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ABSTRACT OF THE DISSERTATION

Energy Recycling and Management for Lower Limb Exoskeleton

by

Hao Lee

Doctor of Philosophy in Mechanical Engineering

University of California, Los Angeles, 2023

Professor Jacob Rosen, Chair

Lower Limb Exoskeleton, a wearable robot that is designed to provide lower limb assistance

to users, has been rapidly developed in the previous decade. The goal of these robots is

to replace human labor with robots while still having humans involved. However, while

these robot suits provide sufficient assistance to the users, the efficiency of the robot is often

overseen. Thus, restrict the exoskeleton’s operating time or required it to connect to an

external power supply. However, there is plenty of energy wasted in human motions. In this

study, we target ”loaded bipedal walking” as the primary motion to assist.

In chapter 2, we applied trajectory optimization on different mechanical designs for lower-

limb exoskeletons. It is commonly known that humans tend to use more energy to walk

compared to other limb-based locomotion animals. This higher energy usage is due to ”heel

strikes” and ”negative work” during human gait. Passive walkers elevate this phenomenon

by utilizing elastic joints that absorb/reuse some of the negative work. The objective of this

study is to absorb energy at one phase of the gait cycle, store it, and then release it at a later

phase through the use of a lower limb exoskeleton. Knee geometry is one important factor in

energy efficiency during gait. Animals with reversed knees compared to humans (backward
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knee), such as ostriches, exhibit improved energy efficiency. As part of this study, new energy

optimization strategies were developed utilizing collision-based ground reaction forces and a

discrete lagrangian. The minimal cost of transport (CoT) gait patterns were calculated with

both forward-knee and backward-knee human-exoskeleton models. Simulation results show

that wearing a backward-knee exoskeleton can reduce the CoT by 15% of while carrying

external loads ranging from 20 to 60 kg. In addition, when the exoskeleton utilized energy

recycling, the CoT was shown to be further reduced to 35%. These simulation results

suggested that the optimal design for an exoskeleton aimed at utilizing energy recycling

principles should incorporate backward-knee configurations much like those found in energy-

efficient biped/quadruped animals. In fact, since the potential energy sources (heel strikes,

negative work) and the main energy consumer (ankle push-off) occurs in the opposite legs,

the ideal actuators for the exoskeleton need to be able to recycle, store, and transfer energy

between different legs.

To satisfy the actuator’s requirements from chapter 2, in chapter 3 we choose pneumatic

actuators as the actuator for our exoskeleton. Pneumatic actuators are a popular choice

for wearable robotics due to their high force-to-weight ratio and natural compliance, which

allows them to absorb and reuse wasted energy during movement. However, traditional

pneumatic control is energy inefficient and difficult to precisely control due to nonlinear

dynamics, latency, and the challenge of quantifying mechanical properties. To address these

issues, In chapter 3, we developed a wearable pneumatic actuator with energy recycling

capabilities and applied the sparse identification of nonlinear dynamics (SINDy) algorithm

to generate a nonlinear delayed differential model from simple pressure measurements. Using

only basic knowledge of thermal dynamics, SINDy was able to train models of solenoid valve-

based pneumatic systems with a training accuracy of 90.58% and a test accuracy of 86.44%.

The generated model, when integrated with model predictive control (MPC), resulted in a

5% error in pressure control. By using MPC for human assistive impedance control, the

actuator was able to output the desired force profile and recycle around 88% of the energy
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used in negative work. These results demonstrate an energy-efficient and easily calibrated

actuation scheme for designing assistive devices such as exoskeletons and orthoses.

In chapter 4, we presented Pneumatic Exoskeleton with Reversible Knee (PERK). It

utilizes the pneumatic actuators we developed in chapter 3, and the control strategies we

concluded in chapter 2. Three clinical trials were done on three different test subjects. The

results showed despite different walking patterns across different test subjects, there is less

potential energy change during the swing phase of walking, potentially reducing the energy

loss during the heel strike. In addition, during the double support phase, there is less energy

consumption in the pneumatic system while configuring it as backward-knee, indicating it is

easier or more intuitive for the user to have the exoskeleton recycling the dissipated energy

with the backward-knee mechanism.
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CHAPTER 1

Reducing Energy Consumption in Human Walking

with Exoskeletons

1.1 Human Performance Augmentation Exoskeleton

Lower Limb Exoskeleton, a wearable robot that is designed to provide lower limb assis-

tance to the users, has been rapidly developed in the previous decade. The goal of these

robots is to replace human labor with robots while still having humans involved. Compare

to having humans control a robot, these wearable robot suits have the potential to operate

in any place that humans can reach, while traditional robots arms require extra space or

modification of the environment. Yamamoto made the first attempt by developing a full

body exoskeleton that is capable of lifting 60 kg during nursing [1], [2]. However, this ex-

oskeleton only focuses on transferring patients from beds to wheelchairs, the mobility of the

exoskeleton was not considered. On top of that, only the arm, waist, and knees are actuated,

resulting in extra loads on user’s ankle joints. In order to address this issue, Kazerroni et

al., presented a movable load-carrying, full lower-body exoskeleton- BLEEX, which is later

commercialized as Ekso [3], [4]. BLEEX can achieve “transparency”, which means the user

has minimal interaction with the carrying load by transferring the weight of the load to the

ground. Linear hydraulic actuators are selected for its high force density. Nevertheless, while

these exoskeletons assist the user, it is not energy efficient. For example, the net metabolic

cost reduction is not proportional to exoskeletons’ assistance [5]. This may add unnecessary

energy consumption thus limiting the operating time of the lower limb exoskeleton. Around
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72% of the exoskeleton is driven by electric motors [6], most of them are the servo motors due

to its advanced position based control system. Nevertheless, the efficiency of such systems

is limited by the fundamental difference between it and human joints. For example, the

range of human knee joint angular position may range from +20 Deg. to +110 Deg., and the

equivalent angular velocity may be less than 30 rpm [7] but with high torque output, while

most motors operate in 360 Deg. and have maximized efficiency and torque output in higher

rpm. Practically, gear reduction is applied to compensate these differences. However, the

dilemma of gear ratio appears, which is high gear ratio create larger torque but cannot meet

the high angular acceleration in human joints. On top of that, the capacity of the batteries

are often limited. For instance, a common cellphone power bank can only provide 25 W of

power for an hour, while a 60 kg male may need more than 100 W for walking. Although

this may be solved by having more batteries integrated on the exoskeleton, it will increase

the overall weight thus reduce the amount of load it can carry, which results in a dilemma

of exoskeleton’s design.

Some researchers have attempted to optimize the actuating system. Alò [8] designed an

transmission system between the motors and the knee joint. It contains a fly wheel with

infinitely variable transmission, which is basically a continuous variable transmission with

sudden reverse rotating direction ability. Since the motor could operate at a rotational

speed with better energy efficiency, Alò successfully reduced the energy consumption of the

motors. Albeit not equivalent to reduce overall energy consumption, the extra weight’s effect

is unknown.

1.2 Energy Loss and Harvesting in Bipedal Walking

On the other hand, many researchers believe there is potential to harvest energy from

human motion [9], [10]. Among all potential energy sources, impact loss in ground-level

walking has draw attention. Bipedal walking differentiates humans from other mammals.
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The need for only two lower limbs for locomotion allowed for our upper limbs to evolve

into highly dexterous manipulators with fine motor control. The cost associated with this

evolutionary trajectory is a reduction in gait efficiency. The ”heel strike” (the point in time

during the gait cycle where the heel first contacts the walking surface), and the negative work

to ”slow-down” human limbs” are considered the major causes of energy loss in the human

gait cycle [11], [12]. Bipedal walking can be viewed as a cycle of intentional forward falling

halted by collision between the stepping leg and the walking surface. As with any inelastic

collision there is an inherent loss of energy to the environment. Devices based on harvesting

electrical energy from these losses are discussed in [13]–[18]. The primary issue with this

approach is that the metabolic cost associated with wearing the device greatly exceeds their

generated electrical power. Thus, rather than converting mechanical energy into electrical

energy, studies such as [19] have shown benefits in directly storing the energy mechanically.

In fact, such a concept has already been utilized during evolution. Evidence suggests that not

all energy is lost in heel-strike collisions. Tendons, acting as spring-like passive structures,

absorb and store some kinetic energy [20]. Malcom [21] showed that energy recovery can

be improved by increasing the extension of the Achilles tendons by assisting the rear ankle

just before heel strike can improve walking efficiency. These concepts have motivated similar

approaches with robotic devices [22]–[24]. State-of-the-art devices based on this concept are

inspired by the human body and utilize tendon-like serial elastic components for harvesting,

storing, and reusing energy [25]–[27].

It is noteworthy that human motion-enhancing devices typically do not include full-

lower-body exoskeletons, which encompass the thighs, calves, and feet. The reason for this

is that the energy required to walk with the device increases proportionally with the mass

of the additional load and its distance from the individual’s center of mass [28]. To optimize

energy efficiency, researchers frequently minimize the weight added to the distal limbs by

including solely the actuator and have the load carried at the user’s back [29]. However, this

configuration requires the user’s body to serve as the ”mechanical frame” that supports the
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load, which restricts the amount of weight that can be carried due to the physical limitations

of the human body.

1.3 Forward-knee and Backward-knee of Bipedal Walking

However, the human body should restrict designing the exoskeleton. In fact, two primary

leg structures have evolved for bipedal locomotion: forward-knee and backward-knee. The

forward-knee configuration, observed in humans and other primates, involves the knee joint

pointing toward the direction of the gait. The backward-knee configuration, observed in

birds such as ostriches, involves the knee joint pointing against the direction of the gait. In

humans, the forward-knee configuration allows for the recycling of expended energy from

heel strike using the Achilles tendons [30], [31]. During the single support phase of walking,

the support leg’s Achilles tendon recoils and stores rotational kinetic energy as elastic energy.

This energy is then released during toe-off via ankle plantarflexion, propelling the leg forward

[30], [32]. However, this innate mechanism of energy recycling is not fully utilized during

walking, as previous studies have demonstrated that energy storage and expenditure via

tendon stretching and relaxing is only fully optimized during running [33]–[35]. Therefore,

while the forward-knee configuration has some limitations in terms of optimizing energy

consumption during walking, it does not restrict the design of exoskeletons.

Previous studies indicate that running efficiency for the backward-knee configuration

is superior due to several factors. One of these is the extensive use of tendons elasticity.

Rubenson [36] showed that the storage and subsequent reuse of elastic energy is 120% higher

in ostriches than in humans. Another factor is how serial elastic elements (tendons) cross

in the two types of knees. Rankin [37] showed that ostriches, which have tendons that

cross both the knee and hip, experienced greatly reduced torque in the hip joints, when

compared to forward-knee animals [33]. Additionally, the backward-knee configuration does

not require extra hip motion to compensate for knee retraction, a trait present in forward-
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(a)

(b)

Figure 1.1: How quadrupedal animals utilize different knee configurations: (a) absorb impact
with backward-knee configuration (b) Propel with forward-knee configuration

knee walking [38]. The backward-knee configuration also allows for better support of body

weight by lowering metabolic rate, as evident in Guinea fowls [39]. All these potential

advantages motivate the question: can energy efficiency be increased for humans by adopting

a backward-knee configuration?

