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Abstract

Passive wearable exoskeletons are desirable as they can provide assistance during user movements while still
maintaining a simple and low-profile design. These can be useful in industrial tasks where an ergonomic device
could aid in load lifting without inconveniencing them and reducing fatigue and stress in the lower limbs. The
SpringExo is a coil-spring design that aids in knee extension. In this paper, we describe the muscle activation of the
knee flexors and extensors from seven healthy participants during repeated squats. The outcome measures are the
timings of the key events during squat, flexion angle, muscle activation of rectus femoris and bicep femoris, and foot
pressure characteristics of the participants. These outcome measures assess the possible effects of the device during
lifting operations where reduced effort in the muscles is desired during ascent phase of the squat, without changing the
knee and foot kinematics. The results show that the SpringExo significantly decreased rectus femoris activation
during ascent (—2%) without significantly affecting either the bicep femoris or rectus femoris muscle activations in
descent. This implies that the user could perform a descent without added effort and ascent with reduced effort. The
exoskeleton showed other effects on the biomechanics of the user, increasing average squat time (+0.02 s) and
maximum squat time (+0.1 s), and decreasing average knee flexion angle (—4°). The exoskeleton has no effect on foot
loading or placement, that is, the user did not have to revise their stance while using the device.

Introduction

Passive exoskeletons use the biomechanics of human motion to improve the efficiency of performing the
tasks (Carrozza et al., 2017). The advantage of passive wearables is their low profile, allowing their use in
everyday life without inconveniencing the user (Carrozza et al., 2017). These characteristics suit
industrial environments where reducing effort and joint effort is desirable, especially in lifting tasks.
The knee joint power and moment profiles of a lifting task, characterized by Hwang et al. (2009), show
distinct phases of work done on (or by) the knee joint, as seen in Figure 1. Commercial passive
exoskeletons typically assist in maintaining specific postures for extended amounts of time, such as
the Chairless Chair (Noone, Deizisau, Germany) for long-standing tasks, the ShoulderX (US Bionics,
Berkeley, CA), the Paexo (Ottobock, Duderstadt, Germany) for raised arm tasks, and the ZeroG
(Eksobionics, Richmond, VA) for tool carrying. These exoskeletons provide support in a static position
but cannot support the dynamic task of lifting during squatting. This task requires several muscles to
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Figure 1. The joint power profiles of the knee joint during a typical squat motion, adapted from Hwang
et al. (2009). The upright positions show the beginning (0%) and end (100%) of the squat cycle. The
lowest point of a squat occurs at 50% of the squat cycle. The knee power profile exhibits a clear shift from
negative to positive before and after the 50% point. The negative power due to gravitation assistance of
the descent can be stored as elastic energy in a spring. The spring can be designed such that the stored
energy is released in ascent to assist knee extension. This is the principle behind the SpringExo design
used in the study presented in this paper.

stabilize the body, as shown by Escamilla et al. (2001). The body is stabilized in the dynamic squatting
task by the vastus lateralis, vastus medialis, and gluteus maximus, and extending the knee in ascent
recruits the rectus femoris and biceps femoris muscles to provide strength for lifting.

In the literature, Van Dijk et al. (2011) proposed the design methodology of using the phase of a task
where energy is stored when work is done on a joint and energy is returned when work is done by a joint.
This was the methodology used by the passive knee-ankle exoskeleton targeting the storage and return of
energy during distinct phases of the gait cycle by Etenzi et al. (2020). The mechanics and energetics of gait
using unpowered ankle exoskeletons were characterized by Sawicki and Ferris (2008), and this charac-
terization informs designs of ankle exoskeletons for further studies in the literature. The ankle designs
have targeted optimal stiffness for metabolic cost reduction in gait and running, as shown by the work of
Collins et al. (2015) and Nasiri et al. (2018). Witte et al. (2020) proposed a powered and unpowered
exoskeleton and studied the effects on human running. Passive ankle exoskeletons have been designed
with the goal of widespread adoption (Yandell et al., 2019).

