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CHAPTER 1

Overview

1.1 Introduction and Motivation

Wearable assistive devices, such as exoskeletons and exosuits, have continued to evolve as a promising tech-
nology to help able-bodied users walk and run more efficiently, bear heavier loads, and complete tasks with
greater endurance. Several trends in exoskeleton design have emerged to accomplish these goals, however,
research in this area is faced with the same fundamental challenge: the strategic use of energy in the human-
wearable system [1]. On one hand, active exoskeletons utilize electrical power to provide motorized assis-
tance to the joints of the user with great adaptability to changing task conditions, but rely on substantial power
supplies that limit functionality and effective use time [1].

Alternatively, passive and quasi-passive exoskeleton devices have found success as a way to circumvent
this power supply barrier. These devices store energy from the negative work performed during many com-
mon tasks, such as the deceleration of the lower-limbs during late swing into stance during walking or running
[2, 3] or the stooping over of the upper-body to grab an object [4], by placing elastic elements in series or par-
allel with the joints of the user. The stored elastic potential is then utilized to assist in positive work phases of
the motion, for example, to assist with ankle-plantarflexion during push-off while walking [5], often utilizing
clutched elastic actuation techniques to efficiently control energy storage and release [6].

While placing elastic elements in conjunction with human joints can enhance peak power output [7], es-
pecially when utilized with variable stiffness implementations [8], this process accomplishes only a bounded
reduction in user effort since the assistance passive mechanisms can provide is limited by the amount of neg-
ative work performed by the user during a single motion cycle. As humans we are physiologically limited
in our ability to do work, due to our limited range of motion and force output, which places a constraint on
the amount of energy one can store and utilize in passive elastic elements of assistive exoskeletons during a
single motion cycle.

To extend the benefit of assistive springs, the work outlined in this document contributes a method and
mechanism that allows a user, with a bounded static potential, to accumulate considerable energy in assistive
springs over several motion cycles. Specifically, this work explores foundational theory for cyclic energy
accumulation by repeated squatting with a lower-limb exoskeleton. The iterative squat-to-stand task serves
as a representative example of cyclic energy accumulation in assistive springs subject to the aforementioned

physiological constraints. The challenges of such a task are investigated through a model of a novel variable



stiffness spring transmission, and used to inform the design of an initial prototype. By equipping wearable
assistive devices with the ability to accumulate energy with a limited force, this technology has the potential
to expand the capabilities of passive assistive devices beyond the current limits imposed by constrained force

and range of motion.

1.2 Organization of the Document

This thesis is organized into four distinct chapters. Chapter 1 introduces the background literature and mo-
tivation driving this work. In Chapter 2, the body of this work is presented via a conference paper that
was submitted to the International Conference on Robotics and Automation (ICRA) as a culmination of the
research performed for this thesis. This paper details the foundational theory, prototype design, and experi-
mental validation investigated to accomplish cyclic energy accumulation under physiological constraints as
introduced in Chapter 1. Next, Chapter 3 delves further into how the energy accumulation method can be
applied to enhance physical performance, such as jumping ability. Finally, Chapter 4 provides deeper insight

into the design of the prototype to inform future work, along with closing discussion of this research.
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2.1 Abstract

Springs can provide force at zero net energy cost by recycling negative mechanical work to benefit motor-
driven robots or spring-augmented humans. However, humans have limited force and range of motion, and
motors have a limited ability to produce force. These limits constrain how much energy a conventional
spring can store and, consequently, how much assistance a spring can provide. In this paper, we introduce
an approach to accumulating negative work in assistive springs over several motion cycles. We show that, by
utilizing a novel floating spring mechanism, the weight of a human or robot can be used to iteratively increase
spring compression, irrespective of the potential energy stored by the spring. Decoupling the force required
to compress a spring from the energy stored by a spring advances prior works, and could enable spring-driven

robots and humans to perform physically demanding tasks without the use of large actuators.

2.2 Introduction

Springs can enable robots actuated by motors [7, 9, 10, 11, 12, 13] and humans “actuated by muscles" [14,
15, 5, 16, 8, 17, 18, 19] to perform physically demanding tasks with reduced force requirements from the
actuators. In most applications, a spring is compressed slowly over a longer period of time, while the energy
stored by the spring is released rapidly [20]. In this way, the spring provides power amplification beyond
what a motor driven robot or “muscle actuated" human can do without the assistance of a spring. However,
the energy stored by a spring is limited by the maximum force used to compress the spring. Consequently,
the maximal force that a robot or human can generate limits the amount of energy a spring can store, and
the level of assistive benefit a spring can provide. This limitation may be alleviated by leveraging the energy
storage ability of springs over multiple loading and unloading cycles instead of a single cycle.

In mechanical resonance, the benefit of springs is leveraged over multiple cycles of energy storage and
release, instead of a single cycle [21, 22, 23, 24, 25, 26]. A familiar example is a pogo-stick, essentially a
spring in series with the human legs, that allows the user to jump repeatedly to accumulate energy and reach
jump heights much greater than in a single jump [27]. To accomplish such a feat, the pogo-stick relies on
iteratively increasing the kinetic energy of the human through multiple jumps. This increase in kinetic energy
is required to generate the large contact forces to compress the pogo-stick spring and thereby increase the
energy stored by the spring. However, large forces are challenging for humans and robots to generate without
increasing their kinetic energy.

In this paper, we present a method and a device for iteratively accumulating energy using only the static
gravitational force provided by the mass of a spring-driven robot or the mass of a human augmented with
a spring leg exoskeleton. The method utilizes the repeated application of a constant static force that is in-

dependent of the energy stored by the spring. The method also relies on a new device, which belongs to



the class of floating spring mechanisms recently introduced in [28]. The device is an energetically passive
variable stiffness spring which automatically adjusts its stiffness to ensure that a constant force can compress
the spring regardless of how much energy is stored by the spring.

The working principle of the device is demonstrated using a point mass model of the human squatting
with a lower-limb spring leg exoskeleton in Section 2.3. The energy accumulation method is subsequently
described in Section 2.4. Then, the prototype of the device is detailed in Section 2.5. Finally, the experimental

validation of the proposed energy accumulation method is reported in Section 2.6.
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Figure 2.1: Repeated squatting with a floating variable stiffness spring. (a) The end points of the spring are
fixed (red) while the user compresses the spring with a squat. (b) The end points of the spring are free (blue)
while the spring is locked. The mechanical advantage of the human over the spring is increased as the human
stands and the spring shifts towards the knee joint. (c) By repeating the energy accumulation cycle (a)-(b),
the user can iteratively increase the energy stored by the spring.