Unfortunately, Flynn [40] demonstrated that walking or running backward does not en-

hance energy efficiency for humans, indicating that the forward-knee configuration is op-

timal for human walking. However, a potential solution could be a hybrid configuration.

Quadrupedal animals, unlike bipedal animals, employ both forward-knee and backward-

knee configurations. For example, the front and rear legs of horses or felines have opposite

knee-bending directions (Fig. 1.1). Although the galloping gait of horses differs from that of

felines [41], both absorb impact with backward-knees and use forward-knees for ankle push-

off. This suggests that backward-knees have superior impact absorption, while forward-knees

are more energy-efficient for propulsion. Therefore, integrating a backward-knee exoskeleton

with the biological forward-knee configuration of humans has the potential to significantly

enhance overall locomotion efficiency.
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1.4 Inter Limb Energy Transferring

In recent years, there has been a growing interest in enhancing human walking effi-

ciency through the design of exoskeleton systems. However, improving a mechanism that

has evolved for millions of years is challenging. Traditional approaches to reducing walking

energy consumption, such as the addition of springs to increase the stiffness of the Achilles

tendon, have been limited by their reliance on the muscle-skeleton properties of the human

body. As a result, these ”add-ons” only allow for the recovery and reuse of mechanical energy

in the same joint, which is not ideal for bipedal walking. In fact, it may cause unwanted

resistance in other joints. For instance, Uchiada [34] showed that even assistance provided

by ideal actuators during running is still transferred to joints as unwanted resistance. Dem-

bia [42] showed that due to the coupling of muscles in the leg, torques that assist the knee

can also increase the resistive torque at the hip joints. In addition to these unintentional

resistances, the provided assistance and weight of a wearable device can affect the mechanics

of bipedal walking, leading to suboptimal gait patterns [28]. Besides joint coupling, another

challenge in improving the energy efficiency of walking is the asynchronism between the im-

pact loss that occurs when the leading leg contacts the ground and the main effort of moving

forward, which is the ankle push-off from the rear leg. While storage devices can be used

to temporarily store energy, the energy loss during conversion is not negligible. However,

these restrictions do not apply to robotics systems, which can transfer energy from one leg

to another mechanically.

Zhang [43] proposed a design for an exoskeleton system that connects the ankles of the

user via springs and pulleys, reducing the mechanical work of the tailing ankle during walking

by transferring the negative work of dorsiflexion from the leading foot. However, while this

design reduced the overall mechanical work of the tailing ankle, it also resulted in an increase

in overall energy consumption due to the fact that the dorsiflexion of the leading foot is not

the ”impact loss”, but rather negative work that will be absorbed by the Achilles tendon and
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later reused for ankle push-off. To address these limitations, future research should focus on

developing exoskeleton systems that can utilize the impact loss of the leading leg and reuse

it on the following leg.

1.5 Study Contribution

In this study, we will focus on improving the energy efficiency of the full lower-limb

exoskeleton. The goal of this study is to provide the guidelines of optimizing the design of

load-carrying exoskeletons that can be used in the industry. The study will be divided into

three sections. In chapter 2, we will use numerical optimization on models with exoskeletons

in different knee-bending directions to determine the superior mechanical design. To reduce

the energy consumption of the actuators, in chapter 3 we proposed the pneumatic actuator

that can reuse the energy of generating negative work on positive work. A novel data-

driven control method is proposed and verified in the same chapter. Lastly, in chapter 4, we

constructed a full lower-body pneumatic exoskeleton that can be configured as both forward

and backward knee bending directions that integrated with our novel pneumatic actuators

to verify the conclusions that we learned in chapter 2 in a real-world scenario.
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CHAPTER 2

Optimal Assisting Strategies for Exoskeleton -

Simulation

2.1 Introduction

In this chapter, trajectory optimization is employed to examine the interactions between

human, assistive forces, and wearable devices. There are two prevalent methods for trajectory

optimization: multiple shooting and direct method [44]. The multiple shooting approach

utilizes numerical integration for computing the gradient of a cost function and updating

the control input accordingly. Although it ensures the trajectories is physically feasible, it is

computationally expensive and frequently fails to satisfy path constraints, such as achieving

a specific endpoint. In contrast, the direct method, also called the direct collocation method,

defined both system states and control inputs as independent variables, leading to simplified

dynamics of the model presented as nonlinear constraints throughout each time step. One

such example is represented by the formula x′(t)∆t = x(t +∆t)− x(t). The direct method

generally demonstrates higher efficiency and improved convergence when compared to the

multiple shooting method. Kelly [45] demonstrated the use of the direct method in generating

trajectories for bipedal models.

To generate ground reaction forces (GRF), we include a contact-based GRF into our

optimization. The modeling of ground reaction forces (GRF) is crucial for the simulation

of human gait. The direct method of modeling GRF oversimplifies the process, as it views

forces and states as independent variables, which cannot adequately model GRF since it is
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correlated with current joint angles and velocities. To overcome this limitation, recent studies

have modeled GRF as impulses that act only during heel strike [46], [47]. Nevertheless,

this approach neglects the crucial heel-toe walking pattern [48] and causes the foot to just

bounce off the ground. To address this issue, a two-layer optimization method called Contact

Invariant Optimization has been proposed [49]. It consists a two-layer optimization, with

a nonlinear optimization as the outer layer, and a convex quadratic program as the inner

layer. The inner layer solves the joint torques and the GRF with a nominal joint trajectory,

while the outer layer solves the joint trajectories with the path constraints. Though it has

been proven to generate contact forces in multiple scenarios, it is computationally expensive.

In our optimization, we categorize GRF into collision-related and steady forces. Nonlinear

models are used to consider the compliance of the foot for collision-related GRF [50]–[52].

To reduce the computational cost, the dynamics are discretized with a variational integrator

is used [53]. This approach has been shown to generate contact forces in multiple scenarios.

Details of these methods will be elaborated in the following section.

2.2 Model Generating

Three types of models are used in the optimization: a solo human, a human wearing a

forward-knee exoskeleton, and a human wearing backward-knee exoskeleton (Fig. 2.1). Each

model carries a load near the center of mass (COM) of the torso to minimize the energy

consumption since it is proportional to its distance from the COM [28]. The assumption is

made since we believe humans will adjust the load’s location to have the minimum effect

on the metabolic rate. The length, mass, and inertia of each segments are referenced from

Winter [54] (Table 2.1, Fig. 2.2). The physical parameters of the exoskeleton are referenced

from the lower limb exoskeleton at Bionics Lab, UCLA (Fig. 2.3). The parameters of the

exoskeleton are shown in table 2.2.

As shown in Fig. 2.1, human models consist of six links and human exoskeleton hybrid
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Figure 2.1: (a) Model without the exoskeleton. (b) Model with forward-knee exoskeleton.
(c) Model with backward-knee exoskeleton.

models consist of ten links. All the links are connected with revolute joints. The elasticity of

muscles and tendons is simulated with nonlinear torsional springs at each revolute joint with

spring constant from Arnold [55]. Additional damping coefficients are added to the human

joints to simulate synovial joint friction [56].

Table 2.1: Human model’s parameters. m: segment’s mass. M : total body weight (human).
L: segment’s length. Lc: center of mass(proximal). RoG: Radius of gyration

Segment i m/M Li/H Lc,i/Li RoG/Li

Tibia 1 0.0645 0.245 0.433 0.302
Thigh 2 0.1 0.245 0.433 0.323
Torso 3 0.678 0.34 0.5681 0.496
Foot 6 0.0145 0.152 0.5 0.496

h − 0.039 - -
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Table 2.2: Exoskeleton model’s parameters.

Segment i m(kg) Li/H Lc,i/Li RoG/Li

Tibia 4 1.7 0.245 0.5 0.083
Thigh 5 1.7 0.245 0.5 0.083
Foot 7 0.8 0.152 0.5 0.083

h − 0.039 - -

Figure 2.2: Definition of link lengths, COM positions (single leg).

2.3 Multi Phases Optimization

As mentioned in the introduction, each gait cycle is divided into different phases based

on the contact conditions, and simulated with different dynamical functions accordingly. In

most studies, gaits are divided into two phases: single support phase and double support
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Figure 2.3: The backward-knee pneumatic exoskeleton developed in Bionics Lab, UCLA.
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phase [57]. The single support phase refers to the duration in that only one leg is in contact

with the ground (often called the swing phase). The double support phase, as its name

suggests is the brief time when both legs have contact with the ground. Unfortunately, the

two-phase method does not suit the collision-based GRF function (equation 2.2) since it

can only be applied to collision-like contact such as heel strike. It fails at steady contact

seen in ankle push-off. Thus, in our study, we further divide the double support phase into

two sub-phases: an ankle push-off phase and a loading response phase, both of which are

shown in Fig. 2.4. During the ankle push-off phase, the rear toe is always in contact with

the ground. On the other hand, the GRF during the loading response phase is generated

based on the toe’s position and velocity. Thus, state variables in different phases should

have different dimensions, which are defined in (2.1). For the ankle push-off phase (P1), we

only define the rear toe’s GRF fxtoe , fytoe ∈ R, The duration of this phase is referenced from

normal human gaits [57]. For the loading response phase (P3), we define the horizontal GRF

at the toe (f toe
x ) ∈ R and heel (fheel

x ∈ R). We did not need to explicitly define the vertical

GRF like in the ankle push-off phase because it is a function of q in the loading response

phase. Joint angle q ∈ Rn and joint torque u ∈ Rn are also defined in every phase. All

variables are discretized in order to apply the direct collocation method.

qn, un, f
toe
xn

, f toe
yn ∀n ∈ P1

qn, un∀n ∈ P2

qn, un, f
toe
xn

, fheel
xn

∀n ∈ P3

(2.1)
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Figure 2.4: The system dynamics is divided into 3 different phases. P1: Ankle push-off
phase, P2: swing Phase, P3: loading response phase.

2.4 Ground Reaction Forces

The GRF functions in the loading response phase (P3) are listed as below (equation 2.2).

The vertical GRF were defined based on Peasgood [51].

Fn(qt) = σ(qt)(ky(qt)
2 + b(qt)ẏ(qt))

b(qt) = cmax
y(qt)

dmax

σ(qt) =
1

1 + e500(y(qt)−dmax)

dmax = 0.01, cmax = 4000

dmax =
BW

2(dmax)2

qt =
qn + qn+1

2
, q̇t =

qn+1 − qn
h

(2.2)
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The vertical depth that the point of contact penetrates the ground surface is designated

as y, with dmax representing the maximum attainable penetration depth. The overall weight

of the model is denoted by BW . The values of qt and q̇t are derived from a discrete time

series, as per Manchester [53]. The damping coefficient, b, is to increase linearly with depth,

and the maximum damping coefficient, Cmax, is defined based on the findings of Brand et

al. [58]. The spring constant, k, is formulated such that the ground reaction force equates to

the total body weight at the midpoint of the double support phase. To avoid the instability

that may arise due to an excessively high spring constant, we have relaxed the constraints

by raising the contacting surface 10 mm above the ground, following the approach adopted

by Manchester [53]. In accordance with our definitions, the majority of the body weight is

transferred to the front foot during the rear foot toe-off phase.