Other passive lower limb exoskeletons focus on the hip joint and target net energetic decreases during
walking by the use of an elastic band (Haufe et al., 2020), maintaining balance while walking (Zhang
et al., 2018), and increasing walking distance for neurological patients (Panizzolo et al., 2021).

An industrial worker typically lifts a load while stooping or performing a squat, with the latter being
preferable as it recruits more muscles from the lower limbs (Hwang et al., 2009). In this paper, we focus on
squatting. During squat ascent, the rectus femoris acts as a biarticular hip flexor and knee extensor. These
effects are more pronounced when the trunk is upright, as noted by Escamilla (2001). The stance and
placement of the feet in a squat do not affect activations of muscles at the knee (Escamilla, 2001) but affect
the knee kinetics, as shown by Almosnino et al. (2013) and Lorenzetti et al. (2018). Ideally, a device that
aids in reducing muscle activation should not significantly affect the user’s preferred stance and foot
loading profiles.

We propose a passive, unpowered exoskeleton SpringExo to assist knee extension and reduce the
rectus femoris activation during ascent in a squatting task. The SpringExo design (Figure 2) uses the
power profile shown in Figure | to store energy in descent and returns it during ascent. The SpringExo can
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Figure 2. A kinematic diagram of the SpringExo donned on the leg. The leg is flexed at an angle ¢ with
SpringExo donned (a) and the resulting Force F that can be decomposed into the normal and tangential
components Fgr and Fyr. The original state of the upright leg with the SpringExo donned (b) with the
mechanical components that make up the SpringExo.

store elastic energy while the user descends. If the spring can contribute to the joint torque in ascent, we
can expect less effort expended by the user and decrease muscle activation in ascent. We investigate
whether this effect is present with a SpringExo worn around each leg with seven healthy subjects in this
paper. We use the methodology proposed by Van Dijk et al. (2011) to explore the feasibility of decreasing
the rectus femoris activation in a squatting task. This paper aims to characterize the change in muscle
activation, mainly focusing on the rectus femoris as the knee extensor that is activated during ascent, as
found by Escamilla et al. (2001) during squats. The rectus femoris is also the primary muscle activity
decrease targeted during squat lifting, such as the motorized quasi-passive device in Yu et al. (2019) and
the entirely passive torsional spring design in Ranaweera et al. (2018).

The SpringExo is an entirely passive system that targets knee extension while remaining low profile to
wear under a user’s clothing. It does not require a motor, unlike the device presented in Yu et al. (2019),
and requires fewer components than the passive exoskeleton in Ranaweera et al. (2018). The simplicity of
the design and incorporating the spring elements into the architecture itself are the main features that make
the SpringExo anovel wearable device, similar to the ankle exoskeleton presented in Yandell et al. (2019).

We test whether the SpringExo reduces rectus femoris activation in a squatting task and characterize
the effects on the user’s squat biomechanics. Primary measures include the timing, knee flexion angles,
and the rectus femoris and biceps femoris muscle activations. In addition, we also verify that our device
does not affect the user’s foot loading preference by looking at the exoskeleton’s effect on the distance
between pressure maximums at the ball and heel of each user’s feet and the total pressure loading line
lengths on the right and left feet.

Methodology

Design of SpringExo

The passive SpringExo in Figure 2 is a 3D-printed nylon spring coil attached to a photopolymer resin
3D-printed thigh cuff and shank cuff, which can strap to the thigh and shank of the user. The coil spring
can accommodate extreme knee flexion in squat kinematics, such as in Tewart (2012). The cuffs are
mechanically connected to the spring ends and attached to the leg via Velcro straps covering the skin to
avoid discomfort. The coils do not collide when a user performs a squat as they both revolve in the same
direction. The complete assembly weighs 450 g. The exoskeleton is easily donned and doffed while
securing the leg. A user wearing the SpringExo is shown in Figure 3. The parts and instrumented treadmill
used in this study are labeled.
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Figure 3. A user performing a squat in the SpringExo passive exoskeleton. The instrumented treadmill is
used to collect foot pressure and loading data. The motion of the human body is captured using infrared
markers. Surface EMG signals are used to collect muscle activation data.

