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ABSTRACT OF THE DISSERTATION

Design and Analysis of Novel Limb and End-effector Mechanisms for a Highly
Capable Quadruped Robot

by

Fadi Rafeedi
Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2024
Professor Dennis W. Hong, Chair

Quadruped robots are versatile locomotion platforms capable of a variety of
manipulation tasks. For each operating environment, the quadruped’s choice of
kinematic design, actuators, and end-effectors requires tuning and optimization.
This research introduces geometrically enhanced designs for limb mechanisms and

magnetic variable stiffness end-effectors for a ship-board quadruped platform,

SORREL.

The choice of kinematics in quadrupeds is highly dependent on the gait and
certain leg designs might be more prone to waste power. Traditional robots, design
their kinematics based on the actuator being a single unit consisting of a motor and
a gearbox, overlooking the effects of their relative positions on the limb kinematics.
A new method was developed for designing the leg kinematics by decoupling the
design of the gearbox and the motor. This method gives more freedom in the
design of the kinematics and allows for a wider range of configurations best fit
for the required task. The quadruped leg design presented in this work has both
actuators collocated at the hip in a parallel configuration; however, the gearbox
of the knee motor is relocated from the hip to the knee joint. This seemingly
simple modification significantly reduces the mechanical antagonism and motor

losses and increases the stiffness of the leg.
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Quadrupeds perform manipulation and grasping through task-specific actua-
tors. These actuators need to interact with the environment safely while main-
taining accurate force control capabilities. More specifically, SORELL needs to be
equipped with gripper modules to deal with varying tasks such as typing on key-
boards, precision manipulation of electronics, and general pick and place. Most
grippers used in manipulators are based on stiff positioned-controlled actuators
which provide accuracy but require bulky and expensive Force/Torque (FT) sen-
sors for force control. Additionally, traditional grippers struggle with delicate
handling tasks and pose safety risks due to their inherent high stiffness. By em-
ploying compliant actuators, namely nonlinear series elastic and variable stiffness
actuators, robotic platforms can circumvent such limitations while maintaining

the accuracy and stability of the end-effector.

As such, a family of actuators based on magnetic and electromagnetic forces
was developed and tested to improve the safety of manipulation and grant accu-
rate force control. The actuators presented use series elastic (SEA) and variable
stiffness (VSA) concepts. Two actuators use passive nonlinear springs with con-
stant stiffness profiles based on permanent magnet arrangements. These passive
nonlinear SEAs, designed for lightweight and low-cost grippers, can achieve both
stiff and soft behavior and have a higher capacity for energy storage than lin-
ear springs. With accurate spring modeling, these nonlinear SEAs can change
the force control problem into a position control problem avoiding the use of F'T
sensors. Since passive SEAs use springs with fixed stiffness curves, their stiff-
ness cannot be controlled independently. Moreover, changing the stiffness online
is desirable in some grasping tasks that require adjustment in grip strength and
compliance. Hence, two actuators that have active stiffness variation (VSA) ca-
pabilities through mechanical and electromagnetic means were developed. These
actuators, while more complex and costly, give a wider range of stiffness and the

ability to tune their stiffness curves. These actuators are studied and categorized
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for the intended manipulation tasks encompassing those required on the SORELL
platform. Through these designs, multiple unique features were studied and ob-
served such as water-cooled electromagnetic coils, eddy current damping for shock
absorption, and the use of negative stiffness for fast explosive motion of gripper

fingers.
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CHAPTER 1

Introduction

1.1 Motivation

Robotic platforms have long seen incredible success in different areas such as man-
ufacturing and assembly lines. The reliance on robots and robotic manipulators is
evident in many industries. Despite these advances in factory and lab-controlled
settings, robotic platforms have had a large burden to overcome to migrate from
these controlled environments to broader applications. For instance, for assembly-
line robots precise manipulation is a necessity to ensure the repeatability of certain
tasks. However, once the robot is set to interact in an alternate or foreign en-
vironment, many challenges arise due to the variability and uncertainty of that
environment. These challenges are especially prevalent in legged robots such as
quadrupeds and bipedal robots. For a legged robot to work in such environments
it should be able to manage various impacts as well as interact with objects with
various mechanical properties. Hence, creating robotic mechanisms and designs

that adapt to these complexities is a step in achieving overall robotic versatility.

Legged robots are developed to mimic the form and function of biological
beings. The limbs lend them the ability to interact with human-oriented environ-
ments where other mechanisms, such as wheels, are not ideal. Such an ability,
demonstrated by bipedal platforms, for instance, has gained them an increased in-
terest in the field. The bipedal nature of these robots makes them highly versatile
by allocating upper limbs for task manipulation and reserving the lower limbs for
locomotion. However, due to their geometric complexity and weight distribution,

they demand intricate control strategies.



Quadruped robotic platforms, on the other hand, offer higher intrinsic stability
with versatility in both human-designed and foreign environments. Examples of
these platforms include SPOT, ALPHRED, and Cheetah [2] [1] [3]. Most of these
platforms focus on the locomotion part of the robot leveraging the inherent static
stability of quadruped robots. Despite this success, few of these platforms were
designed to be effective in locomotion and manipulation tasks alike. Even for the
few quadrupeds that can perform manipulation tasks, they use basic grippers for
pick and place operations and these grippers are not optimized for the tasks they

are performing.

1.2 Research Objective

The objective of this research focuses on the development of mechanisms that
will enable a quadruped robot to perform locomotion tasks with high mechanical
efficiency as well as interact safely during manipulation tasks. To that effect, this
work presents a deep study of robot leg mechanisms and designs coupled with

actuators that achieve desirable and safe manipulation.

This research leverages the successes in quadruped robotic platforms, espe-
cially ALPHRED-2, to design a new generation quadruped SORELL. As part of
the design process for SORELL, this work investigates methods to optimize the
form and weight of the robot. It also delves deep into the possible choices of the
kinematic configuration of the articulated legs and its role in minimizing power
consumption when the robot is standing and during examined gaits. Subsequently,
a new kinematic leg configuration design is introduced and studied theoretically,

experimentally, and through simulation.