The horizontal GRF were constrained by the friction cone, which are shown in equation

2.4.

fxn ≤ µfyn ,−fxn ≤ µfyn∀n ∈ P1 (2.3)

(fxn)
2 ≤ µ2Fy(qn)

2,∀n ∈ P3 (2.4)

fxJ(q)q̇ ≤ 0 (2.5)

µ is the static friction coefficient, J(q) is the Jacobian. Equation 2.5 constraints the

direction of horizontal force must against the contacting point.

2.5 Dynamic Constraints

The dynamic constraints used in this study are similar to those defined by Manchester

[53]. This approach entails expressing the Lagrangian of mechanics in discrete states, where

the velocity is redefined as the difference between two positions. As a result of this process,
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the Lagrangian is no longer a function of position and velocity, but instead a function of

positions alone. Given joint position q and joint velocity q̇, the original Lagrange-D’Alembert

principle takes the following form:

δ

∫ tf

t0

L(q, q̇)dt+
∫ tf

t0

F (t)δqdt = 0 (2.6)

By substituting the joint velocity with their difference, and position with the average

between each time steps, one can form the dynamic constraints:

∂L(qn−1, qn)

∂qn
+

∂L(qn, qn+1)

∂qn

+
1

4
F (qn−1) +

1

2
F (qn) +

1

4
F (qn+1) = 0

(2.7)

F (qn) = un + J(qn)
TFext(n) (2.8)

N△t = tf (2.9)

N is the total number of the discrete steps, and △t is the sampling period.

2.6 Path Constraints

To ensure continuity, both the joint positions and the joint velocities of the first and the

last frame are related with an affine function:

q0 = AqN + b (2.10)

u0 = AuN (2.11)

To assure the ground reaction force (GRF) only occurs during the double support phase,
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supplementary path constraints are deemed necessary. Specifically, during the swing phase,

it is imperative that both the toe and the heel remain above the ground, as dictated by

Equation 2.13. Additionally, our analysis revealed that limiting the forward movement of

the center of mass by constraining its horizontal velocity led to a significant improvement in

convergence. These conditions may be represented mathematically as follows:

vhipx (qn) ≤ 0 (2.12)

ptoey (qn) ≥ 0, pheely (qn) ≥ 0,∀n ∈ P2 (2.13)

vhipx is the horizontal velocity of the hip’s center of mass, and ptoey , pheely are the vertical

position of the toe and the heel.

2.7 Optimization

The present investigation aims to determine the optimal trajectory with the minimum

cost of transportation (CoT). The definition is inspired by Schultz’s work [47], where it

demonstrated that minimizing the norm of joint torques produced a more natural gait com-

pared to minimizing mechanical energy. The CoT is determined through a series of steps.

Firstly, the joint torque u =
[
u0 u1 . . . uN

]
is partitioned into two groups based on the

work generated. These groups are denoted as upos, which produces only positive work, and

uneg, which produces only negative work. The mathematical representation of these groups

is provided in equation 2.14.

u = upos + uneg

upos ⊙ ω ≥ 0

uneg ⊙ ω < 0

(2.14)
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where ω is the joints’ angular velocity, and ⊙ is the elementwise-product.

In order to incorporate the energy recycling capability of the exoskeleton, this study

introduces two constant parameters: the negative work recycling efficiency (µneg) and the

positive work assisting efficiency (µpos). The exoskeleton is capable of providing a portion

of the torque (τneg) required to generate negative work by harvesting energy. This portion

of torque generated by the exoskeleton is denoted as µneg, as shown in equation 2.15. The

total negative work generated by the exoskeleton is computed as the inner product of the

angular velocity (ω) and the torques it generates (τneg). However, due to energy loss during

energy recycling, only a portion of the negative work can be stored, which is represented as

Wrec. The ratio between the recycled energy and the total negative work is denoted as µpos,

as it will be utilized to assist the positive work in the later phases of walking.

µneg =
∥τneg∥
∥uneg∥

, µpos =
Wrec

∥ωT τneg∥
(2.15)

The research has shifted the focus from mechanical work to the norm of the joint torques

for determining the cost of transportation (CoT). Hence, an investigation into the role of the

recycled energy (Wrec) in assisting the user was deemed necessary. The assistance provided

by the recycled energy reduces the required joint torque upos to τ pos. The optimization of

τ pos can be achieved through the solution of a convex problem as presented below:

min∥τ pos∥

s.t. ωTupos − ωT τ pos = Wrec

(2.16)

Finally, we define the CoT as the sum of the norms of the joint torques per-gait length

per-time as equation 2.17. The numerator is the norms of the joint torque removed the parts
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that generated by the exoskeleton, L is the gait length and T is the gait period.

CoT =
∥τ pos∥+ ∥uneg∥ − ∥τneg∥

LT
(2.17)

Table 2.3: Simulating Conditions. Lgait: the normal gait length from [57]. Lcalf : length of
calf. Lthigh: length of thigh. Max Height: the highest initial hip height for each gait length.

Carrying Load 20 Kg

40 Kg

60 Kg

Gait Length 0.8Lgait

0.9Lgait

Lgait

1.1Lgait

1.2Lgait

Initial Hip Height 0.95(Lcalf + Lthigh)

0.96(Lcalf + Lthigh)

Max Height*

As the cost function in this study is not a simple quadratic equation, the boundary

conditions, such as the gait length (L) and gait period (T ), must be explicitly specified. To

determine the minimum CoT, a parameter scan was employed in this investigation. The

parameters used in this simulation are presented in table 2.3. The study employed three

different models: a human model, a human model wearing a forward-knee exoskeleton, and

a human model wearing a backward-knee exoskeleton. Each model was subjected to three

different loads and walked with gait lengths ranging from 80% to 120% of the normal gait

length. The initial height of the hip was varied between 95% of the leg length and the

maximum feasible value for the given gait length. Lastly, the results with the lowest CoT

were selected and will be discussed in a subsequent section.
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Figure 2.5: CoT of µneg = 0.3, µpos = 0.05 and µneg = 0, µpos = 0 (dashed-line). The
symbols H represents the CoT of human, H+FE stands for human wearing the forward-knee
exoskeleton, and H+BE stands for human wearing the backward-knee exoskeleton. The
dashed-line boxes are the CoT reduction with energy recycling from the exoskeleton.

2.8 Result and Discussion

The first result of the optimization is the comparison of the models of humans wearing

forward-knee exoskeleton, humans wearing the backward-knee exoskeleton, and the only-

human model. Figure 2.5 shows their respective effects on CoT. The CoT reduction resulting

from µneg = 0.3 and µpos = 0.05 is illustrated by the white dashed boxes. It is observed

that the forward-knee configuration results in a significant increase in CoT due to the added

weight of the exoskeleton. In fact, the CoT increment resulting from the 5 kg exoskeleton

is greater than that caused by a 20 kg load placed on the back. In contrast, the backward-

knee exoskeleton does not exhibit a similar effect. To explicate this dissimilarity, a thorough

analysis of the torque profile for both configurations (Figure 2.6) is warranted.

Figure 2.6 displays the torque profile, where square and asterisk symbols indicate the
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Human Joint Trajectory
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Figure 2.7: Human joint position with forward-knee exoskeleton + 40 kg load, backward-
knee exoskeleton + 40 kg load, and without exoskeleton and load carrying.

torque that contributes negative work. For the forward-knee configuration, most of the

negative work occurs at the knee joint, with the first occurrence happening around 65% of

the gait cycle. At this point, the ankle joint provides the push-off torque, shifting the center

of pressure (COP) from the rear foot to the front foot. To fully transduce the force, the

rear knee must extend to counteract it. However, the knee also has to bend to create the

necessary ground clearance for swinging, resulting in negative work generation during the

ankle push-off. The second occurrence happens between 80% to 100% of the gait cycle, where

the swinging leg decelerates before heel strike to prevent sliding. Similar, albeit smaller scale,

torque can also be found in the hip joint, but torque is hardly noticeable in the ankle joint.

The research team believes that this is because the elastic components, such as the Achilles

tendon, generate the required negative work.

On the other hand, the negative work required to wear the backward-knee exoskeleton
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is considerably lower, as evident from Fig. 2.6. The researchers suggest that this is due to

the backward-knee exoskeleton acting as a ”counterweight” during the swing phase, thereby

reducing the torque required to generate negative work. Moreover, for the backward-knee

exoskeleton, the deceleration of the swing leg initiates at an earlier stage (70% of the gait

cycle) compared to the forward-knee exoskeleton. This early deceleration can be attributed

to the joint trajectory of the user, as depicted in Fig. 2.7. The figure indicates that, while

carrying loads with the forward-knee exoskeleton, the knee remains in a singular position

for a longer duration than it does without loads (difference in knee joint angle from 50% to

60% of gait cycle). This is due to the fact that the forward-knee configuration necessitates a

larger moment arm at the rear ankle to shift the COP/COM to the leading foot. However,

a prolonged singular position necessitates greater acceleration/deceleration during the swing

phase. Conversely, the backward-knee configuration achieves the same goal without requiring

a prolonged singular position. By bending the leading leg’s knee, the COP/COM naturally

shifts to the front leg. This behavior is not feasible with the forward-knee configuration, as

the COM moves backward when the knee bends. Consequently, when wearing the backward-

knee exoskeleton, the user only needs to ”sit” on the front leg, instead of using the rear ankle

to ”push” and propel the COM. This property also reduces the impact loss during heel strike.

The trajectory of the COM (Fig. 2.8) indicates that, during heel strike, the vertical position

of the COM is lower when wearing the backward-knee exoskeleton, and is proportional to

the load it carries. This is because the leading knee genuflects to absorb the impact, as can

also be observed in the torque profile of the knee joint around 0% to 5% gait cycle (Fig.

2.6). By absorbing the impact through knee bending, the energy loss during heel strike can

be recovered. In addition to these benefits, the backward-knee exoskeleton also increases the

mechanical work during ankle push-offs. Fig. 2.9 presents the joint mechanical power of the

user when wearing the forward-knee or the backward-knee exoskeleton. Although the ankle

torques are of similar magnitude, the backward-knee exoskeleton generates five times more

mechanical power. This difference can be attributed to the angle between the GRF and the
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Table 2.4: Angle between GRF and the ground under different loads. BW refers to body
weight.

Knee \Load (BW) 30.77% 61.54% 92.31%
Forward(◦) 61.9 65.9 51.35
Backward(◦) 51.34 51.34 51.34
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Figure 2.8: Center of mass trajectory.

ground (Table 2.4), which is smaller when wearing the backward-knee exoskeleton, resulting

in a larger moment arm for the system.