The SpringExo only assists in knee extension during the ascent part of the squat cycle while the energy
is stored during descent. The spring bending angle ¢ compresses the spring and results in the Force F'g
acting on the thigh. The angle ¢ is the central spring angle defined as:

wzn_eknee- (1)

The spring exerts a force F'y on the leg due to the bending arc of the spring. The net force is composed of
a tangential component Fr that supports the leg, and a normal component Fy that provides assistance in
leg extension, as shown in Figure 2.

FST:Fscosg. )
Foy =F, sing. 3)

The Spring mechanism and stored potential energy of this device is described in Sui et al. (2021). We
briefly present this mechanism here. The total elastic potential energy £, stored in the spring comes from
compression £, and bending Ej,.

E,=E.+Ey. “

In compression, the virtual center length of the spring changes from its free length /; to the arc length Z,
and the elastic potential energy E. stored in the spring with a stiffness of & is:

EC:%k<ls—7)2. )
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In bending, according to Kim et al. (2017), Gutkowski (1998), and Wahl (1963), the total stored
potential energy Ey, due to the spring bending with a constant arc length / is expressed as:

ﬁ<d¢>2
Eyv=[=(—) ds, 6
o= [5(F) o ©

2IEIG

ﬁ:nnrc(ZG—i—E)’

)

where S, E, I, G, r¢, n, and ds are, respectively, the flexural rigidity of the spring, Young’s modulus, area
moment of inertia, shear modulus, mean radius of the spring coil, number of the spring coil, and element of
the arc length . According to equations (4)—(7), ds = Rdg, and the geometric relationship in Figure 2a, the
total stored elastic potential energy E, is expressed as:

1, 1 ¢ \? 02EIG
Ey = ki; (1— q,) S . (8)

2tan¥ (2G+E)

The SpringExo has an outer diameter D = 167 mm, a coil diameter of d = 16.5 mm. Nylon-66’s has a
Flexural Modulus £ of 2,700 Nmm 2, and Young’s modulus E of 3.7 Gpa. The analysis and optimization
of these parameters for SpringExo stiffness are not included in this work.

Subjects

A convenience sample of seven healthy subjects (four females)—age 25.9 + 2.2 years, height
167.6 cm +£ 4.6 cm, and mass 54.3 kg + 5.8 kg—were recruited to carry out the study. Investigators
collected informed consent from subjects in the study approved by the Institutional Review Board of
Columbia University.

Experimental Setup and Protocol

Subjects performed squatting motions on an instrumented treadmill (Pluto, HP Cosmos, Nuf3dorf,
Germany) with an integrated pressure sensor to measure foot pressure at a frequency of 100 Hz. Markers
were placed on the distal phalanges, ankle, heel, tibia, knee, femur, and trochanter to capture knee motion
data at 200 Hz (Vero, Vicon, Oxford, United Kingdom). Wireless EMGs were placed on the rectus femoris
and bicep femoris muscles. These data were captured at 2,000 Hz (Trigno, Delsys, Cambridge, MA) in the
marked positions shown in Figure 3.

A baseline (B) condition where the subjects performed squats wearing no device was compared against
the condition where the SpringExo exoskeleton was worn (E). Subjects completed squat cycles at their
own pace in each condition. Subjects were assigned either the B or E condition in a random order. Each
measurement started and ended with the subjects standing neutrally and at rest. Subjects did not
acclimatize to the springs by practicing with the design and performed the squats directly after donning
the device. Investigators instructed subjects to squat continuously until tired. The first five squat cycles
were discarded. The next 20 cycles from each subject were analyzed and interpreted.

Data Processing

All data preparation and processing was done using Python 3.6 (Python, Wilmington, DE). Kinematics of
the knee joint was solved using the marker set on the leg. Markers attached to the hip were used to segment
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each squat cycle, where the upright position was used as an endpoint. Each segment’s EMG data and joint
angles from both legs were normalized into a cycle, where 0% indicates the initial standing position, 25%
indicated halfway through descent, 50% indicates the lowest position, 75% indicates halfway through
ascent, and 100% indicates the terminal standing position. A fourth-order band-pass (20-400 Hz)
Butterworth filter was used to filter the raw EMG signals, rectified and passed through another fourth-
order low-pass (3 Hz) Butterworth filter. Each subject’s cycles were B-normalized using the subject’s
maximum muscle activation values in B sessions.