In tandem, this work also evaluates the use of nonlinear magnetic series and
variable stiffness actuators for manipulation tasks done on quadruped robots. It

introduces a library of compliant actuators that utilize magnetic forces. This



family of grippers examines and implements unique mechanisms and geometries
to generate standalone grippers and actuators. This library is envisioned to be
both an independent platform for further development and a versatile toolkit for

SORELL’s future applications.

1.3 Background

1.3.1 Quadruped Robots

Many quadruped robotic platforms have surfaced in recent years owing to their
versatility and inherent stability [1] [5] [2] [!] [3] [6]. These ”four-legged” robots
utilize different kinds of actuators as well as different leg kinematic modes depend-
ing on their intended tasks. Some of these quadrupeds, like Cheetah, Spot, and
ANYmal [5] [2] [3], use the traditional biomimetic leg kinematics with the abduc-
tion/adduction degree of freedom (DoF') achieved through a hip-roll joint. In this
configuration, the quadruped closely resembles biological quadrupeds (e.g. Spot
and ANYmal). On the other hand, some quadrupeds, most notably ALPHRED
and ALPHRED-2 [1] [7], swap the abduction/adduction DoF with a hip yaw joint,
sacrificing some of the dynamic benefits for a larger workspace on the leg. Hence,
robots such as ALPHRED, can exploit the expanded motion envelope of the leg
to perform simple manipulation tasks with one limb while maintaining a statically
stable pose in the tripod configuration. The joint DoF’s that follow the first hip
joint, are similar across most platforms and they consist of two or three pitch
joints.

As quadrupeds vary by kinematic design, they also use different actuators to
achieve their dynamic motion. Early concept quadrupeds usually use traditional
servomotors with a high gear ratio making them ideal for position control. Even
though these actuators have high position control accuracy they have poor im-

pact mitigation and force control. Some quadrupeds, including ANYmal, use
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(a) Cheetah [3] (b) Spot [2] (¢) ANYmal [7]

Figure 1.1: Quadruped Robot platforms popularized in recent years

series elastic actuators (SEA) which use a high gear ratio motor in series with a
spring. SEAs increase the impact mitigation and enable the joint to store energy
that is recycled at a later phase of the gait. SEAs, however, reduce the bandwidth
of the actuator and require extensive optimization for the choice of spring stiffness.
Other quadruped robots such as MIT Cheetah and ALPHRED-2 use propriocep-
tive quasi-direct drive actuators [0]. These actuators sacrifice some of the force
control accuracy for higher bandwidth and proprioception achieved by directly
driving a brushless DC motor. BigDog [%] and HYQ2Max [9] on the other hand
use hydraulic actuators that have high power density and force output; however,

these actuators suffer from fluid leaks and increased complexity.

1.3.1.1 Quadruped Leg configurations

Hip Motor

Knee Motor

Knee Motor

(a) Serial (b) Collocated serial with  (c) Parallel linkage  (d) Parallel belt
linkage

Figure 1.2: Different configurations of a two DoF planar manipulator



The kinematics of a robotic manipulator, or how the motion on the actuator
space translates to motion in the operational space, varies between platforms.
The choice of leg kinematic configurations depends on the potential use cases and
target terrains. Many leg designs try to reduce the flung mass of the leg by placing
all or most actuators of the leg on the hip closer to the body [10] [L1]. In that
case, the hip pitch and knee pitch actuators are either in a serial configuration,
where the hip joint drives the knee motor and the linkages, or through a parallel
configuration, where both actuators act on the hip joint and the knee through
either a linkage [12] or a belt [I]. The parallel configuration reduces the flung
mass and restricts the motion of the actuator chassis with respect to the body.
Reducing the flung mass, and hence the inertia of the driven limb makes the control
of the limbs smoother and enables the limb faster acceleration and deceleration.
Other robots have a joint actuator on each respective joint (knee and hip) such
as in the case of ANYmal. The configuration on ANYmal removes any coupling
between the actuators and simplifies the control of the leg. Each of these designs
gives unique advantages and disadvantages based on the position and gait of the

robot.

Shown in Fig. 1.8 are commonly used variations of the serial and parallel driv-
ing paradigms for the last two DoF’s in a robotic leg. The serial configuration,
Fig.1.2a places the actuator at its corresponding joint. In this case, the hip actu-
ator has to drive the linkage connecting the knee and hip. While the mechanism
decouples the motion and torques of both actuators, it increases the flung mass of
the leg since the hip actuator will have to drive the knee motor’s inertia, which in
this case increases with the inter-joint distance. Another potential disadvantage
of this mechanism is that the large or bulky knee actuator may interfere with the
reach, carrying capacity, or pose of the whole limb. An alternative to the serial
configuration is the collocated serial shown in Fig. 1.2b, where the hip motor is

still driving the chassis of the knee motor, but the knee motor is placed closer to



the hip. This placement reduces the moment of inertia hence limiting the flung
mass. The knee motor drives the knee joint through a linkage that crosses the hip
and the knee. In both of the described cases, the chassis of the knee motor is to
rotate with the hip joint which can cause some difficulty with electrical interfacing
as well as the range of the hip joint. The collocated serial mechanism was used in

ARTEMIS humanoid robot [13].

In the second set of configurations, shown in Fig. 1.2d and Fig. 1.2c, the
actuators are collocated at the hip and both knee and the hip motors are fixed
with respect to the robot body. In both cases, one of the motors is connected to
the knee joint through a biarticular mechanism, that acts on more than one joint.
These examples consider two kinds of biarticular joints, one through a linkage
and another through a belt. In the case of a linkage, the mechanism offers a rigid
connection but can suffer from buckling due to repeated impacts at the foot. The
linkage also does not allow a 360° rotation of the knee joint due to linkage collision
and singularity. In the case where manipulation is done through one of the legs, a
linkage can limit the range of motion of the end-effector. The belt in the parallel
case, on the other hand, allows for a 360° rotation. Although the belt itself, being
less rigid than the knee motor gear, will present potential errors when measuring
the true position of the knee, it offers better shock absorption capability. Besides
these effects, a noteworthy feature of the parallel configuration is the coupled
kinematics between the knee and hip joints. Meaning that a displacement or a

torque on either motor could affect both the knee and the hip joints.