2.9 Conclusion

In this chapter, we present a trajectory-optimization approach for load-carrying walking

aided by exoskeletons. We integrate collision-based GRF in discrete Lagrangian dynamics

to determine minimal-effort-walking trajectories. The results indicate that the backward-

knee exoskeleton reduces the normal-walking CoT by 35% under the assumed efficiencies of

µresist = 0.3 and µrecycle = 0.05. This result is superior to the forward-knee exoskeleton,

which only reduces the CoT by 15%. The observed difference is attributed to the better

utilization of the knee joint during heel strike and the longer moment arm for the GRF
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Joint Power of Human Wearing Exoskeleton
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Figure 2.9: Joint power under different loads.
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during ankle push-off in the backward-knee configuration. Therefore, when designing an

exoskeleton to aid load-carrying walking, the backward-knee configuration is preferred.
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CHAPTER 3

Pneumatic Actuators for Exoskeleton

3.1 Introduction

Human walking is considered to be energy-inefficient owing to energy loss during heel

strikes and the negative work performed by the joints. Researchers have demonstrated that

the addition of compliance to bipedal robots can reduce energy consumption during walking

[59]. In recent years, lightweight, spring-like structures have been developed that aim to

scavenge energy from these processes by controlling their compliance to absorb the collision

or generate negative work [16]–[18], [25]–[27]. Nonetheless, these devices are restricted to

recycling energy in the same joint from which it is scavenged, which is not optimal for joints

with asymmetric torque profiles, such as the knee and ankle. To overcome this limitation,

Miskovic [60] proposed the use of pneumatic cylinders instead of springs to absorb negative

work during the gait cycle, allowing the energy to be stored as pressurized air and applied

to different joints. However, this device lacks control over the impedance it generates, which

could result in incomplete absorption of energy or excess energy input by the user.

Impedance and admittance control have been investigated in the development of wear-

able robots [61]. Rather than controlling either the position or the force, regulation is

focused on the relationship between position and force. The use of pneumatic actuators for

impedance/admittance control has two advantages over traditional motor-based actuators:

natural compliance and lower energy consumption. Prior studies have explored pneumatic

impedance/admittance control, including the use of air chamber volume to control impedance

27



[62] and the use of air cylinders and air dynamics to control actuator stiffness for haptic de-

vices [63].

Pneumatic actuators have been extensively employed in various applications due to their

high force output at low speeds and high force-to-weight ratio. This makes them a preferred

choice for robots and wearable robotic devices [2], [64]–[67]. Furthermore, bio-inspired actu-

ators, such as artificial muscles, are frequently powered by pneumatic systems [59], [68]–[70].

The control of pneumatic systems is typically achieved through pneumatic valves, which are

broadly categorized as proportional valves and solenoid valves [71]. Proportional valves are

generally used in pneumatic servo systems owing to their linear control capabilities, enabling

continuous flow control via the adjustment of the air passage width [72], [73]. Nonetheless,

proportional valves are more expensive, with prices often exceeding $1000 USD per valve,

and have longer response times (> 5 ms). In contrast, solenoid valves are considerably

cheaper, costing around one-tenth of proportional valves, and have faster response times of

approximately 2 ms [74]. However, their binary nature limits their precision, rendering them

less suitable for high precision control applications, such as active suspension systems [75].

To address the limitations of solenoid valves, Ye introduced low-pass filtering to pneu-

matic control [76]. While solenoid valves allow for fluid to pass in a discrete manner, the

compressibility of air allows for high-frequency operations to be filtered down to steady flow.

By utilizing pulse width modulation (PWM) commands to turn the solenoid valves on and

off, the flow rate can be continuously controlled by adjusting the duty cycle. However, the

relationship between the duty cycle and flow rate is highly nonlinear and involves states

that are difficult to measure. Unlike electrical motors, where the output torque is a func-

tion of input voltage and current, the flow rate in pneumatic systems depends on operating

conditions such as pressure and temperature in each chamber. Traditional pneumatic servo

control models often rely on simplifications, such as assuming that the air is an ideal gas,

pressure and temperature are uniform in each chamber, and connections and leakages do not

affect the dynamics of the air [71]. Some studies also assume that the process is adiabatic,
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as heat transfer is negligible over short periods of time [77], [78]. Miskovic [60] even suggests

that this process can be viewed as isothermal. These simplifications allow for the creation

of nonlinear dynamical models with measurable states while avoiding the need to measure

inaccessible heat transfers.

Pneumatic systems have traditionally been controlled using linear proportional-integral-

derivative (PID) control with nonlinear mapping [79]. However, this method is only suitable

for isolated systems with fixed physical properties, where there are no external forces or

constant loads. To address this limitation, sliding mode control (SMC) has been proposed

as an alternative approach to improve control robustness [80], [81]. SMC has been applied

to both solenoid and proportional valves, with solenoid valves being more popular because

they are easier to set up to open on one side of the switching surface and close on the

other. To prevent frequent switching on and off as states approach target values, Nguyen [82]

introduced a dead-band near the sliding surface. However, determining the correct switching

surface can be challenging since the dynamical model of the system may be difficult to obtain.

For example, Andrikopoulos used multiple dynamical models for a single system in different

phases to achieve model predictive control on pneumatic artificial muscles [83]. Generating

a precise dynamical model can be difficult due to various factors such as the actuators’ rise

time, volume of reservoirs, length of tubing, and diameter of the valve’s orifice that can

differ from one part to another [84]. These parameters can be difficult to quantify, and

the orifice of the valve is often undetermined during valve operation. Additionally, assuming

that air behaves like an ideal gas or that temperature is uniform, particularly at high speeds,

is unrealistic, and this can affect the model’s accuracy. As a result, most pneumatic servo

control operates at a slower speed compared to servo motor control to avoid the latency and

transient effects that can occur in pneumatic systems.

Various data-driven model generation methods have been developed to improve the ac-

curacy of pneumatic system models. Zhang [85] used piece-wise-linear functions in different

phases to approximate system dynamics, with coefficients obtained through data analysis of
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simulation data. Vailati [86] improved modeling accuracy by calculating the model with real

measurements, using polynomial functions to substitute the nonlinear flow rate equation,

and finding all coefficients with in-valve pressure sensors. To achieve greater accuracy, the

mechanical properties of pneumatic valves were also taken into account by Messina [78], who

used a laser sensor to precisely measure solenoid valve displacement. However, these calibra-

tion methods often require additional measurements and are not ideal for online calibration

of closed systems. In addition, polynomial functions, which can describe the dynamics, often

have a lack of physical interpretation and require a large number of training data. Recently,

the sparse identification of nonlinear dynamics (SINDy) framework has gained attention in

nonlinear control studies [87]. In the SINDy framework, a library of all possible candidates

is generated to reconstruct the system’s dynamics, and sparse regression techniques such as

Lasso are used to select the fewest terms. By including more prior knowledge, the size of

the training data is significantly reduced, and the resulting model can be interpreted physi-

cally. This approach has shown success in finding the Jacobian of complex robotic systems

[88], with the physical interpretation aiding derivative-based control methods and model

predictive control [89]–[91].

In this chapter, we present a low-cost pneumatic actuator for wearable devices. Our

actuator offers several improvements over previous designs:

• We demonstrated that the physical parameters of the system can be accurately esti-

mated using a small training dataset. This eliminates the need for measuring inac-

cessible or non-quantifiable parameters. To achieve this, we employed a model that

incorporates knowledge of the fundamental physics underlying the system’s dynamics.

This approach allows for improved interpretation of the results and avoids overfitting.

• The controller accounts for the natural delays between valve actuation and flow rate

with model predictive control.

• The energy used for generating negative work can be recycled and reused to assist with
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positive work.

By meeting these objectives, we believe that our actuator is optimized for use in lower-

limb exoskeletons.

3.2 Energy Recycling from Pneumatic Systems

3.2.1 Mechanical Design

The wearable device designed to recycle energy from human walking must meet two

objectives: absorption of impacts and generation of negative work. Pneumatic systems can

be used to achieve these objectives, utilizing precise pressure control to create an air-spring

during the swing phase and using this air-spring for active impedance control during impact

(heel strike) absorption and negative work. The scavenged energy will be used to assist the

ankle joint in the opposing leg. The whole operating concept is shown in Fig. 3.1.

In order to effectively recycle energy from human walking, a wearable device must ac-

complish two tasks: absorb the impacts of walking and generate negative work. One method

to achieve these objectives is through the use of pneumatic systems, which rely on precise

pressure control to create an air-spring during the swing phase of walking. This air-spring

can then be utilized for active impedance control during impact absorption, particularly

during heel strike. By scavenging this energy, the device can assist the ankle joint in the

opposing leg. The operational concept of the device is depicted in Figure 3.1.

Although our study aims to minimize energy consumption using pneumatic actuators,

it is worth noting that pneumatic actuation can be energy-inefficient. The force output

of a pneumatic cylinder is determined by the pressure difference and area between the two

chambers of the cylinder, which are pressurized and depressurized during a typical pneumatic

circuit [71]. However, releasing pressurized air can result in energy loss. To address this issue,

our design incorporates a pneumatic loop between the two chambers of the cylinder (Figure
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Energy 
Reuse

Figure 3.1: Control objectives for energy recycling with wearable pneumatic systems. The
device needs to be able to (a) create an air spring at the knee joint with pressure control
and (b) recycle the negative work with impedance control at the knee joint, and reuse the
energy in the oppose ankle joint.

3.2). This allows for the reduction of output force by balancing the pressure across the piston

or directing pressurized air to a lower pressure reservoir for later use, rather than releasing

it. Simulation results indicate that the knee and ankle joints primarily output torque in a

single direction, with the exception of the hip joint [92]. Therefore, our actuator is designed

to regulate force output in only one direction, as demonstrated by the valve operating logic

shown in Figure 3.3. Operations that increase force output are illustrated in Figures 3.3a and

3.3b, while operations that decrease force output are shown in Figures 3.3c and 3.3d. The

controller will select the optimal operation that minimizes energy consumption, specifically

by reducing pressurized air exhaustion.

3.2.2 Bio-inspired Pneumatic Actuator

Despite air is compressible, the use of solenoid valves to control a pneumatic cylinder

still produces discrete force outputs. To mitigate this issue and conserve energy, we have

added a mechanical spring to the end of the cylinder, similar to how human tendons act as
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Figure 3.2: Pneumatic actuation/recycle circuit for single joint.

”buffers” to muscles [93] (Figure 3.4). To simplify the actuator, we do not directly measure

the compression of the spring, but rather the entire length of the actuator. The length of the

chamber (x) can be estimated using Equation (3.1). It is worth noting that, in the context

of lower-limb wearable systems, the mass of the piston rod is considered negligible in relation

to the actuation forces required.

x = Ltot −
PextAext − PretAret

k
(3.1)

The definition of the symbols used in (3.1) is shown in Fig. 3.4. Pext is the pressure that

extends the cylinder, Pret is the pressure that retracts the cylinder, k is the spring constant,

µk is the dynamic friction coefficient, x is the position of the piston, and Aext, Aret are the

cross-section area of each side of the piston. The output force of the cylinder F can be

defined as (3.2):

F = PextAext − PretAret − µkẋ (3.2)
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(a) (b)

(c) (d)

Open to airControlled Air Path

Figure 3.3: Solenoid valve operating logic for (a) Increasing force output by draining pres-
surized air from the reservoir. (b) Increasing force output by decreasing pressure in the
cylinder. (c) Decreasing force output by discharging air to other chambers in the system.
(d) Decreasing force output by balancing the pressure across the piston.