2.3 Energy Accumulation using Springs
Let us consider a simple energy accumulation task where the human is augmented with a spring exoskeleton
attached parallel to the legs, see Fig. 2.1. In this task, the user compresses the spring by repeatedly squatting
with the exoskeleton. The energy stored by the spring is retained by locking the spring at the bottom of each
squat. As the human returns to the standing height, the spring shifts to a new configuration that grants the
user a greater mechanical advantage over the spring for the next iteration. The greater mechanical advantage
ensures the user can compress the spring at the beginning of each squat cycle until a desired amount of energy
is accumulated in the spring. In the described iterative energy accumulation process, the force required by
the human to achieve full spring compression is independent of the energy stored by the spring.

In the remainder of this section, we further explore the example squatting task using a simple spring mass

model of the human augmented with a conceptual lower-limb variable stiffness spring exoskeleton.



2.3.1 Model
The human and the spring-leg exoskeleton are abstracted into the model shown in Fig. 2.2a. We consider a
single squat, starting from an upright standing position and ending at the fully squatted position. Due to the

geometric constraint of the leg, the leg deformation during a squat is given by

Al € [0, Alay]. 2.1)

Because the human leg can push but cannot pull against the ground while squatting, the force exerted by

the leg on the center of mass must be positive,

F >0. (22)

Finally, we assume that the human legs can produce enough force to stand up after each squat without the

support of the exoskeleton. Any leg force that can overcome the weight of the human F > mg suffices this

assumption.
(a) (®)
mg
g
F
Imax
m Folooo NG
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Figure 2.2: Model of the human augmented with a lower-limb exoskeleton. (a) Mass-spring system. The leg
deformation is described by Al. The body mass is supported by a spring with stiffness k, and deformed length
s;°; the superscripts + denote the pre-squat and post-squat spring lengths, respectively, and the subscript n
denotes the number of squats performed during repeated squatting. (b) An example force-deflection of the
human leg F (red) that leads to the average leg force F = %mg is shown with the red line. The maximum

amount of energy accumulated during one squat £ n,x is shown with the dark area.

An example of the human leg force that enables squatting from a standing position to the equilibrium
position is shown in Fig. 2.2b. At standing the human limbs fully support the mass such that F = mg and
the spring-leg exoskeleton does not provide any force. In the fully squatted position, the human limbs may

support the mass with a force F € [0,mg) while the spring leg provides the rest of the force required to keep



the center of mass in static equilibrium,
mg = F + kAlpax. (2.3)
At the bottom of the squat, the energy stored by the spring leg depends on the human limb force. Assum-

ing an average limb force F, the energy stored by the spring is given by:

1
—kA?

2 max

= (mg — F)Almax. (2.4)

In order to simultaneously satisfy (2.3) and (2.4), the average force of the human leg £ during the squat
must satisfy the following condition:

F:%(mg—l—F). (2.5)

According to (2.4) and (2.5), the maximum amount of energy that can be stored in the spring during a

single squat is given by:
1
Elmax = EmgAlmaXa (2.6)

Relation (2.6) directly shows that the amount of energy accumulated in the spring is restricted by the
range of motion and the limited gravitational force available to compress the spring. In the next section, we

introduce a novel spring mechanism that can alleviate the aforementioned limitation.

24 Cyclic Energy Accumulation by a Floating Spring Variable Stiffness Leg
There are three main practical challenges of realizing energy accumulation beyond a single squat:

(i) The mechanism must provide increased mechanical advantage to compress the spring, such that the
same force can be used to compress the spring even as it stores more energy.

(i1) The mechanism must provide controllable coupling between the spring and the leg, such that the same
leg deformation can be used to input energy into the spring in subsequent squats independent of how much
energy is stored by the spring.

(iii) To ensure efficient energy accumulation, the two prior tasks should be accomplished while maintain-
ing the energy stored in the spring between subsequent iterations.

In order to address the aforementioned challenges, a special case of the floating spring mechanism pro-

posed in [28] is presented (Fig. 2.3). In the original design, the mechanical advantage of the human over the
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Figure 2.3: Model of the variable stiffness floating spring-leg. The leg segments HK and KA are equal in
length. The spring is assumed to remain vertical (x is constant) as the leg deforms by Al.

spring was manipulated by changing the orientation of the spring. In the proposed design, the spring main-
tains a vertical orientation but shifts towards or away from the knee joint to change the mechanical advantage.
Due to this difference, the proposed design always maintains positive force-deflection behavior. Both designs,
however, alter mechanical advantage by controlling the endpoints of the spring while the spring is locked,
which maintains the potential energy stored by the spring. In turn, this ability to control the endpoints of the
spring allows the leg deformation to be decoupled from the spring deformation, independent of the energy
stored by the spring. Consequently, the proposed design addresses all three of the practical challenges (i)-(iii)
mentioned above.

In what follows, we present the geometry that grants the spring leg mechanism energetically efficient vari-
able stiffness behavior (Section 2.4.1), and describe the working principle of the mechanism (Section 2.4.2)

consistent with the three main requirements outlined above.

24.1 Model

Figure 2.3 shows the floating spring variable stiffness leg for a single squat iteration. In the leg, points H,
K and A coincide with the user’s hip, knee, and ankle, respectively. The thigh and shank segments HK and
KA are assumed to be of equal length /,. The spring is also assumed to maintain its vertical orientation

independent of the leg deformation. In the mechanism, the length of the spring s is defined by leg length /



and the position of the spring x,
s= =1, 2.7)

while the force required at the hip F; to compress the spring is defined by,

F = (X)Fx = (J‘)k‘c(sos), 2.8)
l; l[

where s is the uncompressed length of the spring and k; is the stiffness of the spring.

These relations suggest that by moving the spring towards the knee joint — decreasing x — a small constant
force F; could be used at the hip to compress the spring despite a potentially large spring force F;, and
consequently, the large amount of energy stored by the spring.

The next section explores how the mechanism shown in Fig. 2.3 could accumulate a large amount of

energy when compressed by the weight of the human over multiple squats.