1.3.1.2 Leg Kinematics and Dynamics

When considering two DoF' legs with two identical actuators, the kinematics,
and dynamics depend on the geometry of the mechanism and the location of the
actuators as derived by multiple previous works i.e. [I1] [15] [16]. In Fig. 1.8 the

kinematics of both parallel cases are identical and the kinematics of both serial
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cases are identical as well.

In the case of a generalized two DoF leg shown in Fig. 1.3 the torques and
angles of the joints do not depend on the kinematic configuration. The torques
of joints 1 and 2 (7;; and 7j2) in the static case solely depend on the torques
needed to hold the joints (counter the torque due to a force at the foot in this
case f). On the other hand, the angles of joints 1 and 2 (g;; and ¢;2) depend
on the foot placement with respect to the body which is noted as P, and P,.
Hence the torques and angles of the joints, i.e. the joint space, are said to be

configuration-independent.

Figure 1.3: General two Dof leg diagram

Given the fact that the joint space is configuration-independent, it would then
depend on the placement of the actuators to satisfy the joint angle and torque
requirements for a certain pose. In other words, the actuator space depends on
the chosen configuration. To characterize the relationship between the joint and
actuator space we need to take a closer look at the two configurations shown in

Fig. 1.4.

Fig. 1.4 shows the two configurations that appear in most quadruped robot
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(a) Serial (b) Parralel

Figure 1.4: Traditional quadruped robot leg configurations

legs. As compared to the different configurations presented in Fig. 1.8, the two se-
rial configurations were grouped and the same was done for the two parallel cases.
This is because the two serial configurations and the two parallel configurations

have identical kinematics.

Fig. 1.4 shows the simplified models of a serial (Fig. 1.4a) and a parallel (Fig.
1.4b). In the serial case, the actuators are placed at the joints, while in the parallel
case, they are both placed at the hip. In the parallel case, the knee motor then
acts through the femur linkage on the knee joint with a 1:1 gearing ratio pulley
system.

Using L1 and L2 as the lengths of the femur and tibia respectively, the 2D

kinematics can be written as:

P, = Licos(qus) + Lacos(qus + qxs) (1.1)

P, = —Lysin(qus) — Losin(qus + qks) (1.2)



Where qys and qis are the actuator angles in the serial configuration for the
Hip and knee actuators respectively. Partial differentiation gives the following for

a serial configuration.

P.| | =Lisin(qus) — Lasin(qus + qs)  —Lasin(qns + axs) | | i, 13)

P, —Licos(qus) — Lacos(qus + qrs)  —Lacos(qus + qrs) | | ak.

For the parallel mechanism case, the location of the foot with respect to the

body can be written as follows.

P, = Lycos(qup) + Lacos(qryp) (1.4)

P, = —Lysin(quy) — Lasin(qkp) (1.5)

In this case, the angles of the actuators are qm, and ¢k, for the hip and
knee motors respectively. Where g, is the biarticular angle as presented in [14].

Taking the partial derivative of Eq. 3.7 and Eq. 3.5 yields the following.

Px _ —Llsin(QHp) _LQSin(qu) q}.Ip (16)

P, —Lycos(qup) —Lacos(qxyp) | |axk,

The jacobian of both configurations from Eq. 3.6 and 3.9 can then be written

as.

JS _ _LISin(QHs) - L2Sin(QHs + QKS) _L25in<QHs + QKS> (17)

—L1cos(qus) — Lacos(qus + qrs) —Lacos(qus + qks)
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J - —Lysin(qup) —Losin(qrkp) (1.8)

—Licos(qup) —Lacos(qrp)

The main difference between the two configurations is how the torque and
angles of the motors affect the absolute angles of the joints. Here we present the
configuration matrix that relates the actuator space to the joint space for each of

the serial and parallel cases.

Tj1 1 0 fa: 1 0 THs
Tio o 1| |y, 0 1 Txs (1.9)

N——
Config. Matrix G

le _ 10 J_l Pm _ 10 qHs
52 0 1 P, 01 UK (1.10)
——

Config. Matrix G’S_T

For the parallel case

Tj1 11 f:v 11 THp
| o1 "4 01 Ty (1.11)

——
Config. Matrix Gp
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qj1 1 0 Pr . 1 0 4Hp
52 -1 1 P, -1 1 qKp (1.12)
N——
Config. Matrix G};T
Equations 1.9 and 1.11 show how the torques of the actuators contribute to

the torques at the joints. While equations 1.10 and 1.12 reflect the relationship

between the angles of the actuators and their respective joints.

In the serial case, the joint torque and the actuator torque are equivalent, that
is due to the fact that there is no coupling between the actuators. However, in
the parallel configuration case, the torques of the actuators add up at the joint
meaning that to satisfy a hip joint torque of 7;; both torques of the hip and knee
actuators need to add up to that value. As for the joint angles, the angle of
the knee joint is the sum of the negative angle of the hip motor added to the
positive angle of the knee motor. This is a clear case of coupled motion between
the two actuators. For instance, if the knee motor is fixed and the hip motor
is moving, then the knee joint will move with the same angle value but in the

opposite direction.

Driven Pulley

Belt

-

.-'\_*|
T

Femur -

Drrving Pulley (Fixed)

Figure 1.5: Coupled movement between hip and knee in the parallel case

To get a better idea of why that happens Fig. 1.5 shows the coupling between

the hip joint motion and the knee joint motion. The red line shows the femur
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link which connects the two axis of rotation for the pulleys. In the case when the
driving pulley is fixed, the driven pulley can rotate only with the axis connecting
the two pulleys. In the case the femur rotates, the driven pulley will rotate in
the opposite direction. The rate of rotation would depend on the gearing ratio
between the two pulleys. If the driven pulley has a different size, then the rate of
change will be multiplied by the gearing ratio between the two. This relationship

is shown mathematically in Eq. 1.12.