3.2.3 Pneumatic Control with Delayed Differential Equations

The dynamics of pneumatic systems can be described using the principles of thermal dy-

namics and the conservation of energy. The relationship between pressure, volume, external

forces, temperature, the mass of the air, and the flow rate can be expressed in the following

equation:

P△V +△PV + F△x+ cp△mT + cvm△T = 0 (3.3)
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Spring without compression

Spring with compression

Figure 3.4: Definitions of dimensions of the pneumatic actuator in (3.1).

P is the pressure, V is the volume, F is the external force, t is time, cp is the specific heat

constant of constant pressure, T is the temperature of the gas in Kelvin, m is the mass of

the air in the cylinder, and symbols with the △ prefix represents the changes of the following

quantity. The mass’s rate change, or the ”flow rate”, can be described as the function of the

upper stream pressure, lower stream pressure, and the temperature of the upper stream [71]

as (3.4).

Q =
△m

△t
= CPu

√
Tu

Td

W (pu, pd) (3.4)

Pu, Tu, Pd, Td are the upstream and downstream pressure/temperature. C is the product

of sonic conductance and the density of air. The function W describes the ”choking” effect

caused by the shockwave when the flow rate is supersonic, which is defined as (3.5).

W (pu, pd) =


1 if Pd

Pu
> β√

1− (
Pd
Pu

−β

1−β
)2 if Pd

Pu
≤ β

(3.5)

β is the critical pressure ratio corresponding to the orifice, which are both constants that

depend on the mechanical properties.

A significant limitation of the approach described above is the assumption that the tem-

perature within the chamber is uniform and measurable. However, in reality, integrating

temperature sensors into each chamber can be challenging, and local temperature measure-

ments are often the only viable option. This presents a fundamental challenge to the validity
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of the model presented in Equation (3.3).

Another challenge pertains to accurately estimating the sonic conductance and critical

pressure ratio. While these quantities are generally treated as constants, they can vary

based on specific circumstances, such as the type of valves used and the composition of the

atmosphere. Furthermore, the relationship between the flow rate and the solenoid valve’s

switching is not well understood. While some studies have suggested that the flow rate is

zero when the valve is off [85], [94], this overlooks the fluid’s momentum. In reality, there

are significant delays between the flow rate and the valve’s activation. Figure 3.5 illustrates

the relationship between the pressure difference and the pressure gradient after the valve

is opened, where the upstream-downstream pressure difference is proportional to the flow

rate [94], [95]. The maximum pressure change does not occur at the maximum pressure

difference when the upstream and downstream chambers are connected, indicating that the

fluid requires time to ”accelerate.” To account for this latency in the dynamical model,

we define the flow rate Q at time n (Qn) as a discrete delayed differential equation that

incorporates the history of pressures and the valve’s duty cycle, as shown in Equation (3.6).

Qn =Q(ϕn−td , ϕn−td+1, ϕn−td+2, ......ϕn)

ϕi =ϕi(Pu,i, Pd,i, ui)
(3.6)

While td is the maximum delay in the system (i.e., the earliest states that affect the

current dynamics), and ϕi is a nonlinear equation that describes how the states at i affect the

current dynamics. Unfortunately, such a relationship is affected by physical characteristics

and cannot be easily defined. In this study, we will use a data-driven method i.e. sparse

identification of nonlinear dynamics (SINDy) to retrieve the dynamical equations.
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Figure 3.5: Downstream pressure’s rate of change v.s. pressure difference between upstream
and downstream chambers when opening the valve. The beginning of each trial started from
the lower right, as we can see there are delays at the beginning at every trial since the max
flowrate does not occur when the pressure difference is the max.

3.2.4 SINDy of Pneumatic Systems

Sparse identification of nonlinear dynamics (SINDy), is a data-driven method which finds

the dynamical equations of a system with the prior knowledge of the system’s physics. The

core principle of SINDy involves generating candidate models based on prior knowledge and

selecting the model with the fewest terms that can accurately describe the collected data.

To simplify the model for our purposes, we made the assumption that all temperature-

related terms are constant. This assumption allows us to assume that the ratio of upstream

to downstream temperatures is constant and that △T = 0 in Equation (3.3). This is

a reasonable assumption, as the process occurs in less than a second, and temperature

variations are therefore limited. Moreover, the ratio of temperatures is nearly constant at

room temperature, given the use of Kelvin as the unit. By merging all constants in the

dynamical equation, we defined the rate of change of pressure as shown in Equation (3.7).
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△Pn =
Q′

n△t

Vn

(3.7)

Q′
n is a function that has the identical structure as (3.6) but includes all constants. To

keep the expression consistent, we denote each ϕ terms in Q′
n as ϕ′.

The second step is to include the control input into the model, and decouple the constant

and varying terms. From the mechanical perspective, changing the duty cycle of the solenoid

valve’s PWM command is similar to changing the orifice’s area. Inspired by (3.3), (3.4), (3.5)

and (3.6), we can rewrite each ϕ′ in (3.7) as (3.8):

ϕ′
n(Pp,n, Pd,n, un)

= η0 Pu,n − Pd,n)un︸ ︷︷ ︸
d0,n

+ η1 (Pu,n − Pd,n)

√
1− (

Pd,n

Pu,n

)2un︸ ︷︷ ︸
d1,n

+ η2 ((Pu,n − Pd,n)

√
1− (

Pd,n

Pu,n

)2un)
2

︸ ︷︷ ︸
d2,n

+ η3 (Pu,n − Pd,n)

√
(1− b)2 − (

Pd,n

Pu,n

− b)2un︸ ︷︷ ︸
d3,n

+ η4 (Pu,n − Pd,n)

√
(1− b)2 − (

Pd,n

Pu,n

− b)2u2
n︸ ︷︷ ︸

d4,n

(3.8)

u is the duty cycle of the valve, di,n and ηi, i = 0, 1, 2, 3, 4 are the potential candidate

of the varying terms in the dynamical equation and its coefficients. b is a parameter that
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is similar to the critical pressure ratio and is chosen during the model validation process.

In our experiments, we found that b = 0.001 produced accurate models, regardless of the

specific hardware being used. As shown in (3.7), all η are independent of the chamber’s

volume V , which allows us to calibrate the η with a fixed volume via SINDy, which can be

realized with sparse regression as shown in (3.9) and (3.10):


△Pu,n △Pd,n

△Pu,n+1 △Pd,n+1

...
...


︸ ︷︷ ︸

y

=


D0 D1 . . . Dn

D1 D2 . . . Dn+1

...
...

...


︸ ︷︷ ︸

A

η (3.9)

Dn =
[
d0,n d1,n d2,n d3,n d4,n

]

η =
[
η0 η1 η2 η3 η4

]T

min
η

||y − Aη||22 + α||η||1 (3.10)

α is a hyper-parameter that is chosen with the validation test. Dn is the vector of all

candidates generated from the measurements. Note that all measurements are normalized

to reduce the effects of differences in scales. By solving η, we can rewrite the dynamics as a

discrete differential equation:

xn+1 =
△t

Vn

[
Dn−d Dn−d+1 . . . Dn

]
η + xn (3.11)

Having obtained a symbolic expression of the system dynamics, we can use it to predict
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the future and calculate the optimal control input with the model predictive controller that

will be detailed explained in the next section.

3.2.5 Model Predictive Control of Pneumatic Systems

Pneumatic systems often exhibit significant latency, which can lead to overshooting when

using traditional feedback control. To address this issue, we introduced the use of model

predictive control (MPC) to control the pressure by utilizing the history of the measurements

and the control inputs. MPC allows us to anticipate future behavior of the system and adjust

the control inputs accordingly, resulting in more precise pressure control. From (3.11), we

can define the prediction as (3.12).

yn =Hxn

xn+1 = f(xn, un, xn−1,un−1, . . . , xn−d, un−d)

xn =
[
Pu,n Pd,n

] (3.12)

y is the state that needs to be controlled. H is the observation matrix since in the real-

world application, we only need to control either the upstream or the downstream pressure.

In order to solve the optimal control sequence un, un+1, . . . , we linearly approximate the

future state and formulate the MPC problem into a quadratic optimization problem. The

prediction of the states can be approximated with linearized equation (3.11).
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x̂n+1 = f(pn) +
∂f

∂un

|pn(un − ū)

x̂n+2 = f(pn+1) +
∂f

∂xn

|pn+1(xn+1 − x̄n+1)

+
∂f

∂un

|pn+1(un+1 − ūn+1) +
∂f

∂un−1

|pn+1(un − ū)

...

x̂n+k = f(pn+k−1) +
∂f

∂xn

|pn+k−1
(xn+k−1 − x̄n+k−1)

+
∂f

∂un

|pn+k−1
(un+k−1 − ū)

+ · · ·+ ∂f

∂un−k+1

|pn+k−1
(un − ū)

(3.13)

x̂n is the prediction of the state variable x. pi are the points where we linearize the equation.

pn = (xn, ū, xn−1, un−1, . . . , xn−k, un−k)

pn+1 = (x̄n+1, ū, xn, ū, . . . , xn−k+1, un−k+1)

pn+2 = (x̄n+2, ū, x̄n+1, ū, . . . , xn−k+2, un−k+2)

...

pn+k−1 = (x̄n+k−1, ū, x̄n+k−2, ū, . . . , x̄n, ū)

(3.14)

x̄n, ū is the nominal assumption of the future state. Mathematically, the accuracy of

linear approximation decreases as xn, un deviate from x̄n, ū. In practice, we found that using

linear interpolation between the current states’ values and the desired states’ values as x̄n

resulted in more accurate estimations.
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With the above linearization, one can rewrite the estimation of the future states as (3.15):

x̂n+1 =An +Bnu

x̂n+2 =An+1 +Bn+1u

...

(3.15)

while u =
[
un un+1 . . . un+k−1

]T
The optimal control inputs can be calculated by the

following quadratic optimization:

min
u

N∑
i=n+1

||ŷi − ydesi ||22

s.t.

ŷi = Hx̂i

x̂i+1 = Ai +Biu

0 ≤ ui ≤ 1

(3.16)

ŷ is the estimation of y while ydes is the desired value. ui is bounded between 0 and 1 since

the control inputs are normalized.

3.3 Experiment

The experiments conducted in this study were organized into three parts. In the first part,

a model was trained by activating solenoid valves with fixed-duty cycles. The data collected

was then used to train a discrete delayed differential model for use in Model Predictive

Control (MPC). In the second part, the MPC controller was implemented to regulate pressure

in preparation for impact. Finally, in the third part, the performance of the MPC in energy

recycling with impedance control during impact was verified. The experimental setup utilized

for these experiments is depicted in Figure 3.6, and a list of the parts used is provided in
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Figure 3.6: Experiment setup.