24.2 Cyclic Energy Accumulation

In order to predict the behavior of the mechanism beyond a single squat, we again consider the simple example

of a human performing a repetitive squat task to accumulate energy in the spring as introduced in Section 2.3.
First, similar to (2.3), we assume that the spring-leg supports the weight of the user at the end of each

squat,

mg = ki (jj) (so —S,T) . 2.9)

To define the spring length at the end of the squat s;", the spring location x,, must be related to the spring
length at the beginning of the squat s, . The simple relation below follows from locking the spring length

between the end of the previous squat and the beginning of the next squat (Fig. 2.1),
sTo=s. (2.10)

According to (2.10), the energy stored by the spring will be retained between squats,

1 1
Eks (snt1 —so)z = Eks (s; —so)z. (2.11)



Finally, using (2.7) and (2.10), we define a recurrence relation that predicts the position of the spring

across squat iterations:

Xp = —2—Xx,_1. (2.12)
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Figure 2.4: Simulated behavior for the spring-leg. (a) Force-deflection achieved by repeated squats, subject
to a limited force (horizontal line), compared to the force required to achieve the same deformation in a single
compression cycle (dashed line). The forces are normalized by the weight of the user (Section 2.3.1). (b)
Potential energy stored by the spring, normalized by the max amount of energy that can be accumulated in a
single squat E|nax (2.6) defined in (Section 2.3.1). The four squats shown in the figure were the minimum
number of squats necessary to achieve full spring deformation.

Substituting (2.9), (2.10), and (2.12) into (2.8), we find that the force required to compress the spring at
the beginning of the next squat is always lower than the constant gravitational force available to compress the
spring,

F, = <Si”> mg < mg. (2.13)

n—1

Figure 2.4a shows the force-deflection predicted during multiple squats, during which the maximal force
provided by the human is bounded by the weight of the user (gray). This force is compared to the force

required to achieve the same spring deformation in a single squat (gray dashed). Further, the vertical dashed

10



lines show that the spring deformation is maintained between iterations, as required by (2.10).

Figure 2.4b shows the energy accumulation process for the iterative method (gray), with energetic poten-
tial normalized by the maximum energy that can be achieved in a single squat provided by the weight of the
user, Eqmax, as defined in (2.6).

We observe that the spring accumulates the same amount of energy through four squats (gray) than in
a single squat (gray dashed) but with less than half of the required force (Fig. 2.4a-b). Furthermore, we
observe that the reduction in force translates to over five times more stored energy as compared to what can
be accumulated in a single squat subject to the same maximum force (Fig. 2.4b). Following the repeated
squats, the spring can be reset to the initial mechanical advantage, x = /;, where the accumulated energy can
be released to provide double the assistive force as compared to the maximal force used to compress the
spring (Fig. 2.4a) and the energy stored by the spring when compressed with the maximal force in a single

squat (Fig. 2.4b).

2.5 Prototype

In this section, a prototype of the floating spring mechanism introduced in Section 2.4 is presented.

2.5.1 Device

Figure 2.5 depicts the spring-leg prototype designed for the proposed energy accumulation task. The device
consists of three major sub-assemblies: the leg structure, the compression spring, and the spring retraction
mechanism. These sub-assemblies are detailed below.

First, the leg structure is formed by two linear shafts connected by brackets at the knee and pinned to
create a hinge joint. The other ends of each shaft form the hip and ankle of the mechanism, as in Fig. 2.3.

Second, a compression spring is housed in a piston-cylinder assembly where each endpoint of the as-
sembly connects to a linear ball bearing that slides freely along the leg shafts. To lock the spring axially, a
shoulder bolt passes orthogonally through a hole in the piston and rides in a slot in the cylinder, as shown in
Fig. 2.5a. The cylinder features flat sides as an interface for the shoulder bolt, allowing continuous locking
of the spring.

Finally, two uni-directional pulleys, each with two drums, are mounted in coincidence with the knee joint
pin, as shown in Fig. 2.5b. One pulley is keyed to the knee pin, while the other pulley spins freely on the knee
pin. Both, however, can spin freely with respect to the knee brackets. The two drums on each pulley feature
separate cables wrapped in opposing directions. One cable connects to an extension spring that provides a
torque on the pulley, while the other cable is connected to an endpoint of the spring assembly. The system

of pulleys serves to automatically shift the position of the spring assembly, and consequently change the

11
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Figure 2.5: Prototype floating spring-leg mechanism. (a) Front view. (b) Top view. The leg segments are
of relatively equal length of 205 mm. The spring has a free length of approximately 114 mm and a force-
deflection rate of 0.9 N/mm.

etraction Spring

mechanical advantage between the spring and the leg, between each compression cycle.

2.5.2 Working principle

In this section we examine the working principle of the prototype shown in Fig. 2.5. Figure 2.6 shows
the CAD model of the prototype, which features blue and orange colored parts to help distinguish which
components are responsible for each endpoint of the spring assembly. As shown, each leg segment utilizes a
pulley and dual cable assembly to move the endpoints of the spring assembly in unison.

During compression, see Fig. 2.6b-c, the spring is unlocked and applies force on the bearing-mounted
endpoints of the spring. Subsequently, the ratchet and pawl lock the rotation of each pulley with respect to
their associated knee bracket. This cable-pulley setup then locks the position of the endpoints against the
force of the spring.

Following the spring compression, the spring is locked, and the pre-loaded retraction springs apply a
torque on their respective pulleys, see Fig. 2.6d-e. Since the ratchet and pawl ensure the pulleys can only
rotate in one direction, the torque on the pulley from the retraction spring tends to pull the endpoint of the
spring assembly towards the knee joint. Therefore, as the mechanism returns to an initial configuration,
the tension in the cables automatically shifts the endpoints of the spring towards the knee for a change in

mechanical advantage before the next iteration.
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Figure 2.6: Compressing the spring and changing the mechanical advantage of the leg over the spring with
the variable stiffness floating spring mechanism. (a) Front view of the CAD model. (b)-(c) Compressing
the spring. During compression, the endpoints of the spring are fixed along the leg segments by locking the
rotation of each respective pulley via a ratchet and pawl. (d)-(e) Changing the mechanical advantage of the leg
over the spring. To change the mechanical advantage, the mechanism extends back to its initial configuration
with the spring locked, allowing the pre-loaded retraction springs to rotate each pulley and simultaneously
retract the spring endpoints towards the knee.
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2.6 Experimental Validation
In this section, we use the prototype presented in Section 2.5 to evaluate the theoretical predictions shown in

Fig. 2.4.

2.6.1 Experimental Setup

The prototype, shown in Fig. 2.5, was mounted on a mechanical breadboard via a linear rail. The ends of
each leg segment were connected to lockable carriages. One carriage was locked in place, acting as the ankle
joint fixing the foot of the mechanism to the ground, while the other carriage could move freely along the
rail like the hip joint. A load cell (MLP-50, Transducer Techniques) was mounted to a flat plate on the free

moving carriage to measure the force at the hip joint.

2.6.2 Experimental Procedure
To test the iterative energy accumulation process outlined in Section 2.4.2, the prototype was subject to the
following experimental procedure.