1.3.2 Mechanical Antagonism

The design of a robotic limb has many constraints, but one of the most important
ones is the power aspects of the mechanism. It is very crucial to consider the power
requirements of tasks associated with the gait. Preferred designs have lower power
consumption over the span of tasks and configurations. Robotic designs tend to
focus on lowering the TCoT (Total Cost of Transport) as well as the MCoT
(Mechanical Cost of Transport). It is also important to consider, when designing
robotic legs, the distribution of work across actuators. Meaning that all actuators
share a similar contribution to the total power delivered to a task. This will avoid
a small number of actuators doing most of the work which could result in these
actuators operating near their limit in inefficient conditions. Another aspect to
be avoided is geometric work and antagonistic power which will be discussed in

length in the next section.

1.3.2.1 Geometric Work in Legged Robots

Mechanical antagonism in legged robotics arises in cases where the power deliv-
ered to the environment is not necessarily the power generated by the actuators.
Certain mechanisms are more prone to this effect under certain circumstances.

For example, two actuators acting on the same link one with positive power and
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the other with negative power will cause some of the power to cancel out limiting
the amount of torque transmitted to the task [17]. This observed effect gave rise

to the study of geometric work.

The idea of geometric work has been known in manipulators and robotic legs
since the introduction of multi-actuator robotic systems. The idea of geometric
work can be synonymous with the idea of fighting internal forces where if multiple
forces are acting on the same body, opposite forces cancel [18]. The geometric
work can be defined as the energy lost due to an internal power loop when two or
more actuators are included. Geometric work arises when at least one actuator
is doing positive work while the other is doing negative work. This effect can be

amplified by the kinematics of the robotic leg over the specified gait [16].

In earlier robotic designs, roboticists were trying to minimize the negative
work in a system that would result from back-driving actuators. In the case
of back-driving actuators, the actuator is outputting negative power or in other
words absorbing power. If such energy is not recaptured or regenerated then it is
lost. Hence, earlier designs treated all negative powers as undesirable. Multiple
researchers tried to minimize this negative work through physical designs such as

the pantograph design presented in [19] or through path planning [20].

In later iterations of robotic legs, it became apparent that certain tasks require
the total power to be negative such as walking downhill [16]. Such cases would
require the power output of a leg to be negative. Song and LEE defined geometric
work as the difference between input and output energies to a system as referred to
in Eq. 1.13. This definition takes into account that the mechanical power delivered

by the leg can be negative. In that case, positive powers will be undesirable.

P
W, =Y _|Ei| - |En| (1.13)
=1
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Where E,, is the total output mechanical power of the leg and can be written

as,

p
E.=|Y E| (1.14)
=1

Hence the difference between the sum of the absolute value and the absolute
value of the sum of the actuator energies is the geometric work. Similarly [17]
defines the geometric work in the construct of actuator powers. Where the antag-
onistic power is the P,,; is defined as the difference between the net power P,
and the total power P,;. Here the antagonistic power is defined as the difference
between the total power used by the actuators and the net power delivered to
the task. The net power definition is coordinate invariant, meaning it does not
depend on the kinematics of the system. However, the total power is the sum of
the powers flowing through the actuators. For this study, we have slightly changed
the notation to reflect this, as the net power reflects the dot product of the torque
and velocity vectors in the joint space, while the total power is the sum of the

absolute values of the individual actuator powers as shown in Eq 1.15 and 1.16.

p
Pret = Z -Pjomt,i - Tj-ej (]_].5)
i=1

p

p
Piotat = Z |Pmoto7",i| = Z |TM7i0M,i| (116)

i=1 i=1
1 p p
Pant = 5(; Pmotor,i - | 2_; Pjoint,iD (117)

The earlier definition of geometric work results in stronger penalties on nega-

tive powers, hence [16] reformulated the geometric work formula to set negative
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works to zero.

p
Wy =Y Ei—|E,| (1.18)
=1

Where E; takes the following values

_ E, E;>0

E; = (1.19)
1.3.2.2 SLIP Model for Design of Robotic Legs
The spring-loaded inverted pendulum (SLIP) [21] is a very popular model to

describe the modes of locomotion for legged robots including running and walking.
Even though the SLIP model might not capture all the dynamics of a leg; it does
capture the essential ones. Hence the SLIP is very popular for modeling robotic
legs [22] [23] [24] [25]. In the case of designing robotic legs, [10] has used the SLIP
model as a template to design robotic legs that best match the dynamics of the

SLIP model.

The method that [16] introduced starts by considering the SLIP model, shown
in 1.7 which is an energy-conservative model. The SLIP model has one original
degree of freedom which is the angle that it makes with the ground ¢ and no
actuators but rather energy recycled from the spring cycle. The template-based
method is then concerned with adding degrees of freedom to the original model
as well as an actuator. The design process determines based on the concept of

minimizing geometric work, where to place these actuators.

Note that for the design considered in this thesis, physical springs are not
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used for energy storage and recycling. However, the SLIP model is still valid
if the virtual impedance is rendered to reflect spring-mass dynamics in a high

transparency actuator [20].

Figure 1.6: SLIP Model for a robotic leg

The formulation of the theorem divides the actuated space of a mechanism
into two parts, the first is the original degrees of freedom of the SLIP model, ¢,
and the rest are added degrees of freedom denoted as released constraints. The
relationship between the joint space, denoted as #, and the actuated space, ¢, can

be written as follows.

01 _ a; G2 qr
0, asz Gy qb <1'20)
A

Even though this methodology was proposed for any leg mechanism with any
number of DoF, this study will limit the discussion to two DoF systems that are
relevant to robot legs similar to ones on ALPHRED-2 for simplicity. Hence, the
Jacobian matrix A is a 2 x 2 full rank matrix. This relationship is extended to

the generalized forces and torques shown in Eq. 1.21, where the generalized forces
16



are denoted by () and the actuator torques and forces as 7

T2 by by Qs (1'21>

It is worth noting that the A and B matrices are both full-rank matrices and

satisfy the following relationship for any kinematic configuration.

This study considers two DoF legs and will follow the process shown in [16],
by adding an extra released constraint in the direction of leg length. So the total
degrees of freedom include the angle the leg makes with the ground ¢ and the leg
length denoted as [,,. Two actuators are then added to the model one acting in
the length length direction and another acting in the leg angle direction. These

generalized forces can be shown as (); and @), respectively.