Table 3.1.

Table 3.1: Parts used in Experiment

Source Reservoir Festo CRVZS-0,1
Recycle Reservoir Festo CRVZS-0,1

Pneumatic Cylinder Clippard UDR-14-6
Solenoid Valve Festo MHE3-MS1H-3/2G-1/8K

Load Cell FC2311-0000-0050-L
Spring Constant 9.702N/mm

3.3.1 Model Training and Verification

The model is trained with SINDy as described in the previous section. The upstream

and downstream pressure were recorded while operating the valve in fixed duty cycles. The

pneumatic cylinder’s volume was maintained constant during the training. The training

results are shown in table 3.2. The R2 accuracy shows the SINDy algorithm reached 90.58%

accuracy on the training set, and avoids over-fitting with a validation accuracy of 88.2%.

The total number of samples are less than 2000, collected with 100Hz sampling rate within

10 minutes.

Table 3.2: Top 5 Model Accuracy

Number of Samples R2 Accuracy(%)
Training Accuracy 1440 90.58
Validation Accuracy 360 88.2

Test Accuracy 600 86.44
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3.3.2 Pressure Control

After the model is trained, it is programmed for pressure regulation. We test four different

scenarios that are listed in table 3.3. For each scenario we repeated the test for 10 times,

and calculate the mean error and variance.

The above MPC is programmed with University of Oxford’s Operator Splitting Quadratic

Program (OSQP) [96] on a Raspberry pi 4B patched with PREEMPT RT real-time kernel.

The sampling rate is 100 Hz and the measurements are filtered with fifth-order 30 Hz low-pass

filter.

Table 3.3: Test scenarios for pressure regulations.

Initial Pressure (kPa) Target Pressure (kPa)
Case 1 0 200
Case 2 0 300
Case 3 300 450
Case 4 300 320

3.3.3 Impedance Control with Energy Recycling

As shown in Fig. 3.6, a load cell is placed on top of a guided rail to verify the force

output’s accuracy. The experiment’s goal is to test if the controller can modulate the virtual

impedance it created with energy recycling. The desired force output is defined as:

Fdes = kimpx+ Finit (3.17)

Fdes is the desired force output, kimp is the virtual impedance, x is the piston’s displacement,

and Finit is the force output when the cylinder is fully extended (x = 0). The Finit and kimp

are set as Table 3.4. Since the MPC requires reference inputs for the full time horizon, we
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will predict the future desired force based on the current speed, the adjusted Fdes is now:

Fdes,i = kimp × (x+ idx) + Finit, i ∈ (0, n) (3.18)

dx is the piston’s travel distance per unit time, and n is the time horizon of the MPC

controller.

At the beginning of the test, the cylinder is pressurized to reach Finit, and manually

compressed until it reaches the spring’s equilibrium point to remove the effect of the spring

and have full control of the force output. After that, an impact force is applied to compress

the cylinder. During the impact, the controller regulates the pressure to generate the virtual

impedance. The efficiency of the system is defined as Energy Reused Rate µ (3.19), which is

the energy gain in both the cylinder (△Ecylinder) and recycle reservoir (△Erec) over the sum

of energy loss in source reservoir (△Esource) and the work of external force (△Emech).

Energy Reused Rate: µ =
△Ecylinder +△Erec

△ESource +△Emech

(3.19)

Table 3.4: Energy Utilization during impedance control

Initial force: 50 N Impedance: 5000 N/m
Energy External Energy Energy Reused

Consume (J) Impact (J) Reused (J) Rate µ
Trial 1 4.745 0.183 4.206 0.886
Trial 2 5.676 0.195 5.083 0.895
Trial 3 4.322 0.201 4.026 0.932
Trial 4 5.871 0.336 5.188 0.884
Trial 5 7.246 0.348 6.033 0.833

3.4 Result

Figure 3.7 displays the results of pressure control. The upper plot illustrates the error

between the control pressure and the command pressure as a function of time. The lower plot
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shows the estimated pressure calculated by the MPC controller. The results demonstrate

that the MPC controller was able to regulate the pressure within ±10 kPa, which is less

than 5% of the desired value. Furthermore, the process was energy-efficient, as there was no

wastage of energy due to exhaustion.
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Figure 3.7: Mean and standard deviation of the pressure control’s error.

Figure 3.8 presents the results of using the pressure control MPC for impedance control,

and the mean and standard deviation of the error is shown in Fig. 3.9. The plot depicts

that the pneumatic actuator follows the desired force output, albeit with a minor time delay

of 100 ms. Table 3.4 shows the energy reuse rate and impact energy recycling rate, which

are both above 80%. It is important to note that the impacts differed in each trial since

they were generated manually. Despite this, the results indicate that more than 80% of the

energy used to generate pneumatic springs can be reused in different parts of the system.

Detailed information regarding energy consumption and reuse rates can be found in Table

3.4. It is worth noting that the external energy inputs varied for each trial since they were

performed manually. The trial with the largest external energy input was selected and is

displayed in Figure 3.8 since it theoretically posed the greatest challenge for our MPC con-

46



troller. The force measurement demonstrates that the output force tracks the desired force

with a delay lesser than 0.05 seconds during increasing output force and less than 0.1 seconds

during decreasing output force. The discrepancies at t = 1.65 and t = 2.2 are primarily due

to static friction. Table 3.4 provides data on energy utilization, indicating that more than

85% of the energy used to generate resisting force can be reused for assisting. However,

efficiency decreases as external impact energy increases due to heat loss proportional to the

impact’s speed.
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Figure 3.8: Result of impedance control. The initial force is 85N since it is pre-compressed
to reach the spring’s equilibrium point.

3.5 Discussion

In this study, we applied the SINDy method to learn the dynamics and delays of a system

using a small sample size while avoiding overfitting. We found that our model was robust

to different room temperatures, as the training data were collected at 18.33◦C while the

pressure and impedance control tests were conducted at 24◦C. It should be noted that it is
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Figure 3.9: The mean and standard deviation of the error in impedance control.

the ratio, rather than the absolute difference in temperatures, that affects the flow rate.

In this study, we utilized the SINDy method to learn the dynamics and delays of a system

using a small sample size while avoiding overfitting. Our findings suggest that the model

we developed is robust to different room temperatures, as the training data were collected

at 18.33◦C while the pressure and impedance control tests were conducted at 24◦C. We

believe it is due to the flowrate is affected by the ratio of temperatures rather than the

absolute difference in temperatures, thus, < 10◦C has a minor effect on it. However, it

was observed that the estimation of the Model Predictive Control (MPC) controller was not

fully synchronized with the actual control state, as evidenced by Fig. 3.10. Despite latency

introduced by computation and sensors, a relationship between latency and upper stream

pressure was discovered in the estimation of the MPC controller, as shown in Fig. 3.11.

Errors in the estimation increased as the upper stream pressure decreased. The researchers

attributed this to the dynamic model retrieved from SINDy being more accurate at higher

pressures, where energy dissipation, such as friction loss, is less significant. Despite these
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Figure 3.10: The MPC controller’s estimation of the controlled state of the test scenarios in
table 3.3 with the median performance (results with the median R2 error).

delays, the accuracy of pressure control was not negatively impacted.

Moreover, using an MPC controller resulted in a reduction in valve switching, which can

extend the solenoid valves’ lifespan. Fig. 3.12 depicts the valve’s duty cycle for trials with

the largest and smallest initial and target pressure differences. In the case of the largest

pressure difference (case 2), the valve mostly operated at either 100% or 0% duty, while in

the case of fine pressure tuning (case 3), the duty was nonlinearly adjusted as the cylinder’s

pressure approached the target value. Overall, our results suggest that the MPC controller

is effective in regulating pressure and avoiding overshooting, even in the presence of latency.

The results of the impedance control experiment demonstrated that pneumatic actuators

still consume energy when generating negative work. In this study, the natural pressure

increment during compression was not sufficient to provide the desired impedance for the

pneumatic cylinder used (6 inches stroke and 0.6 in2 piston area). While it is possible to

increase the natural pressure increment by using a cylinder with a shorter stroke or smaller

piston area, this would come at the cost of reduced overall performance. For instance, using
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Figure 3.12: The compression of valve’s PWM duty between trial 2 and trial 4, which are
the trial with the largest/smallest pressure difference.

a cylinder with a shorter stroke would decrease the range of motion, while using a cylinder

with a smaller piston area would require higher driving pressure, potentially damaging the

solenoid valves. Nevertheless, the energy used to generate negative work can be recovered

and reused for assisting. In our experiments, we found that approximately 80-90% of the

energy could be recovered after the cylinder reset to its original position.
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However, there are limitations to this approach of reusing energy generated by negative

work in pneumatic systems. Energy can only flow from high pressure to low pressure in

pneumatic systems, so the downstream side must have a lower pressure to recycle energy.

This requirement can be satisfied on wearable devices if the user actively extends the down-

stream cylinder. However, this means that the recycled energy can only ”assist” the user,

rather than ”driving” the user. Furthermore, the efficiency of the energy recycling process

is affected by the impact energy. As the impact energy increases, there is a trend that the

heat loss also increases, leading to a decrease in the rate of energy reuse. As a result, the

external force only ”shifts” the energy inside the cylinder to another reservoir, rather than

increasing the overall energy in the system.

3.6 Conclusion

In this study, a pneumatic actuation/control scheme was presented, which utilizes low-

cost solenoid valves and only-pressure measurement to achieve less than 5% error in pressure

control with only increasing the pressure monotonically. The nonlinearity, latency, and

unknown physical parameters of pneumatic systems were captured with ease by the sparse

identification of nonlinear dynamics (SINDy) with a small sample size (around 1500 samples)

but high validation/test accuracy (88.2% and 86.44%).

The proposed pneumatic actuation and control scheme is optimized for use in human

performance augmenting robotics. The system provides the necessary negative work and

reclaims around 88% of the energy for later assistance through the use of impedance control.

As a result, it is well-suited for use in wearable devices and other robotics applications that

require both negative work and energy recovery.
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CHAPTER 4

Optimal Assisting Strategies for Lower-limb

Exoskeleton - Device Design and Verification

4.1 Introduction

Lower limb exoskeletons designed for healthy individuals can be broadly categorized into

two main groups: augmenting exoskeletons, which provide users with enhanced power capa-

bilities, and supportive exoskeletons, which aim to reduce the user’s exertion during daily

tasks [97]. Representative examples of augmenting exoskeletons include those proposed by

[2], [3], [98]. Devices falling into this category typically feature a comprehensive lower-body

design that establishes direct contact with the ground. This design choice is necessitated

by the use of robust actuators, which generate assisting forces that cannot be adequately

supported by the human body and thus must be directed toward the floor. The primary

objective of augmenting exoskeletons is to minimize reliance on human effort by maximizing

robotic assistance. These exoskeletons typically draw energy from external sources, with

limited consideration given to energy consumption efficiency. The applications of augment-

ing exoskeletons primarily lie within the industrial domain, such as load-carrying tasks at

construction sites.