First, with the spring unlocked, a force was applied to the load cell with constant velocity on the free
slider until a pre-defined maximal force was reached. At that point, force was measured by the load cell.
After collecting the force data, the spring was locked axially by tightening the friction clamp and the length of
the spring was measured. Next, the slider was unlocked and moved back to its initial position. As described
in Fig. 2.6d-e, moving the slider shifted the spring to a new configuration that granted greater mechanical
advantage over the spring. The process described here was then repeated until maximum spring deformation

was achieved.

2.6.3 Experimental Result
Figure 2.7 displays the experimental result.

Figure 2.7a, shows the force-deflection trend predicted in Section 2.4.2. Force is observed to increase up
to the maximum force, then decrease to allow another squat despite the increased potential of the spring. The
decrease in force required to enable a new squat is accomplished by the ratchet, pawl, and pulley assembly,
described in Section 2.5.2. The iterative force-deflection behavior (solid lines) is compared to the force
required to reach the same spring deflection in a single squat (dashed line).

Figure 2.7b shows the iterative increase in spring potential. The results show that the spring accumu-
lates the same energetic potential in three squats (solid lines) as compared to that accumulated in one squat
(dashed line). However, similar to what was predicted in Section 2.4.2, the mechanism reduces the amount

of force necessary to accumulate the same amount of potential energy. In particular, the 25% decrease in
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Figure 2.7: Experiment. (a)-(b) Example of one iteration performed during the experiment (solid lines in (d)).
(c) Example of stiffness change between iterations (dashed lines in (d)). (d) Experimental force-deflection
data for iterative energy accumulation using a limited force (solid lines). The data is normalized by the
maximum force used to compress the spring. The maximum force is compared to the force required to achieve
the same spring deflection after one compression (dashed line). (e) Experimental energy accumulation data,
normalized by the maximum energy that can be accumulated in a single squat subject to maximum force
(solid lines). The energy stored by the spring after three iterations with the limited force is compared to the
energy that could be stored after one compression using a larger force (dashed line).

force observed in Fig. 2.7a resulted in 75% percent more energy accumulated by the spring compared to the
energy one could store after a single squat when using the same maximal force. This result follows the same
trend observed in Fig. 2.4. Further, when the device is reset to the initial mechanical advantage x = [;, it
yields nearly 25% more assistive force (Fig. 2.7a) and 75% more energy compared to the maximum force
used to repetitively compress the spring and the associated energy stored by the spring when compressed by
the maximum force in a single squat (Fig. 2.7b).

While the experimental results were similar to the theoretical predictions, there were notable differences.
For example, the mechanism exhibited roughly 84 percent efficiency, due to the energy loss observed during
the experiment. This energy loss is shown in Fig. 2.7a by the black dashed lines not being vertical between
iterations. The loss of energy can also be observed in Fig. 2.7b, where the energy accumulated in the spring
first decreased at the beginning of each new energy accumulation cycle.

Two main factors contributed to the observed energy loss; first, the cables used to couple the retraction

springs to the spring assembly were not completely inextensible, and second, the ratchet and pawl only
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provide discrete locking positions of the spring endpoints along the leg shafts, and therefore introduced some
amount of backlash.

One can also observe in Fig. 2.7a that force is not initially zero, despite the zero initial spring potential,
see Fig. 2.7b. This initial force was due to pre-loading of the compression spring to mitigate slack in the
pulleys and cables. Also, the forces created by the retraction springs tend to pull the spring endpoints towards

the knee, which in turn creates a moment about the knee that wants to straighten the leg.

2.7 Conclusion

In this paper, we studied a model of a human performing a repetitive squat-to-stand task to accumulate energy
in a lower-limb spring-leg exoskeleton. This task was used as a representative example of iterative energy
accumulation in a spring under force and deformation constraints. We proposed a variable stiffness floating
spring leg mechanism to demonstrate the novel force-deflection and energy storage behavior conjectured
in this study. Our theoretical predictions were experimentally validated using a prototype variable stiffness
floating spring mechanism.

The prototype supplements the floating spring technology introduced in one of our prior works [28] by
presenting a novel method for automatically adjusting the mechanical advantage of the human or a robot
over a spring between compression iterations. The mechanism demonstrated the key novelty proposed in
this work: a static gravitational force, provided by the mass of a human or robot, can be used to accumulate
energy in a spring independent of the desired amount of energy stored by the spring.

The new capability of iterative energy accumulation using a limited static force, enabled by the method
and device presented in this paper, could allow humans and robots with limited force capability and limited
range of motion to perform physically demanding tasks, for example, to jump higher [25, 29, 20], move faster
[30], or lift heavier objects [4], by harnessing the energy stored in assistive springs. The results presented in
this work pave the way towards novel designs of robot exoskeletons and spring-driven robots with enhanced

energy storage capabilities.
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CHAPTER 3

Harnessing Accumulated Energy

So far, the focus has largely been on the method to accumulate energy. However, this chapter will explore
how this accumulated energy can be harnessed to enhance performance in fundamental tasks, such as lifting
and jumping.

For the proposed floating spring leg mechanism, releasing stored energy starts with shifting the spring to
the initial configuration, x = [;, to increase the mechanical advantage of the spring over the mass of the user.
In Section 2.4.2, this resulted in over double the assistive force supplied to the user compared to the maximal

force used to compress the spring. In turn, the user gains the potential to lift significantly more weight.
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Figure 3.1: Comparison of achieved jump height with and without the assistive spring when releasing accu-
mulated energy after one to four squat iterations.

Now, to investigate jumping, the ability of the legs is included together with the work done by the assistive
spring during the motion. The average force of the legs is considered to be 1.7mg [25] and the mass of the
user is considered a point mass. When released, the accumulated energy and the legs work to accelerate the
mass until the legs are fully extended. Since x = I, Equation 2.7 asserts that s = /. In turn, the potential of the
spring is completely transferred to kinetic energy of the mass at full leg extension. The velocity of the mass

at takeoff can then be written as shown below, where s is the final compressed spring length after energy is
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stored in the spring:

ks 2 %
— (seg=57)"+ 148 (seg=57) | 3.1)

V=

This kinetic energy then propels the user off the ground and, considering only the acceleration of gravity,
simple analysis of constant acceleration expressions can be used to predict jump height. Figure 3.1 displays
the maximum jump height achieved when accumulated energy is released after one or several compression
iterations with the floating spring leg mechanism. Also, the jump heights achieved with the assistive spring
are compared to the jump height reached when using the force of the legs alone.