Now using these DoF and actuator forces, Eq. 1.20 can be rewritten as.

01 B @11 A12 lm
0 Qo1 Q22 ¢ (1'23)
A

The power in the joint space, which can be obtained by a dot multiplica-
tion between the joint forces and the joint angles can be written in terms of the

generalized forces and angles as follows.
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Actuator in Leg
Length Direction

Figure 1.7: SLIP Model including an added DoF in leg length direction

a11im + 0l12<2.5

a11G22 — A21021

P = (@2@1 - a21Q¢) (1-24)

21l + a2 (
a11A22 — A21021

P, = —a12Q; + a11Qy) (1.25)

It is then formulated for the ideal operation of the mechanism and for it to

match the dynamics of the SLIP mode.

[, =0 Qy =0 (1.26)

This means that no torque is exerted in the direction of the angle of the leg,

and the only force is exerted in the leg length direction which is used to hold
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the leg length constant. The velocity of the system comes from it being an ideal
system and recycling energy in the spring with close to ideal efficiency. In that
case, the power in Eqgs. 1.24 and 1.25. The powers that remain are the geometric

work powers, which in the case of robotic legs are to be minimized.

p= 422 (1.27)

a11022 — G21021

—a120G22 ;
P, = Qo (1.28)
11022 — Q21021
For the geometric power to be zero, a single actuator has to solely act in the
leg length direction meaning that the value of meaning that either a;s or ags has

to be zero.

1.3.2.3 Quadruped Robots Manipulation

Quadruped robots are available either as commercial platforms SPOT and ANY-
mal or other research platforms focusing on the locomotion part. This means that
a limited number of quadrupeds include a manipulation component that enables
them to interact effectively with their surroundings. Both ANYmal and Spot
have optional neck gripper modules for pick and place operations. ANYmal is
also proposed to be able to use its actual limbs to do simple manipulation such

as opening doors or pushing objects.

This notion of a mobility platform with arms for mobility has been explored
in the past with wheeled systems such as NASA Centaur [28] and Momaro [29],
as well as with legged systems like Centaro [30] and RoboSimian [27]. Even

though some quadruped robots are equipped with grippers they are not designed
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(a) ANYmal [5] (b) RoboSimian [27] (c¢) HyQ2Max [9]

Figure 1.8: Quadruped Robot platforms popularized in recent years

to effectively manipulate the environment and perform delicate and precise tasks.

1.3.3 Actuators

Robotic actuators are at the core of any robotic system design, this research fo-
cuses on the types of actuators typically used and developed for legged robotics
and grippers. The majority of robotic platforms that use electro-mechanical ac-
tuators employ one of these paradigms or a combination of them. Fach type
of actuator does have its advantages and disadvantages when used with robotic

systems.

1.3.3.1 Position Controlled Servo Motors

Position-controlled actuators are a family of actuators that achieve high positional
accuracy. The two most popular position-controlled actuators are servo motors
and stepper motors. For this discussion, the focus will be on servo motors as

stepper motors are rarely used in robotic joints.

Servo motors are motor modules that achieve high positional accuracy using
a position control loop. Servo motors use a high-speed DC motor in series with a
high reduction gear ratio. Through an internal loop, the position is measured and

compared to a desired position, where the measurement of the position is achieved
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Figure 1.9: Different robotic actuator diagrams

through encoders. Servo motors are very popular in the robotics industry as they
are easy to control. Servo motors also provide high positional accuracy and can
amplify motor torques on the gear ratio. Despite their benefits, servo motors

suffer from a variety of problems when they are used in robotic systems.

Servomotors usually have a high gear ratio as can be seen in 1.9a, which means
that even though the torque of the motor is amplified, the speed is sacrificed.
This means that they are not ideal for highly dynamic systems. Moreover, the
increased gear ratio introduces a large amount of non-linearity decreasing the
open-loop torque transparency. This means that in applications where torque
control is required, a Force/Torque sensor is needed to get accurate force readings
and feedback. Servomotors are also vulnerable to impacts due to their high gear
ratio. A high gear ratio results in a large reflected inertia making servos non-

backdrivable. Since the reflected inertia is very high, any impact on the output of
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the servomotor will feel like an impact on a rigid body. This might cause damage
to the servo and anything that interacts with it. Some robots, however, still use

Servo motors, especially for small robot applications [31].

1.3.3.2 Quasi-Direct Drive Actuators

Even though servo motors are the most popular in commercial robotics, the re-
search community, alongside some commercial platforms, is migrating to more
impact-resistant and high-bandwidth actuators. One of those actuators that re-
cently gained popularity is the Quasi-direct drive actuator (QDD) [3] [32]. Quasi-
direct drive actuators use a motor in series with a low gear ratio. However, to
compensate for the reduced torque from the gearing, a large diameter, high torque
motor is used as seen in 1.9d. The low gear ratio reduces the reflected inertia of
the actuator and increases the torque transparency. The high transparency puts
these actuators in the category of proprioceptive actuators. In a low-gearing sce-
nario, the forward-driving torque can be closely similar to the back-driving torque.
Hence, quasi-direct actuators can use internal sensors at the input to measure the
current and translate that through the gear ratio into a torque measurement.
This circumvents the need to measure the output torque of the actuator through
an FT sensor.QDD actuators are ideal for dynamic locomotion as they have a
high bandwidth and force control capability that is accurate enough for dynamic
locomotion. However, if accurate force control is desired through only a propri-
oceptive actuator, then the gear ratio used should be minimized [33]. QQD are
not limited to use in legged locomotion as they have also been used in gripper
applications such as in DAnTe [31]. The downside of QDDs is their inability to
store mechanical energy to be recycled unless a regenerative electrical system is

used.
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1.3.3.3 Compliant Actuators

Series elastic actuators [35] [36] (SEAs), shown in 1.9b are a family of actuators
that intentionally introduce a compliant element between the motor gearbox out-
put and the environment. SEA designs can vary between applications where the
compliant element could be classified as linear, or non-linear. Another family
of compliant actuators is variable stiffness actuators [37] (VSA), in Fig. 1.9c,
where the stiffness of the compliant element is actively changed. For purposes of
simplicity of presenting this work, VSA background is presented in this section.
Including a compliant element between the gearbox output and the environment
has multiple advantages that are not present in other actuators. The spring acts
as a low-pass filter for high-frequency impacts as well as reduces the reflected in-
ertia making the actuator more back-drivable. Also transforms the force control
problem into a position control problem. With a very well-modeled and stable
spring accurate force control is possible. This forgoes the need of using bulky and
expensive F'T sensors. These advantages come at the cost of decreasing the force
bandwidth of the actuator. Of course, as with every actuator presented, there is

an engineering trade-off that the choice of the stiffness element is very crucial.