Conversely, supportive exoskeletons adopt a distinct approach as they solely aim to assist

users with daily tasks. The fundamental principle underlying these devices revolves around

the concept of ”replacing normal human force.” These designs primarily address the inef-

ficiencies inherent in the human body’s mechanical systems. Rather than constructing a

52



separate robotic suit for assistance, the focus is on integrating additional components into

the human body itself. When worn, these devices effectively substitute or assist the ineffi-

cient aspects of the human body’s functionality. As their application is specific in nature,

exoskeletons designed to reduce the effort required for daily tasks often prioritize character-

istics such as lightweightness, compliance, and single-joint functionality. These attributes

are emphasized to mitigate any discomfort that may arise for the user. While they may

possess a favorable force-to-weight ratio, the power output of these supportive exoskeletons

is typically limited to levels within the range of normal human capabilities. Consequently,

this limitation has sparked a fundamental question within the exoskeleton community: Is it

feasible to develop an augmenting exoskeleton that can efficiently provide additional power?

However, the development of an energy-efficient augmenting exoskeleton poses a funda-

mental challenge in the form of additional weight. Bipedal walking requires a proportional

amount of energy with respect to the added weight on the limbs, and the energy consumption

increases as the additional mass becomes more distal. Consequently, successful supportive

exoskeletons have focused on lightweight designs that primarily augment a single joint, serv-

ing as add-ons rather than full lower-body devices. In these cases, the majority of the

device’s weight is borne by the user’s leg during walking. However, such design concepts

may not be directly applicable to augmenting exoskeletons, as they require a full lower-body

configuration to effectively transfer the device’s weight to the ground. Constrained by the

limitations of machinable materials and existing technology, it is probable that augmenting

exoskeletons will experience an inevitable increase in overall energy consumption due to the

additional weight they introduce.

However, the simulation results presented in Chapter 2 shed light on a potential solution:

the backward-knee configuration. Our simulations indicate that when carrying loads, a

backward-knee exoskeleton that effectively harvests and reuses energy from negative and

positive work can significantly reduce the Cost of Transportation (CoT) by up to 35%.

This remarkable reduction can be attributed to two primary factors: the distinctive bending
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direction of the knee, which enables the user to absorb heel strikes through the knee joint, and

the diminished negative work required during the swing phase, as the backward knee acts as a

counterweight. Nevertheless, it is important to acknowledge the limitations of our simulation,

which solely analyzed dynamics in the sagittal plane. In the three-dimensional realm, to avoid

collisions between the user and the exoskeleton, the exoskeleton’s legs are typically positioned

to the side of the user, leading to increased inertia in the transverse plane. This limitation

raises a pertinent question: Does the superiority of the backward-knee configuration persist

when considering full lower-body exoskeletons in practical scenarios? In order to address

this question, this chapter introduces a comprehensive lower-body exoskeleton known as

PERK (Pneumatic Exoskeleton with Reversible Knee). PERK is specifically designed to

optimize energy consumption during load-carrying walking tasks. The knee joint of PERK

can be configured in either a forward-knee or a backward-knee configuration. To drive and

recycle energy within the exoskeleton, a pneumatic actuating system is employed, utilizing

the algorithm proposed in Chapter 3.

4.2 Design

The PERK (Pneumatic Exoskeleton with Reversible Knee) is a versatile exoskeleton

capable of being configured into both forward-knee and backward-knee arrangements. Its

primary objective is to investigate optimal methods for harnessing and reutilizing wasted en-

ergy during load-carrying human walking to provide assistance to the user. The pneumatic

actuating system employed by PERK enables energy recycling and reuse across different

joints. This innovative design addresses the issue of simultaneous energy loss and consump-

tion occurring in different legs during human gait, specifically heel strikes in the leading

leg and ankle push-offs in the rear leg. The selection of a pneumatic system over the more

energy-efficient cable-spring transmission system was motivated by the need for precise con-

trol over impedance in various walking phases. By utilizing air as the medium, impact energy
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can be utilized to compress the air within the pneumatic cylinder and subsequently transmit

it to other joints requiring energy input.

4.2.1 Dual Knee-directions

The PERK exoskeleton offers the flexibility to be configured in both forward-knee and

backward-knee modes (see Fig. 4.1). A load, which includes the control units and the air

reservoir, is attached to the upper section of the exoskeleton, securely fastened to the user’s

back using a backpack strap. The PERK exoskeleton encompasses six degrees of freedom

(DOF), incorporating hip, knee, and ankle joints on each leg within the sagittal plane. To

simplify the mechanical design, one of the joints, specifically the knee joint, is made passive

as it is detached from the user. It has been observed by researchers, based on the coupling

between the hip and knee joints [42], that simultaneous assistance of both the hip and knee

may result in their efforts canceling each other out. In PERK, the hip joint is driven passively

by the user, except during the heel strike and ankle push-off phases when it is constrained

to transmit actuated forces from the knee and ankle joints to the carried load. This design

allows the knee of the PERK exoskeleton to naturally bend during heel strikes, compressing

the pneumatic cylinder and generating negative work while simultaneously recycling energy.

The user’s legs and the exoskeleton are rigidly connected at the heel using a pair of boots.

This design enables the user to maintain an energy-efficient heel-sole-toe walking pattern

[99].

4.2.2 Pneumatic Control

The PERK exoskeleton operates using a pneumatic driving system, comprising two iden-

tical sub-systems. The pneumatic loop within each sub-system is depicted in Fig. 4.2. An

air reservoir serves as the energy source, supplying and storing pressurized air for actua-

tion purposes. Solenoid valves are employed to regulate the pressure within each pneumatic

55



Figure 4.1: PERK in (a) forward-knee configuration. (b) backward-knee configuration.

cylinder. Pressure control for the reservoirs and pneumatic cylinders is achieved through the

implementation of a model predictive controller based on Sparse Identification of Nonlinear

Dynamics (SINDy), as detailed in Chapter 3.

Each individual sub-system connects the knee joint and the ankle joint on opposite legs,

facilitating the direct recycling of energy lost during heel strikes for subsequent ankle push-off.

The actuation sequences are illustrated in Fig. 4.3. During the initial stage of the double

support phase, the pneumatic cylinder at the knee joint functions as a variable stiffness

spring, generating the necessary negative work by compressing the air within the cylinder.

Energy reclaimed from these pneumatic cylinders is then transmitted to the pneumatic

cylinder installed on the ankle of the opposite leg. The pressure within the knee cylinder of

the leading leg is regulated by an impedance controller, which generates the desired torque

based on the joint angle. If the knee cylinder requires an increase in pressure, pressurized

air is drawn from the reservoir. Conversely, if assistance is needed for ankle plantarflexion,

pressurized air is directed towards the cylinder at the rear ankle. The desired torque for the
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Figure 4.2: Pneumatic loops of single knee-ankle joint pair. The pneumatic cylinder at the
knee joint transfers pressurized air to the opposite leg’s ankle joint, converting negative work
(exoskeleton’s knee flexion) into positive work (exoskeleton’s ankle plantarflexion).

knee joint is calculated as follows:

τknee = τinit + kimp(θ − θn) (4.1)

While θn is the joint position when the user stands straight with PERK. τinit is the torque

output at θn, and kimp is the impedance to generate the negative work.

Subsequent to the toe-off of the rear leg, the knee and ankle joints of said leg enter a state

known as ”free mode,” wherein they operate passively and respond to the user’s movements.

In order to mitigate any potential resistance experienced by the user, it is imperative for

the exoskeleton to minimize the torque exerted at the knee joint. In conventional exoskele-

ton systems, this is achieved by dissipating energy at the knee joint, thereby releasing the

pressurized air contained within the chamber. However, this energy dissipation contradicts
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Impedance Control
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Figure 4.3: Operating principals of PERK using the backward-knee configuration as an
example. (a) Beginning of double support phase. The leading knee’s cylinder extends to
the maximum position, and the smaller chamber of the cylinder discharges the remaining
pressure, the following ankle also releases the pressurized air and provides ankle push-offs
(b) During the double support phase, heel strikes occur. The leading leg’s knee bends and
compresses the air inside the pneumatic cylinder, the impedance of the leading is controlled
by directing the pressurized air to the rear ankle to assist ankle push-off. (c) Beginning of
the single support phase, toe-off occurs at the rear leg. For the swing leg, both sides of the
chambers in the rear knee’s cylinder are connected to allow the user to freely swing the leg.

the overarching objective of reducing energy consumption within the project. Maintaining

pressurized air is crucial as the knee joint necessitates torque generation to absorb the impact

during heel strike. To address this challenge, we implement regulation mechanisms for both

chambers within the pneumatic cylinder, as depicted in Fig. 4.4. At the beginning of the

swing phase, both chambers of the pneumatic cylinder are interconnected to minimize force

output and enable unrestricted user motion. Since the outputting force is proportional to

the pressure difference across the piston, it reduces the force output without any energy loss.

To re-establish force output at the end of the swing phase, both chambers are disconnected

and the pressurized air in one of the chambers will be discharged. Given that this operation
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is only required when the swinging leg is fully extended, the energy wasted in this process

will be minimal.

To detect the start of the double support and single support phases, a finite state machine

is employed. The state machine analyzes the angle and angular velocity of the hip joint and

switches control modes accordingly.

Figure 4.4: Minimal energy consumption of the knee joint for (a) backward-knee configura-
tion and (b) forward-knee configuration. During the swing phase, the pneumatic actuator
at the knee joint will balance the pressure in both chambers of the cylinder (green), and
connect the smaller chamber to the atmosphere when fully extended (red). It will preserve
most of the pressurized air while reducing the force output.

4.3 Experiment

To investigate the impact of different knee directions on the exoskeleton’s assistive ca-

pabilities, human trials were conducted with participants walking in both forward-knee and

backward-knee configurations. To simulate the effect of carrying additional loads while walk-

ing, we utilized the pneumatic valves and reservoir inside the back controller box of PERK

as the representative loads. Although this may not reflect real-world scenarios, optimizing

the weight of these components was beyond the scope of this research. In fact, the weight

of the control/storage units was limited to commercially available products, and most of the
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Table 4.1: Impedance Control Parameters Used in Different Trials

Subject # Leg length(m) Weight(kg) τinit(Nm) Impedance(Nm/deg)

0
0.05
0.1

1 0.936 70 10

0
0.05
0.1

2 0.929 78 7

0
0.05
0.1

3 0.9659 72 8

parts exceeded the necessary qualifications for our study. It is important to note that the

primary objective of this study is to establish a proof of concept rather than commercialize

a specific device.

Table 4.1 provides the physical measurements of the test subjects involved in the experi-

ments. Each experiment comprised two trials: one with the forward-knee configuration and

another with the backward-knee configuration. At the commencement of each trial, the re-

searcher adjusted the impedance control profile based on the user’s feedback (equation 4.1).