Using this simple analysis, Figure 3.1 shows that iterative compressions enabled by the floating spring leg
mechanism could yield jump heights over 50 percent higher than what could be achieved in a single iteration
of energy storage and release using the same force to compress the spring, and nearly twice as high as the
legs can do without spring assistance. Beyond increasing human jumping ability, this could prove useful in

enabling increased jump heights in robots without an increase in motor size or power requirements.

18



CHAPTER 4

Discussion and Conclusion

This paper presented a novel method for iterative energy accumulation in assistive springs where the force to
deform the spring can be independent from the energy stored by the spring (Section 2.4.2). Then, this method
was demonstrated using a small scale prototype of a floating spring mechanism (Section 2.5.1). The key
feature of the presented design was the ability to automatically adjust mechanical advantage between com-
pression iterations while maintaining the potential energy of the spring (Section 2.4). While the feasibility
of the proposed method was experimentally demonstrated on an initial prototype, this proof-of-concept was
performed on a small scale tabletop mechanism. The ability to accumulate energy in assistive springs using
bounded force and deformation on a broader scale poses several design challenges. To aid in the scalability
of the proposed method for future designs, the rest of this chapter will delve further into key design consider-
ations for the floating spring mechanism utilized in this work, and provide closing comments on this work as

a whole.

4.1 Locking the Compression Spring

For this energy accumulation task, strategically adjusting stiffness between squats was necessary to allow
the constant force provided by the weight of the user to continue to do work on the spring over repeated
squats. While variable stiffness spring technology has a large body of work discussing the energetic benefit
of adjustable impedance [31, 32, 33, 34, 35], the body of work narrows when considering mechanisms that
allow adjustable impedance with maintained energetic potential [36, 28]. Such a behavior requires clutched-
elastic actuation techniques using multiple clutches [6], with an ability to clutch and de-clutch the spring
while under high forces from spring potential.

This work utilized independent clutching of the compression spring in the floating spring assembly, to
lock the spring axially and maintain stored energy after each compression iteration, and the endpoints of
the floating spring assembly, to automatically adjust stiffness between compression iterations. As detailed
in Section 2.5.2, the working principle relied on a friction-based approach to achieve the necessary axially
locking of the spring. While the friction clamp (see Fig. 2.5a) allowed infinite locking positions within
the deformation range of the spring, the shoulder-bolt had to be manually tightened to secure the spring.
This was an effective strategy for an initial proof of concept. However, ideally the working principle could
be accomplished automatically during the repetitive compression procedure, much like how the stiffness

adjustment occurs simultaneously with the movement of the mechanism back to its initial position.
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Further, the required locking force increases proportionally with the energy stored by the spring, since
the shoulder-bolt used in the friction clamp simply tightens to increase the normal force applied on the
compression spring housing. To accomplish the same level of normal force without human input would
require large or highly geared motors, adding significant weight to the floating spring assembly. To store
significant energy on a human scale, as in Fig. 2.1, friction-based locking will require considerable forces to
prevent slip [37], meaning the current approach may not be an efficient scalable solution.

Therefore, the ability to apply the energy accumulation method presented in this paper on a larger scale
will benefit from spring designs that are lightweight, energy efficient, and capable of locking with minimal
actuation force. This design challenge is an ongoing area of research. One promising solution that is being
developed utilizes a capstan clutch to lock a compression spring at any deflection using small actuation force

compared to the spring force.

4.2 Spring Retraction Assembly

As detailed in Section 2.5.1 and Section 2.5.2, the pulleys utilized in the floating spring assembly feature two
drums rigidly connected to form a single body. One with a cable connecting to a bearing-supported endpoint
of the spring, and the other with an oppositely wrapped cable connecting to an extension spring. In turn, the
relative size of the drums determines the amount of force applied to the bearing, F;,, from the force of the
extension spring, F,. With D; and D, denoting the diameter of the bearing cable drum and extension cable

drum (see Fig. 4.1b), respectively, the force of the extension spring and force on the bearing can be related:

D,
b, =F, (Db> ; 4.1

For the initial prototype, D, > D; was selected to minimize the amount of extension spring force necessary
to retract the compression spring assembly. With e denoting the length of the extension spring and k. de-
noting the stiffness of the extension spring, the force of the extension spring can be written in terms of the
diameters of the pulley drums, the pre-loaded length of the extension spring e, the equilibrium length of the
extension spring e.,, and the initial and current endpoint position of the compression spring assembly xo and

X, respectively:

Fo =k, (€0 — eeq) — ke (De> (xo—x). 4.2)
Dy,

The first term represents the initial force of the extension spring due to pre-load, while the second term

represents the decrease in force of the extension spring as the spring assembly retracts towards the knee.
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Figure 4.1: Force and kinematic analysis using the CAD model of the spring leg prototype. (a) With the
compression spring locked, the floating spring assembly acts as a rigid link of length s. The force from the
extension springs, F,, creates a force Fj, to retract the spring endpoint bearings towards the knee, which results
in a force at the hip, Hy. (b) The extension springs, of length e, are coupled to the spring endpoint bearings
by pulleys with two drums. The cable connected to the extension spring wraps around a drum of diameter
D,., while the cable connected to the spring endpoint bearing wraps around a drum of diameter Dj,.

Also, as mentioned in Section 2.6.3, this system of pulleys and cables used to retract the compression
spring assembly creates a non-negligible force at the hip that wants to straighten the mechanism (that is,

increase the length of the mechanism, /). This force, denoted as H,, arises from the retraction forces on the

bearings:
H, = Fycos(0), 4.3)
where,
cos(8) = —. (4.4)
2x

From expression (4.3) and (4.4), H, approaches Fj, as x decreases and the endpoints of the spring approach
the knee.

Further, Section 2.6.3 also mentioned how the discrete nature of the ratchet and pawl used in the spring
retraction assembly contributed to the energy loss observed in the experimental results. Backlash between
the ratchet and pawl means that, after being unlocked, the compression spring must extend slightly before
the pawl engages with the ratchet and locks the motion of the spring endpoint bearings. Therefore, some of
the energy stored by the spring is lost before force output from the mechanism is measured. For the initial
proof-of-concept the ratchet and pawl were 3-D printed, meaning the ratchet teeth and tip of the pawl were
limited by the minimum feature size achievable by the printer. To reduce backlash between the ratchet and
pawl and increase the efficiency of the mechanism, future designs should utilize machined ratchet and pawl
to achieve smaller pitch between the ratchet teeth and provide more continuous locking of the spring endpoint

bearings along the leg shafts.
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4.3 Conclusion

To improve the practicality of wearable assistive devices, such as exoskeletons and exosuits, researchers are
faced with the challenge of efficiently utilizing energy in the human-exo system. Passive and quasi-passive
assistive devices are a prominent solution to avoid large power supplies and motors that add significant weight
and hinder desired functionality. However, passive assistive devices face several challenges before they can
approach the versatility of active assistive devices. This paper outlined key theory and an initial prototype
for a natural extension to passive exoskeleton technology: assistive devices that can accumulate energy in
springs through repeated cycles of energy storage within the force and deformation limits of the human-
wearable system.