SEA: Linear Springs Most of the traditional SEAs use a linear compliant
element that choice is made in order to simplify the design process as well as the
control. Having a linear spring means that the force in the spring is proportional
to the deflection meaning the force control is a straightforward problem [35].
This also reduces the complexity of the force control. However, having a spring
with a fixed linear stiffness means that the stiffness has to be optimized for the
intended task as a too-low stiffness reduces the bandwidth of the actuator and the
capacity of the spring, while a very high stiffness gives an increased bandwidth
but less impact mitigation [39] [10] [11]. Many robotic applications use series

elastic actuators for dynamic robotic systems as well as simpler mechanisms such
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as grippers and fingers [5] [10]. To mitigate the problems presented by linear
SEA, researchers have developed alternatives to avoid this engineering trade some

of these solutions include nonlinear springs and variable stiffness actuators.

SEA: Nonlinear Springs In order to overcome the issues with using a linear

spring, researchers have adopted nonlinear springs with an optimized torque profile

[12] in applications ranging from dynamic jumping motions of a robot [13] to
prosthetic devices [11]. Presented nonlinear springs range from using magnets
[15] [16], rubber [17], or even linear springs that are stretched in a nonlinear
fashion [18].

Nonlinear springs exhibit a wider range of force/torque profiles than those ex-
pressed by linear springs, hence, compliant and stiff behaviors can be generated
with a single nonlinear spring. The use of a nonlinear spring sacrifices the ver-
satility of a SEA for a simpler design, making it especially beneficial for robotic
grippers since the required force/torque range is small compared to other joints.
Thus, a small variation in force/torque profile is enough to exploit the accurate
force control in a compliant range and the high bandwidth in a stiffer range with-
out increasing its size and weight. Even though nonlinear springs combine the
best of the two worlds, they still suffer from a lack of versatility as the spring
profile is still constant and the profile has to be optimized. Also, the modeling of

the spring has to be accurate should the spring be used as a force sensor.

Variable Stiffness Actuators Online stiffness modulation could be a more
versatile option than using SEAs. Impedance and compliance control afforded by
online VSAs allow the robot to interact closely with it a broad array of environ-
ment. Some robotic joints use pure control methods to change the stiffness of the
system by simulating the working of a spring’s force response to deflection [19] [50].

However, using such a method does not allow for physical energy storage, inherent
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Figure 1.10: Different VSA mechanism design diagrams

shock absorption, and explosive movement for fast response [51] [52] [53].

As suggested by the name, VSAs use a secondary input to actively alter the
physical stiffness of the spring. This attribute resolves the stiff and soft spring
trade-off seen in SEAs. The need for the secondary input, adds to the design
and fabrication complexity of a VSA, as well as, it energy consumption. Hence,
choosing between an SEA or a VSA highly depends on the constraints and require-
ments of the system and the task. Reviews such [37] [71] provide a comprehensive
overview of variable stiffness actuators and their subcategories. Methods of stiff-

ness variation employed in robotic joints can be categorized as follows:

e Changing the physical properties of a spring in series: This VSA design
shown in 1.10b has a single motor in series with a variable stiffness spring.
The spring material and stiffness variation (secondary input) is summarized

below:
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— Stimuli-responsive polymers and nanomaterials: which use secondary

input to change the mechanical properties of the material [55] [50].

— Pneumatics: which use air pressure variation to change the stiffness of

an artificial muscle [57] [55]

— Electromagnetic: which uses coils and /or other electromechanical effect

to change the stiffness of a magnetic spring [59]

e Spring pretension variation: this is most commonly used through an agonist-
antagonistic configuration shown in 1.10a. In this configuration, two mo-
tors each with progressive springs tug on a single joint similar to biological
joints [00] [61]. In an antagonistic design, the stiffness can be changed by
pretensioning both sides of the joint concurrently. Positioning of the joint
can then be achieved through pretensioning one side over the other to shift
the equilibrium point. Antagonistic configuration requires the use of nonlin-
ear progressive springs since using linear springs will not change the stiffness

of the joint when pretension.

e Transmission ratio modulation: This is done by changing the rate at which
a spring is engaged with respect to the same output deflection as shown
in 1.10c. The most common design using this method is through using a

pivoted mechanism and then changing the location of the pivot as presented

in [62] [63] [64].

1.4 Organization

This dissertation introduces the SORELL robotic platform, its design philosophy,
and its proposed uses. Chapter 2 will introduce the SORELL robot design and
its unique body shape which provides a large workspace area and enables it to
perform in upright or flipped positions. The leg design, complementary to this

body, is also introduced and its sub-assemblies include the hip, femur, and knee
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assemblies. Chapter 3 focuses on the improved design features of the knee joint
and its broader implications on parallel actuator design. The knee design’s role
in reducing mechanical antagonism in the robotic and increasing leg gear train

stiffness is demonstrated.