Each subject’s EMG signals were normalized by their respective B maximum values. All subjects’
knee flexion angles, normalized rectus femoris (nRF), and normalized bicep femoris profiles were
averaged across both legs. These profiles were used to calculate averages, maxima, and the descent
and ascent values for each parameter. The knee kinematics and muscle activations of each mode compare
the effect of the worn SpringFExo on user biomechanics during a squat exercise.

The foot pressure maximum at the ball and the heel of the foot were found for each cycle. The loading
line length and stance width of the feet were also extracted across the same cycles. Differences in these
parameters between the two conditions indicate the effects of wearing the SpringExo on the user’s overall
foot placement patterns. Differences in overall foot loading and placement indicate changes that can
adversely affect the person’s safety and comfort in performing the squatting task.

Statistical Analysis

The mean values, maximum values, minimum values, values at 25% and 75% of the squat cycle, and their
standard deviations to the mean were calculated for knee flexion, muscle activations, and foot loading
parameters. Each cycle’s values for each subject were grouped according to the mode B or E. The data
were tested for normality using Kolmogorov—Smirnov one-sample tests. The data violated normality, and
so nonparametric tests were selected to compare the conditions. A Mann—Whitney U test was used to
compare the values reported in this paper. Significance was set at o« = 0.05.

Results

Figure 4 shows the changes in the subjects’ squat cycle timing, knee flexion profiles, and muscle
activation due to the B or £ mode. We summarize the observations qualitatively here with values reported
further in this section—an increase in overall squat cycles’ timing is observed. The maximum flexion
angle of the knee is smaller when wearing the exoskeleton when compared to the baseline. The rectus
femoris muscle activity is lower, particularly in the ascent phase of the squat.
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Figure 4. The averaged user behavior in B and E modes across all subjects and squat cycles. All data

were segmented into squat cycles and normalized to the same cycle percentage. 4a represents the timing

information of each mode. 4b shows the knee flexion angles in each mode. 4c shows the muscle activation
magnitude of the rectus femoris in each mode, normalized in magnitude to the maximum value in B.
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Figure 5 shows timing, knee flexion, and muscle activity averages, maximums, and the descent (25%)
and ascent (75%) points of the squat cycle. Figure 6 shows the effects of wearing the passive exoskeleton
on specific intervals of the squat cycle across all subjects and exoskeleton modes.

The differences are characterized and compared statistically in Figure 5. Significant differences from B
to E are summarized in Figure 5 with p-values reported. We see an increase in squat cycle timing overall
between B and E (Avg: +0.02s, Max: +0.10s, 25%: +0.01s, 75%: +0.1s). We see a decrease in nRF
activation in ascent between B and E (75%: —2%). No statistically significant difference is observed in the
activation of bicep femoris during the gait cycle. An overall decrease in knee flexion angles is observed
(Avg: —4°, Max: —12°, 75%: —9°).

Figure 6 shows the effects of wearing the exoskeleton on the foot loading parameters across all
subjects in both modes. Figure 6b defines the foot loading parameters discussed in this paper. There were
no significant differences observed between B and £ modes for the ball-ball or heel-heel distances of the
feet. No significant difference was observed for the loading lines of the left or right foot either. No other
significant changes were observed. The subjects have a smaller range of foot loading parameters in £,
except for loading on the right leg, which increases in range, as shown in Figure 6a. The statistical analysis
yielded marginal p-values for ball-ball distance (p = .052). The ball-ball distance increased slightly on
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Figure 5. Extracted averages and standard deviations, maximums, minimums, and values at 25% of the

squat cycle and 75% of the squat cycle for each variable. These parameters were extracted from Figure 4

data and used to compare user behavior for the B and E modes. 5a shows the timing of each squat, 5b

shows the knee flexion angle parameters, 5¢ shows B-normalized rectus femoris muscle activity, and 5d

shows B-normalized bicep femoris muscle activity. The results of the Mann—Whitney U test are shown in
the subfigures as p-values and with a * when p < .05 and a ** when p < .01.
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Figure 6. Foot loading behavior of the user with the exoskeleton donned and doffed. 6a shows the effect

between each mode, B and E on the loading of the feet across all subjects. The variables shown are the

distances between the balls and heels of the right and left feet, as well as the length of the pressure loading
lines of each foot. 6b shows a visual representation of these variables.

average (41.3 cm), which indicates that frontal foot pressure moved away from the midline. More
subjects are required to verify a conclusive effect of wearing the SpringExo device.