The user stood upright and wore the exoskeleton while the researcher gradually increased

the assisting torque at the joints until the user perceived that the majority of the load was

carried by the exoskeleton. The knee joint angle and torque measurements obtained during

this phase were subsequently employed as τinit and θn for absorbing heel strikes (equation

4.1). Given that the leg configuration is symmetric in the upright position, the same pa-

rameter values were applied to both the forward-knee and backward-knee configurations.

Participants wore PERK with varying impedance profiles, as outlined in Table 4.1. The

participants’ movements were recorded using Vicon motion capture systems, in conjunction

with the encoders and pressure sensors integrated within PERK. The captured data were

subsequently processed using OpenSim [100] to obtain the inverse kinematics of the users.
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4.4 Result

4.4.1 Potential Energy Exchange

During walking, users can readily perceive a noticeable difference in the effort required to

swing their legs forward between the forward-knee and backward-knee configurations. This

phenomenon can be explained by examining the exchange of potential energy between the

human leg and the exoskeleton’s leg, as illustrated in Fig. 4.5. In the forward-knee configura-

tion, the potential energy of the human leg and the exoskeleton’s leg exhibit synchronization.

However, in the backward-knee configuration, this synchronization is not observed. Remark-

ably, during the swing phase, which starts at 50% of the gait cycle, the potential energy of

the human leg becomes inversely proportional to the potential energy of the exoskeleton’s leg.

Consequently, the total potential energy in the backward-knee configuration remains more

stable compared to the forward-knee configuration, implying reduced energy loss during each

gait cycle.

4.4.2 Impulse Absorption

Figure 4.6 illustrates the energy consumption of PERK during each gait cycle for each

subject. This energy consumption is defined as the difference between the total energy loss

in the pneumatic system and the work output at the ankle joint during the period spanning

from the heel strikes of the leading leg to the toe-off of the trailing ankle. A negative value

indicates an overall increase in energy within the system. While individual users may exhibit

variations in their results due to their preferred walking patterns, it is evident that the energy

loss in the exoskeleton is reduced when the knees are configured in the backward direction

across all tested subjects.
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Figure 4.5: The potential energy of the user’s leg and the exoskeleton’s leg. The blue line is
the potential energy of the human swinging leg while the red line represents the exoskeleton’s
swinging leg. Unlike the forward-knee configuration which both the human leg and the
exoskeleton’s leg share a similar profile, for the backward-knee configuration, the potential
energy of the human leg and the exoskeleton’s leg is sometimes inversely proportional.

4.5 Discussion

The differing potential energy profiles depicted in Figure 4.5 can be attributed to the

geometric characteristics of the system. To accommodate users of varying heights, the ex-

oskeleton’s legs are designed to be longer than the user’s legs, resulting in a misalignment

of the center of mass between the exoskeleton’s leg and the user’s leg. This misalignment

varies depending on the knee-bending direction. For instance, during the toe-off motion, the

knee bending in the forward-knee configuration causes the exoskeleton’s calf to move more

upward compared to the backward-knee configuration. As a consequence of this geometric

difference, the center of mass of the user wearing the backward-knee exoskeleton undergoes

less vertical displacement. Given that energy losses during heel strikes redirect the center of

mass from downward to upward motion, it can be anticipated that the energy loss associated
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Figure 4.6: The energy loss of different test subjects per gait. A negative energy loss indicates
the total energy in the system increases during the heel-strike to toe-off phase.

with wearing the backward-knee exoskeleton is lower compared to wearing the forward-knee

exoskeleton.

The exoskeleton recycles the heel strikes with knee bending due to the extra leg length of

the exoskeleton. However, we found it is less likely for the user’s knee to flex when wearing

the forward-knee exoskeleton compared to the backward-knee exoskeleton. As shown in Fig.

4.7, when configuring the exoskeleton’s knee backward, the knee flexion around 5% to 15%

of the gait cycle increases compared to the trajectories when wearing the forward-knee ex-

oskeleton. This can be explained with Fig. 4.8. When attempting to recycle the impact loss

with the forward-knee exoskeleton, the load will move backward, causing more interacting

forces acting on the user, thus, will be avoided by the user when walking. Notably, if the

user maintains a similar gait pattern while walking with both forward-knee and backward-

knee configurations, the backward-knee configuration often provides greater assistance to

the trailing ankle. This is depicted in Figure 4.9, which demonstrates that the energy trans-
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ferred to the rear ankle for assisting ankle push-off is higher for all participants. The reason

can be found in the jacobian between the vertical force at the torso and the torque at the

knee joint. Fig. 4.10 is the jacobian values of different test subjects with different knee

configurations. The smaller values of the backward-knee configuration indicate for the same

amount of vertical impact forces, the backward-knees require higher torques. As a result,

the compressed air in the knee joint’s pneumatic cylinder will reach a higher pressure and

will be able to drive the ankle joint with a higher force, thus, a higher output is observed.

Figure 4.7: The mean/standard deviation of knee joint angles calculated with inverse kine-
matic from motion capture data from different test subjects while wearing the exoskeleton
with different knee configurations. On average, when the exoskeleton was set to backward-
knees, the users bent their knee more during the heel strike (0% to 20%). This suggests that
the users use the exoskeleton to absorb the impact of the load they are carrying.

However, despite observing an increase in the total energy of the exoskeleton from heel
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Figure 4.8: The effect of the exoskeleton’s knee direction on absorbing heel strikes. When
attempting to recycle the impact loss with the forward-knee exoskeleton, the load will move
backward, causing more interacting forces acting on the user, thus, will be avoided by the
user when walking.

strike to toe-off, it is important to note that the system lacks self-sustainability. While the

current pneumatic actuating system minimizes energy loss during the swing phase with the

designs in Fig. 4.4, the pneumatic cylinders do not achieve full extension at the beginning

and end of this phase. Consequently, a substantial amount of energy is dissipated towards

the end of the process. In addition, due to the consistently lower pressure at the ankle joint

compared to the reservoir and the pneumatic cylinder at the knee joint, our current design

cannot effectively harness and reuse negative work, leading to air depletion during ankle push-

offs (i.e., exhaust the pressurized air that causes dorsiflexion). Addressing this limitation

will require the exploration of alternative energy harvesting/reuse methods, distinct from

air compression in pneumatic systems, which represents a prospective avenue for future

advancements in our ongoing project.
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Figure 4.9: The average ankle push-off assistance per gait for different test subjects with
different knee configurations. For all test subjects, the backward-knee configuration provides
more assistance since the pneumatic cylinder at the knee joint is compressed to a higher
pressure.

4.6 Conclusion

This chapter presented the construction of an exoskeleton that enabled the evaluation

of the impact of the exoskeleton’s knee direction on the user. The results demonstrated

the superiority of the backward-knee exoskeleton over the forward-knee exoskeleton in both

the single support (swing) phase and the double support (stand) phase. During the single

support phase, the mass of the backward-knee exoskeleton acted as a counterweight, reducing

the vertical displacement of the center of mass (COM) and minimizing momentum losses

during heel strikes. In the double support phase, the mechanism of the backward knee

facilitated enhanced energy absorption from negative work and provided greater assistance

for ankle push-off. These findings highlight the benefits of the backward-knee configuration

in improving the overall performance and efficiency of the exoskeleton.
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Figure 4.10: The jacobian of the vertical force and the exoskeleton’s knee joint. The lower
the value, the higher the pressure of the compressed air in the knee cylinders during the heel
strike.
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CHAPTER 5

Conclusion

This dissertation aimed to tackle the integration of conflicting exoskeleton designs, namely

the augmented exoskeleton and the supportive exoskeleton. The augmented exoskeleton fo-

cuses on enhancing user performance through the provision of additional power, while the

supportive exoskeleton aims to reduce energy consumption during everyday tasks. The ob-

jective was to reconcile these opposing concepts and establish a cohesive and harmonious

approach. To accomplish this, a comprehensive design was undertaken for a lower-body

load-carrying exoskeleton that aimed to optimize energy utilization. The research effort was

divided into three distinct stages, each building upon the foundation laid by the previous

stages. These stages encompassed the following: 1) Trajectory optimization was employed to

determine the optimal design for the lower limb exoskeleton, 2) A pneumatic control system

was developed and implemented based on the insights derived from the previous stage to

deliver the desired assistance, and 3) The lower limb exoskeleton was constructed to validate

the simulation results obtained.

The initial research contribution focused on optimizing assisting strategies and the mecha-

nism through trajectory optimization. To achieve this, collision-based ground reaction forces

(GRF) were incorporated into discrete Lagrangian dynamics to solve minimal-effort walking

trajectories. The results revealed that the backward-knee exoskeleton demonstrated a 35%

reduction in the coefficient of task (CoT) compared to normal walking, assuming efficiencies

of µresist = 0.3 and recycle = 0.05. In contrast, the forward-knee exoskeleton exhibited a

15% reduction in CoT. This discrepancy can be attributed to the improved utilization of the
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knee joint during heel strike and the longer moment arm for the GRF during ankle push-

off. Consequently, when designing an exoskeleton for load-carrying walking assistance, the

backward-knee configuration is preferable. Additionally, the exoskeleton’s actuators should

possess the capability to recycle and reuse energy in different joints, as the ankle joint per-

forms most of the positive work despite not collecting the highest amount of negative work.

The second research contribution involves the development of a control system capable

of recycling energy from one joint and reusing it in another joint. A pneumatic actua-

tion/control scheme was introduced in this study, utilizing low-cost solenoid valves and

pressure measurements to achieve pressure control with less than 5% error while increasing

pressure monotonically. The pneumatic system’s nonlinearity, latency, and unknown physi-

cal parameters were effectively captured using the sparse identification of nonlinear dynamics

(SINDy) with a small sample size of approximately 1500 samples. The validation and test

accuracies were found to be 88.2% and 86.44%, respectively. The proposed pneumatic actu-

ation and control scheme are optimized for applications in human performance-augmenting

robotics. Through impedance control, the system provides the necessary negative work and

is capable of reclaiming around 88% of the energy for later assistance. This makes it suitable

for implementation in wearable devices and other robotics applications that require both

negative work and energy recovery.

The final research contribution of this study involved the integration of prior knowledge

to construct a full lower-body exoskeleton and validate the hypotheses. The exoskeleton,

known as the Pneumatic Exoskeleton with Reversible Knees (PERK), was designed with

the objective of assisting users in carrying loads while minimizing energy consumption. The

results demonstrated the superiority of the backward-knee exoskeleton over the forward-

knee exoskeleton in both the single support (swing) phase and the double support (stand)

phase. During the single support phase, the mass of the backward-knee exoskeleton served

as a counterweight, reducing the vertical displacement of the center of mass (COM) and

thereby minimizing momentum losses during heel strikes. In the double support phase, the
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backward-knee mechanism enabled the exoskeleton to absorb more energy from negative

work and provide increased assistance during ankle push-off. Considering the benefits of the

backward-knee configuration in both the single-support and double-support phases, it was

concluded that when energy consumption is a primary factor in designing a full lower-body

exoskeleton, it is worth considering the backward-knee configuration since there is a trend

that it will have less energy consumption compared to the forward-knee configuration.
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