Chapters 5 and 4 introduce a library of series elastic and variable stiffness
actuators for gripper applications. Chapter 4 encompasses the design and testing
of two passive nonlinear magnetic SEAs, MSEA and PMSEA, which rely on per-
manent magnet arrangements to generate unique stiffness profiles. In Chapter 5
two magnetic VSAs are presented: (1) EMVSA, which uses a coil to change the
stiffness of the magnetic spring. (2) AMVSA, a variable stiffness finger that uses
mechanical input to change the orientation of magnets to alter the stiffness as
well as the position. Finally, chapter 6 discusses the future potential of this work
and evaluates the prospective application of the actuator library to SORELL for

manipulation tasks.
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CHAPTER 2

Sorell Platform

2.1 Introduction

The Shipboard Operations Robot with Enhanced Legged Locomotion (SORELL)
is the next-generation quadruped robotic developed at RoMeLa. SORELL is de-
signed to be effective in a shipboard environment navigating narrow corridors,
knee-knockers, unstable ground, and stairs. SORELL platform shares the core
design philosophy of ALPHRED-2 also developed by RoMeLa [l]. Even though
SORELL shares the mobility features of ALPHRED-2, it has been designed for a
different environment requiring various major upgrades in features and capabili-
ties. Unlike ALPHRED-2, which is primarily a locomotion platform, SORELL is
designed to be a locomotion as well as a manipulation platform. This means that
SORREL will feature a number of peripheral units such as gripper modules, tools,
cameras, and sensors. To that end, SORELL will be equipped with novel designs
of these modules to meet the task requirements. The components of SORELL
feature rational designs that have been optimized using simulation methods such
as topology optimization and FEM analysis. This chapter presents the design
methodology of SORELL and the mechanisms that enable this highly capable
robot. It will also highlight the advancements made to the platform, compared to

ALPHRED-2, and focus on the novel designs featured on SORELL.
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2.2 SORELL and ALPHRED-2

2.2.1 ALPHRED-2 Platform

The successes of the ALPHRED-2 platform inspired the creation of SORELL, a
more versatile successor. SORELL features many design improvements over its
predecessor. To understand the scope of these improvements and the research
done to achieve them, it is imperative to first evaluate the design of ALPHRED-2

and discuss its advantages and shortcomings.

¢ i~ S ==
Hip Pitch / Vs
+135° to -90° ,Qﬂ/'

. Knee Pitch_/

+/- 165°

(a) ALPHRED-2 kinematic configuration (b) ALPHRED-2 crossing street

Figure 2.1: ALPHRED-2 as presented in [!]

ALPHRED-2 is a quadruped robot that was developed as a mobility platform
with a unique joint configuration. As opposed to traditional biologically inspired
quadruped robots, where the hip joint has an abduction/adduction (hip roll) joint,
ALPHRED-2 has a yaw joint. This configuration sacrifices some of the dynamic
benefits of the joint in exchange for a larger workspace on the individual leg.
This alteration enables the robot to equip itself with simple end-effectors at the
leg to perform simple manipulation tasks with extended reach. Fig. 2.1 shows

ALPHRED-2 robot in operation as well as its kinematic configuration.

The unique kinematic configuration of ALPHRED-2 enables the robot to op-

erate in different modes as shown in Fig. 2.2. ALPHRED-2 is able to stand in
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a stable way on four or three legs. While standing on three legs, the fourth limb
can be freed to perform manipulation tasks. ALPHRED-2 is also able to stand
on two legs, with the help of stabilizing mechanisms located at the feet, to per-
form dual arm manipulation. The robot is also capable of multiple locomotion

configurations such as walking, trotting, caster wheel rowing, and jumping.

Figure 2.2: ALPHRED-2 Configurations: 2.2a Symmetric stable mode, 2.2b Tri-
pod single manipulation mode, 2.2¢ Dynamic mode, 2.2d Caster wheeled mode,
2.2e Jumping/ pronking mode, 2.2f Biped dual manipulation mode [I]

Despite the large success of ALPHRED-2 as a platform, it suffers from a variety
of shortcomings that need to be addressed for future applications. This research

focuses on addressing the following:

e ALPHRED-2 has limited manipulation capability, hence certain tasks are

not ideally suited for this robot. although simple manipulation tasks are
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achievable through the tripod or biped modes, they remain limited. The

robot for example is not able to grasp or manipulate precise objects.

ALPHRED-2 uses the same BEAR actuator module for all joints to simplify
the design of the robot, while the specific joint torque requirements are not
considered over the whole design. Better performance can be achieved by
catering the actuators based on the torque requirement of each joint. For
instance, the hip yaw and knee joints do not require as much torque as the
hip pitch for the intended gait. These factors affect the performance and

weight of the robot and limit its battery life.

The body of the robot is not designed to protect the mounted electronics and
does not act as a structural unit of the robot, rather it primarily serves to
connect the four hip joints. This has previously caused the robot’s body to
crack and the electronics to occasionally suffer damage from impacts during

normal operation.

The body design of the robot is not amenable to the addition of modular
attachments, while the lack of body symmetry means that the robot can

only operate in an upright position.

The hip pitch and knee pitch motors of ALPHRED-2 are in a parallel con-
figuration. As both actuators act on the hip joint a certain amount of
antagonism arises. This means that for some stance configurations, both
motors will be fighting each other. Coincidentally, ALPHRED-2 most used
configuration 2.2a and 2.2c¢ are operating with a high amount of antago-
nism between the two motors causing the hip motor to overheat and rapidly

deplete the robot’s battery power.

The bi-articular knee joint uses a belt and pulley transmission to the knee

joint. This configuration reduces the amount of flung mass by placing the
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knee motor at the hip joint, but it also causes the belt to experience a high
amount of torque. Due to the order of the transmission, the stiffness of
the tibia is reduced. Subsequently, the belt teeth may deform causing a

discrepancy between the knee joint output and the desired position.

These critical design shortcomings greatly hinder the versatility and precision
of ALPHRED-2. SORELL’s design and research target these limitations and

implement adequate enhancements in the quadruped’s design.

2.2.2 SORELL Platform

Apart from mitigating the shortcomings of ALPHRED-2, SORELL is designed
to be a locomotion and manipulation platform. It is purposed for shipboard
operations, hence it will inherit the locomotion and kinematics of ALPHRED-
2. However, the design incorporates a symmetrical concave body design that is
machined in one piece and optimized for structural stability and durability. It
also incorporates a novel leg design to circumvent the problems caused by motor
torque antagonism and belt stiffness. A new design of the hip joint also tailors
more closely to the joint torque requirements as well as the ability to attach an

assortment of modules for sensing and manipulation.

