the jump height reached in

Exo00 is as follows:

W,

Mexo

= AHppaxo  Mexo ' g = 0.378-3-g=111]  (7)

If the participants had jumped without the exoskeleton, using that extra energy would have

increased their jump height by:

Wi, 111
AHgaineq = - 28 =2 =1.5em  (3)

However, the actual height difference between Exo0 and NoExo conditions is 4.5 cm,
significantly greater than 1.5 cm. This difference between the expected height loss (by adding
the extra mass of the exoskeleton) and the actual height difference in Exo0-NoExo might
indicate that not all changes in joint work translate into different jump heights. The difference
might be explained by the limitations of the exoskeleton, such as the fit of the exoskeleton to
the user (recall that we used a single exoskeleton for all subjects). A misfit might result in
losing work to compress the shank and thigh. A custom exoskeleton for each subject (see,
e.g., Collins et al., 2015) could potentially lead to more efficient use of the exoskeleton work
and, therefore, to higher jumps. Furthermore, it is possible that the exoskeleton reduces the

degrees of freedom in the joint, thereby reducing the efficiency of the jump mechanics.

The exoskeleton design determined the spring moments as 70 and 105 Nm to provide an

additional moment equivalent to about 20% and 33%, respectively, of the peak knee moment



32

(approximately 300 N m). These ratios are based on studies (Bobbert & van Ingen Schenau,
1988; Fukashiro & Komi, 1987; Vanezis & Lees, 2005) that used professional athletes
weighing approximately 80 kg. However, the subjects in the present study were not
professional athletes, their weight averaged about 73 kg, and their peak moment was
approximately 200 N m (both knees together). Thus, in the second session, the spring stiffness
is approximately 50% of the biological-knee capability. In this study, the second experiment
(Ex02S2) shows that the total work provided by the biological knee is 25% of the total knee
work, which is an improvement over the first experiment, where the biological knee

contributes only 16% of the total knee work.

In addition, we compare our findings with simulated human jumping with a passive
exoskeleton (Ostraich, 2020), which is based on a model with peak total biological knee
moment of 320 Nm. The results of the simulation predict that springs that provide
approximately 50% of the maximum knee moment of the biological knee would lead to a
contribution of about 35% biological work to the total knee work, which is only 10% greater

than our results.

An analysis of the maximum normalized EMG signal indicates that no statistical difference
exists between the rectus femoris muscle activation with and without the exoskeleton. For all
the jumping conditions, the EMG signals from the gastrocnemius muscle are the same (except
for Ex02S2 jumping condition for which the change is small). This means that the subjects
reached their maximum capability in terms of force production, which is consistent with the
findings of (Ostraich, 2020) that the muscles produce maximum force regardless of the spring
stiffness. The improvement between the two experiments and the fact that the EMG reached a
peak in all conditions suggest that users might be able to improve their performance if they
train to jump with the exoskeleton, which might lead to a force-speed curve for the muscle

(Jiménez-Reyes, Samozino, Brughelli, & Morin, 2017; Nalysis, The, & Ump, 2009).
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When analyzing the difference between jumping with and without the exoskeleton, the
techniques used in each case must be examined. During a vertical jump with the exoskeleton,
the subjects had to find the better squat position to stretch the springs. The consequence is that
they remain in the squat position for a long time relative to the time in the squat for the
vertical jump without the exoskeleton. As a result, jumps without the exoskeleton were more
like countermovement jumps, whereas jumps with the exoskeleton were more like squat

jumps.

According to multiple studies, countermovement jumps are almost always higher than squat
jumps (Bobbert et al., 1996; Fukashiro & Komi, 1987; Komi P. V & Bosco C, 1978; Van
Hooren & Zolotarjova, 2017). Komi and Bosco (1978) suggested that the height increase is
due to the storage and utilization of elastic energy. They claim that the tendinous tissues store
elastic energy during downward movement and use the energy in the upward movement.
However, several studies recently claimed that storage and utilization of elastic energy are not
the main difference between countermovement and squat jumps (Anderson & Pandy, 1993;
Bobbert et al., 1996; Kopper, Csende, Trzaskoma, & Tihanyi, 2014; van Ingen Schenau,
1984) since significantly more energy is lost as heat during a countermovement jump than
during a squat jump. Bobbert er al. (1996) argue that the primary contribution of a
countermovement is that it allows the muscles to build up a high level of active state and
significant force before they start contracting, thereby allowing the muscles to produce more

work.

Therefore, future studies should examine jumping with the exoskeleton using the
countermovement strategy to better understand human-exoskeleton interactions and

potentially increase the jump height.
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5. Conclusion

This study presents a novel passive exoskeleton that increases vertical jumping height. The
exoskeleton contains springs positioned parallel to the quadriceps femoris muscle that

provides approximately 50% assistance moment for the biological knee.

The study discusses two experimental sessions. In the first session, the participants were
equipped with the exoskeleton and jumped without instructions on how to use it. In this
session, no significant difference was found when jumping with and without the exoskeleton.
In the second session, the participants were trained on how to better use the exoskeleton by

exploring different jumping techniques to increase the jump height.

The results of the second session reveal an increase in jump height of 6.4%%0.9%
(meantSE) when using the exoskeleton compared with the jump height without the
exoskeleton, and an increase in jump height of 21.4% compared with jumping with a
springless exoskeleton (deadweight). These results emphasize the need for training on the use

of this exoskeleton to fully utilize it.

It is important to note that, to the best of our knowledge, this is the first time that using an

exoskeleton improved jump height during vertical jump activity.

An analysis of energy balance and additional potential jumping strategies suggest that the
jump height can be further improved. Thus, future studies should focus on exploring
exoskeletons with better fit, additional jumping techniques including countermovement, and

longer training.
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6. Appendix

6.1 Location of the reflective markers on participant

Presented are the markers for the conditions without the exoskeleton. With the exoskeleton

there are 12 more markers located on the exoskeleton (6 for each leg).
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6.2 AIM Model developed in Qualisys Track Manager software

The AIM Model (Automatic Marker Identification) is created from an identified file and can

then be applied to any measurement that captures similar motions compared to the model.

6.3 6DoF Model built in Visual3D

Visual3D v6 Professional

This model is used to perform kinetic and kinematic calculations on each of the recorded
motion files. The model files are located in the lab drive:

Coral-> lab-> JUMP-> V3D-> Barak-> Raw Data->subject file (by date)



38

6.4 Consent form for the first session
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6.5 Consent form for the second session
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6.6 Health declaration for both sessions
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6.8 Procedure for running Matlab files
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