The class of passive wearable assistive devices proposed in this work allow a limited force, like the weight
of a user, to continue to do work on a spring despite increasing potential of the spring. Such devices rely on
multiple clutches to independently control the energy stored by the spring and control the position of the
spring in the mechanism to iteratively adjust the mechanical advantage between the applied force and the
spring. It was also shown that this iterative change in mechanical advantage could be accomplished entirely
passively, using a system of ratcheted pulleys and extension springs. Further, the importance of future work

on lightweight and energy efficient designs to lock and store spring potential was discussed.
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Appendix A

Psuedo-code

(a) (b) (c) (d) (©

Figure A.1: (a)—(d) Iterative squat sequence with floating spring leg model. (e) Geometric parameters for the
floating spring leg model.

Execute once using initial conditions:

Using moment balance about the knee, solve for initial compressed spring length:

X0 mg (I
mg = ki (lz> (seq—sg) ésg:seq—k—s <x0> (A.1)

LOOp until: er‘l:] E, = Eqesired || S:lr = Smin
Previous post-squat spring length retained as new pre-squat length:
S =Sy (A2)

Apply similar triangles between Fig. A.1(a) and Fig. A.1(c) to determine new spring position:

Xy = (A3)
snfl

Using moment balance about the knee, solve for post-squat compressed spring length:

S = S0 — 28 <Z’> (A4)

ks \ xn
Analyze change in total energy:
AE. — Lk —s) = (s, —st )2 A5
n= ks (Seq—5n )" = (5eqg —51_1) (A-5)

Determine post-squat leg length achieved, Fig. A.1(e):

l
IH= (;) st (A.6)

Update values for next loop:

+ ot o o _
Sy 1 =8, S| =S, Xn_1 =Xy (A.7)
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Appendix B

Matlab Code

Listing B.1: Script defines general parameters

function par = sl_parameters_vs()

persistent

parameters

if isempty(parameters)

%% parameters

M = 50; % point mass at the hip; kg

g = 9.81; % accel. due to gravity; m/s"2
1.t = 0.525; % thigh length; m

1_sh = 0.525; % shank length; m

y_max = 1.0; % initial hip height; m

y_min = 0.60*y_max; % minimum hip height; m

s_eq = y_max; % spring equilibrium length; m

s_min = 0.3xs_eq; % minimum spring length; m

%% store in parameters variable

parameters.

parameters

parameters

parameters.

parameters

parameters

parameters.

parameters.

end

M=M;

‘9 =09;

Jt = Lt
1sh = 1_sh;

.ymax = y_max;

.ymin = y_min;

s_eq = s_eq;

smin = s_min;

par = parameters;

end
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Figure B.1: Spring leg geometry defined in terms of lab frame coordinates.

Listing B.2: Script outputs leg coordinates as defined by Figure B.1

function [xS1,yS1,xS2,yS2,xK,yK] = resolve_coord(x,y_in)
%% Import parameters
par = sl_parameters_vs();

1t

par.lt;

1_sh = par.1lsh;

%% Calculate leg angles

%srelative angle between thigh and shank leg segments

theta_in = acos((1_t.”2 + 1_sh.”2 — y_in.”2)./(2.x1_t.x1_sh));
%thigh angle from the vertical

a_t = asin((l_sh./y_in).x*sin(theta_in));

%sshank angle from the vertical

a_sh = pi — theta_in — a_t;

%% Evaluate joint positions in lab frame coordinates

x1_temp = 1_t — x; %distance from hip to thigh endpoint position
x2_temp = 1_sh — x; %distance from ankle to shank endpoint position

xK = 1_sh.xsin(a_sh); yK = l_sh.xcos(a_sh);

xS1 = x1_temp.*sin(a_t); yS1 = y_in — x1_temp.xcos(a_t);

XxS2

x2_temp.*sin(a_sh); yS2 = x2_temp.*cos(a_sh);
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Listing B.3: Script runs main simulation

clear; clc; close all;
%% Import parameters

par = sl_parameters_vs();
M = par.M;

1.t = par.lt;

1_sh = par.lsh;

y_max = par.ymax;

y_min par.ymin;

s_eq = par.s_eq;

s_min = par.smin;

g = par.g;

%% Determine key constants

F_max = Mxg;

dely_max = y_max — y_min;

W_max = F_maxxdely_max;

E_desired = 1.75xW_max;

k_min = (2xE_desired)/(s_eq — s_min)"2;

k_©@ = 1.1325xk_min; %selected to prioritize full squats

s_init = s_eq — F_max/k_0; %spring length after initial deflection

s_prevPlus = s_init; %initial compressed spring length achieved

s_prevMinus = s_eq; %initial spring length before first compression

X_iPrev = 1_t;

%define figures

leg_fig = figure; %splot hip force v. leg deflection
spring_fig = figure; %plot hip force v. spring deflection

E_fig = figure; %splot spring potential v. spring deflection
n = 0; %track number of iterations

sfail_flag = 1; %initialize error flag

%% Initialize arrays

X_array = 0;

xKemat = []; yK.mat = [];
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xS1_mat

[1; yS1l_mat

Il
—
—

xS2_mat = []; yS2_mat

1l
—
—

XH

0; yH_mat = [];
XA = 0; yA = 0;

Fout_mat

[1;
sout_mat = [];
s_lengths_array = [];
s_array = s_init;

ycomp_array = (l_t/x_iPrev)x*s_init;

sdef_array [0 s_eq—s_init];
ydef_array = [0 y_max—ycomp_array];

%% Calculate leg coordinates for initial squat

y_temp = linspace(y_max,ycomp_array);

yH_mat horzcat(yH_mat,y_temp);

[xS1,yS1,xS2,yS2,xK,yK] = resolve_coord(x_iPrev,y_temp);

xK_mat = horzcat(xK_.mat, xK); yK_mat = horzcat(yK_mat, yK);

xS1_mat

horzcat(xS1l_mat, xS1); yS1l mat

horzcat(yS1l_mat, yS1);

xS2_mat = horzcat(xS2_mat, xS2); yS2_mat

horzcat(yS2_mat, yS2);
%% Plot initial force—deflection

y_input = linspace(y_max,ycomp_array);

def_temp = y_max — y_input;