Discussion

The SpringExo was able to significantly decrease RF activation during ascent, roughly at 75% of the squat
cycle. The device did not significantly increase muscle activation in any other phase of the cycle. The
device did not affect the BF muscle activity. The decrease in muscle activation indicates that a simple coil
spring architecture is a suitable ergonomic choice in this specific movement in an industrial context,
where muscle activity reduction is desirable. Other user effects include a longer squat cycle time,
indicating that the device affected the user’s chosen velocity for performing a squat task. A significant
decrease in knee flexion angle was seen.

The restriction of the knee angle is a limitation that must be addressed by testing different spring
stiffness that produces a reduction in EMG values while still retaining the same range of motion of flexion
in the knee at the halfway point of the squat cycle. This can be done by following the methodology for
empirically testing for optimal spring stiffness and the effects on EMG activation in a study similar to the
one done in Collins et al. (2015). An optimal spring stiffness for a specific cohort of users can then be
determined by having users complete the same squatting task with the same knee flexion magnitudes and
evaluating the muscle activation decrease. Furthermore, the increase in the timing of performing the squat
task could contribute to the lower muscle activation of the rectus femoris, as the velocity of doing a squat
has an effect on the activation and recruitment of muscle groups in the quadriceps as characterized by
Stasinaki et al. (2019). Our study aimed to characterize the effect on the primary muscle that aids in knee
extension, and effects on the stabilizing muscles of gluteus maximus, vastus lateralis, and vastus medialis
were not investigated. This is a potential area of investigation for a study that fully characterizes the effect
of SpringExo in a study looking at loaded lifts, the effect of spring stiffness, or adding a motor.

The foot loading parameters show that donning the SpringExo did not significantly change the users’
stance. Foot placement in a dynamic squat task can significantly change the person’s lower limb kinetics
performing the task (Almosnino et al., 2013). For example, Demers et al. (2018) showed that narrower
stances in squats could indicate larger hip adduction torques. The foot loading parameters do not
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significantly change with the worn device. This lack of change implies that the device does not impede or
interfere with the user’s foot loading preferences while squatting. This points to this device’s suitability in
an industrial workspace, as it would not interfere with comfort or preferences of a user while descending
and ascending from a bodyweight squat. It is a limitation of this study that a loaded lifting task was not
considered, as the foot loading preferences after picking up a load would be more informative for the real-
world application with this device. We can expand the device’s capabilities to target assistive lifting tasks
such as in Yu et al. (2019), where the motor’s torque magnitude was used to reduce RF activation to
different levels. Hwang et al. (2009) characterized the magnitude of the power required for squat ascent at
the knee, which can be used to select an appropriate motor to compensate for part or most of the biological
energy necessary for the lifting task.

Future investigations that can be carried out with this device include the exploration of motorizing this
system such that a quasi-passive mode can be used to aid in descent and release the stored energy in ascent.
The SpringExo would ideally be used on its own in a passive mode to reduce parts and complexity, and
as-needed can be motorized to optimize performance, as shown in Sui et al. (2021).

Conclusion

We designed a passive exoskeleton that targeted storing elastic energy during squat descent and returning
this energy to the squat ascent phase. The spring exoskeleton reduced muscle activation in the rectus
femoris during ascent in the squat cycle without increasing bicep femoris activation. The knee flexion
angle decreased overall but without significant changes in foot loading and placement parameters. Future
investigation into different spring stiffness or a motor to aid in descent is required to optimize utility from
this simple and easily wearable device.
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