F_out = k_0.xdef_temp;

Fout_mat = horzcat(Fout_mat,F_out);

sout_mat = horzcat(sout_mat, (x_iPrev/1_t).xy_input);
figure(leg_fig)

plot(def_temp,F_out./F_max) %Normalized

figure(spring_fig)

plot([0,(s_eq — s_init)./(s_eq — s_min)],[0,F_max./F_max]) %Normalized
%% Main loop

while sfail_flag > 0
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n=n-+1;
%sset a bound on the number of iterations
if n > 20
disp('loop iteration limit reached')
break
end
%%Solve for x_i to satisfy initial geometry each iteration
s_iMinus = s_prevPlus;
X_1i = (s_iMinus/s_prevMinus)*(x_iPrev);
%%Calculate leg coordinates for shift of x_iPrev to x_i as previous iteration
returns to standing
x_temp = linspace(x_iPrev,x_1i);
y_temp = linspace(ycomp_array(n),y_max);

yH_mat = horzcat(yH_mat,y_temp);

[xS1,yS1,xS2,yS2,xK,yK] = resolve_coord(x_temp,y_temp);

xK_mat = horzcat(xK_mat, xK); yK.mat = horzcat(yK_mat, yK);

xS1_mat

horzcat(xS1l_mat, xS1); yS1 mat

horzcat(yS1l_mat, yS1);
XS2_mat = horzcat(xS2_mat, xS2); yS2_mat = horzcat(yS2_mat, yS2);
%%update force and spring arrays for the shift
Fout_mat = horzcat(Fout_mat,Fout_mat(end).*ones(1,100));
sout_mat = horzcat(sout_mat,sout_mat(end).*xones(1,100));

%%Form deformation expressions
s_iPlus = s_eq — (1_t/(k_0xx_1i))*M*g; %compressed spring length
y_ii = (l_t/x_i)*s_iPlus; %new minimum mass height
def_yii = y_max — y_ii;

%%Update arrays
s_lengths_array = cat(2,s_lengths_array,s_prevPlus,s_iPlus);
ydef_array = cat(2,ydef_array,def_yii);
sdef_array = cat(2,sdef_array, (s_eq — s_iPlus));

s_array = cat(2,s_array,s_iPlus);
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ycomp_array = cat(2,ycomp_array,y_ii);

%%Calculate and plot output force—-deflection behavior each iteration

y_input = linspace(y_max,y_ii,1000);

def_temp
s_out =

F_out =

= y_max — y_input;
(x_i./1_t).*xy_input; %calculate spring length

(x_i./l_t).xk_0.x(s_eq — s_out); %calculate hip force

%%Check that s_out does not surpass s_min

if any(s_out <= s_min)

disp

('Error: sol_s < s_min, hard stop reached!"')

[~,sfail_index] = min(abs(s_out—s_min));

F_out = F_out(l:sfail_index); %trim Force output up to s_min

s_out = s_out(l:sfail_index); %trim s length vector up to s_min

sfail_flag = —1; %sset flag < 0

sdef_array(end) = (s_eq — s_out(sfail_index));

s_ar

ray(end) = s_out(sfail_index);

def_temp = def_temp(l:sfail_index); %trim vector up to s_min index

ycom

end %end
%%Save force
Fout_mat
sout_mat
%%Calculate

y_temp =

yH_mat

[xS1,yS1

XxK_mat

yK_mat

XxS1_mat
yS1_mat

XxS2_mat

p_array(end) = y_input(sfail_index);

error checking

and spring deformation arrays (must maintain consistent array size)
= horzcat(Fout_mat,linspace(F_out(1l),F_out(end)));

= horzcat(sout_mat,linspace(s_out(1l),s_out(end)));

leg coordinates for current iteration with x_i and y_max to y_ii
linspace(y_max,ycomp_array(end));

horzcat(yH_mat,y_temp);

,XS2,yS2,xK,yK] = resolve_coord(x_i,y_temp);

horzcat(xK_mat, xK);

horzcat(yK_mat, yK);

horzcat(xS1l_mat, xS1);

horzcat(ySl_mat, ySl);

horzcat(xS2_mat, xS2);
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yS2_mat = horzcat(yS2_mat, yS2);
%%Plot force-deflection result for current iteration
figure(leg_fig)
hold on
plot(def_temp./dely_max,F_out./F_max) %Normalized
figure(spring_fig)
hold on
plot((s_eq — s_out)./(s_eq — s_min),F_out./F_max) %Normalized
%%Calculate relative energy change
E_ch = abs(0.5xk _0+(s_eq — s_prevPlus)”2 — 0.5xk _0*(s_eq — s_iPlus)”"2);
E_ch_norm = E_ch./W_max;
%%Update values
s_prevPlus = s_iPlus; s_prevMinus = s_iMinus; x_iPrev = x_i;
end %end Main loop
%% Add figure labels
figure(leg_fig)
title('Force v. Deflection');
xlabel('Output/Mass Height Deflection (m)');
ylabel('Mechanism Output Force')
figure(spring_fig)
title('Normalized Output Force v. Spring Deflection');
xlabel('Spring Deflection (m)'); ylabel('Normalized Output Force')
%% Plot PE behavior — Normalized by E_max from single squat at k_0
E_total_array = 0.5.xk_0.x(sdef_array).”2; %potential after n iterations
E_max = 0.5xk_0x(sdef_array(2))"2 — 0.5xk_0x(sdef_array(1))"2;
figure(E_fig)
hold on
def_temp = linspace(0,s_eq — s_min);
E_temp = 0.5.xk_0.x(def_temp)."2;
plot(def_temp./(s_eq — s_min),E_temp./E_max, 'LineWidth',2)
title('Spring Potential v. Spring Deformation')

xlabel('Deflection (m)"')
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ylabel('Normalized Spring Potential')
yticks(0:0.25:5.25)
x1lim([0 1])
%Add horizontal lines to segment each energy accumulation iteration
for i = 2:length(E_total_array)
yline(E_total_array(i)./E_max, —',sprintf('n = %d',i—1))
end
%% Plot single squat & 3 squat — Normalized
figure(spring_fig)
plot([0 s_eq — s_min]./(s_eq — s_min), [0 k 0x(s_eq — s_min)]./F_max)
ylim([0 2.3])
yticks(0:0.25:2.25)

%% Animate

XA_mat zeros(1l,length(xK_mat)); yA_mat = zeros(1l,length(xK_mat));
xH_mat = zeros(1,length(xK_mat));
itemp = 1;
f_animate = figure();
f_animate.WindowState = 'maximized';
for i = 1:length(yH_mat)
%%Spring Leg Motion
sub = subplot(2,3,[1,41);
cla(sub); hold on;

xline(0, ': %draw line along the mass deflection

%sdraw the shank leg segment

line([xA_mat(i) xK.mat(i)],[yA_mat(i) yK.mat(i)l,...
'Color', 'k', 'LineWidth',3, 'Marker','."', 'MarkerSize',b24)

%draw the thigh leg segment

line([xK_mat(i) xH_mat(i)],[yK.mat(i) yH_mat(i)],...

'Color','k', 'LineWidth',3, 'Marker','."', 'MarkerSize',b24)

%plot the spring

t =0:0.01:1;
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spring_offset = 0.15;

ss = (ySl._mat(i) — yS2_mat(i)) — spring_offset; %set length of spring

Tt = ssxt;

freq = 8/ss; %influence number of spring coils

Rot = [cosd(—90), —sind(—90); sind(—90), cosd(—90)]; %set orientation

springs = Rotx[t; 0.025*sin(2xpixfreqxt)];

plot(springs(1,:)+xS1 _mat(i),springs(2,:)+yS1 _mat(i)—spring_offset/2,...
'Color',[0.3 0.3 0.3], 'LineWidth',2) %draw the spring

line([xS1_mat(i) xS2_mat(i)],[ySl-mat(i) yS1l mat(i)—spring_offset/2],...
'Color',[0.3 0.3 0.3], 'LineWidth',2) %draw the spring offset

line([xS1_mat(i) xS2_mat(i)],[yS2_mat(i) yS2_mat(i)+spring_offset/2],...
'Color',[0.3 0.3 0.3], 'LineWidth',2) %draw the spring offset

%sdraw spring endpoint slider; change color based on locked/unlocked

if i > 100 && 1 < 200

plot(xS1l_mat(i),ySl_mat(i),'b.", 'MarkerSize',24)

plot(xS2_mat(i),yS2_mat(i),'b.", 'MarkerSize',24)

elseif 1 > 300 && i < 400

plot(xS1_mat(i),ySl _mat(i),'b.", 'MarkerSize',24)

plot(xS2_mat(i),yS2_mat(i),'b.", 'MarkerSize',24)

elseif i > 500 && i < 600

plot(xS1l_mat(i),ySl_mat(i),'b.", 'MarkerSize',24)

plot(xS2_mat(i),yS2_mat(i),'b.", 'MarkerSize',b24)
else

plot(xS1l_mat(i),ySl_mat(i),'r.", 'MarkerSize',24)

plot(xS2_mat(i),yS2_mat(i),'r.", 'MarkerSize',24)

end

%plot the mass at the hip

plot(0, yH_mat(i), 'Color',[0.5 0.5 0.5], 'Marker',"'."', 'MarkerSize',150);

text(xH_mat(i),yH_mat(i), 'M', 'HorizontalAlignment', 'center’',...
'FontSize',20)

hold off
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axis([—0.5 0.5 0 1.5])
drawnow
%%Force v. Deflection
sub2 = subplot(2,3,[2,3]);
xlabel('Normalized Spring Deflection', 'FontSize',14)
ylabel('Normalized Hip Force', 'FontSize',14)
hold on
axis([0 1 ©@ max(Fout_mat./F_max)])
%define color factor (cf), line width (lw), and line style (1ls) for

%each section of force deflection profile

if 1 <= 100
cf =0.8;
w=3; ls = '—';

elseif i>200 && i <=201 %insert dashed vertical line

itemp = 200;
cf =0.1;
w=1; 1s ="'"";

elseif i>201 && i <= 300

itemp = 202;
cf = 0.6;
w=3; ls ="'"";

elseif i>400 && i <= 401 %insert dashed vertical line

itemp = 400;
cf =0.1;
lw=1; ls = "—"';

elseif i>401 && i <= 500

itemp = 402;
cf = 0.4;
lw=23; 1ls = '"—";

elseif i>600 && i <= 601 %insert dashed vertical line
itemp = 600;

cf =0.1;
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elseif 1 <= 700

itemp = 602;

cf =0.2;

lw=23; 1ls = '—";
end

plot((s_eq — sout_mat(itemp:i))./(s_eq — s_min),...
(Fout_mat(itemp:i))./F_max, ...
'Color',[cf cf cf],'LineWidth',lw, 'LineStyle"',1s)
%%Potential v. Deflection
sub3 = subplot(2,3,[5,6]);
xlabel('Normalized Spring Deflection', 'FontSize',14)
ylabel('Normalized Spring Potential', 'FontSize',14)
hold on
axis([0 1 0 max(E_total_array./E_max)])
if i <= 100
cf = 0.8;
elseif i>100 && i <= 300
itemp = 100;
cf = 0.6;
elseif i>300 && i <= 500
itemp = 300;
cf = 0.4;
elseif i <= 700
itemp = 500;
cf =0.2;
end

plot((s_eq — sout_mat(itemp:i))./(s_eq — s_min),...

(0.5.%k_0.*x(s_eq — sout_mat(itemp:i)).”2)./E_max, ...

"Color',[cf cf cfl, 'LineWidth',3)
movieVector(i) = getframe(gcf);

end %end Animation loop
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%% Save the animation as a mp4 video
myWriter = VideoWriter('LegMotion', 'MPEG—4');
myWriter.FrameRate = 20;
open(myWriter);
writeVideo(myWriter, movieVector);
close(myWriter);
%% Determine jump behavior — solve projectile dynamics
figure
%plot jump height achieved by leg force alone
v_leg = sqrt(l.4*g*(y_max — y_min));
%time to reach peak height
t_peak = v_leg/g;
tspan_peak = linspace(0,t_peak,100);
%calculate peak height
y_peak = y_max + v_leg.xtspan_peak — 0.5.x*g.x*tspan_peak."2;
hold on
plot(tspan_peak,y_peak./y_max)
for i = 1:length(s_array)
%scalculate takeoff velocity
v_off = sqrt((k_0/M)*(s_eq — s_array(i))"2 +...
1.4xg*(y_max — s_array(i)));
%time to reach peak height
t_peak = v_off/g;
tspan_peak = linspace(0,t_peak,100);
%scalculate peak height
y_peak = y_max + v_off.xtspan_peak — 0.5.x*g.*xtspan_peak.”"2;
plot(tspan_peak,y_peak./y_max)

end
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