The early design concept of SORELL is shown in Fig. 2.3. This design incor-
porates higher torque motors, and a symmetrical body with ample area on the top
and bottom to enable modular attachments. The planar symmetry of the body
also allows the robot to operate on its top or bottom planes and perform manip-
ulation tasks with body-attached grippers in either position as well. Fig. 2.4 also
shows early concept tools and end-effectors intended to be used on SORELL’s

limbs.

These early adaptations have been updated with a more optimized design as
shown in Fig. 2.5. Fig. 2.5a and Fig. 2.5b show the stable standing mode
32



Figure 2.3: Early design adaptation of SORELL standing up

of SORELL as well as the dynamic mode for walking respectively. Fig. 2.5¢
shows the robot in tripod mode using a gripper attached to one of the legs for
manipulation while Fig. 2.5d shows SORELL performing precise manipulation

using small finger grippers attached to its belly in a squatting configuration.

2.2.3 SORELL Body

The SORELL body is designed and optimized to satisfy the design requirements
discussed earlier. The body consists of an inner lightweight structure made pri-
marily of carbon fiber sheets to contain the electronics and an outer body made
of aluminum. The geometry of the outer aluminum body has been optimized to
withstand high stresses to protect and hold the electronics securely in place. The
shape of the body is made symmetrical to enable the robot to operate while flipped
over. The shape is also designed to maximize the outer surface area to facilitate
the attachment of modular equipment, see Fig. 2.6b. The connection between the

outer body and the internal body is made through soft rubber connectors, which
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Figure 2.4: Modes of operation for early adaptation of SORREL

absorb shocks incurred during constant robot motion and impacts as shown in

Fig. 2.6b.

The body of SORELL not only provides protection of the internal parts and
enables symmetrical operation of the robot, but it also increases the workspace
of the robot legs, this gives SORELL a large advantage over APHRED-2. Table
2.1 summarizes the range of motion of both robots. The curvature of the body
frame and the fact that the entire electronics are inside the aluminum structure
improve the hip pitch and yaw joint motions. Also, the body curves on the side

of the frame give the hip joint the ability to get as close to the body as possible,

as demonstrated in Fig. 2.7.

Table 2.1: Joint ranges for SORELL vs ALPHRED-2

Joint | ALPHRED-2 | SORELL
Hipyaw | [—90° 90°] | [—98° 987
Hip Pitch | [—90° 135°] | [—135° 135°]

Knee | [—165° 165°] | [~165° 165°]
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Figure 2.5: Modes of operation for SORREL

2.2.4 SORELL Leg Design

The most common designs for quadrupeds aim to minimize the flung mass of
the limb by collocating the actuators as close to the body as possible as seen
in ALPHRED-2. However, some quadrupeds maintain the serial configuration.
Fig. 1.8 showed some of the common configurations of two DoF' legs adopted by
quadruped robots. As discussed earlier, parallel configurations restrict the motion
of the actuators with respect to the body. This results in a reduced flung mass
as the hip pitch motor will not be required to drive the knee motor in series. It
also has the advantage of granting the hip joint more freedom of motion when

performing manipulation tasks with one of the legs.
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Shock Absorption
Connectors

Internal Body
External Body

(b) External body frame

Figure 2.6: External and internal body structures

To incorporate all these features in one design that is optimized for SORELL’s
task a new leg design with a unique kinematic configuration is introduced. This
design, shown in Fig. 2.8, also mitigates the shortcomings seen in ALPHRED-2’s

leg including mechanical antagonism and reduced mechanism stiffness.

The SORELL leg design consists of four sub-assemblies that are designed to
optimize the size, torque capability, and kinematics of the joints. In this sec-
tion, the leg design will be introduced but a deeper modeling of the leg’s unique

configuration will be discussed Ch. 3.
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Figure 2.7: Top view of SORELL

2.2.4.1 Hip Joint

The hip design of SORELL is based on real and simulation data for the torque
requirements of each DoF. As is the case with most quadruped robots, using the
same actuator for all DoF’s makes the design, assembly, and control simpler. For
example, [1] uses the same size BEAR actuator for all three Dof’s at the hip.
However, using the same actuator poses the risk of over-designing the robotic
joint for the intended gait and tasks. Some joints require more or less torque than
what the same actuator can provide. Such a case is more clearly shown in the
kinematic configuration adopted by SORELL, where the hip yaw joint does not
need to support the weight of the robot. That means that if the robot is in the
upright position, which is the most common configuration, the hip yaw joint only
needs significant torque when swinging the leg or when twisting the body itself.

This allows the hip yaw joint actuator to be scaled down.
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(a) Side view (b) Isometric view

Figure 2.8: SORELL leg

For this joint two Koala BEAR actuators [65] were used in tandem. The two
actuators are mounted on a bracket, Hip Yaw Bracket in Fig. 2.9, that aligns
these actuators with the body and holds the connection to the next joint. Using
two smaller actuators not only reduces the mass of the hip but also reduces the
area needed for the joint to turn, giving it a larger range of motion as shown in
Fig. 2.7 and detailed in Table 2.1. For the two pitch motors for the hip and
knee, multiple factors affect the sizing of the actuators (see chapter 3 for a more
comprehensive study). However, based on simulation results and the analyzed
gait of SORELL significant mechanical antagonism occurs at some configurations
of the leg, increasing the torque requirement for that joint. As will be shown
in the following chapter, ALPHRED-2 suffered from mechanical antagonism on
the hip pitch motor causing it to overheat. Added to that, the walking and
trotting gaits of ALPHRED-2 have an increased hip motor requirement due to
the placement of the foot during these instances. This can also be extended to
SORELL since it has the same morphology as ALPHRED-2. SORELL’s design

also mitigates antagonism compared to ALPHRED-2, but, the flung mass of the
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Hip Yaw Bracket

| Hip/Knee Pitch Bracket

Koala BEAR Actuator

Knee Panda BEAR

Figure 2.9: SORELL hip joint assembly

| Hip Panda BEAR+ |

knee joint requires a larger hip motor size for smother operation. For the hip
pitch motor, the larger Panda BEAR+ actuator was used, while a regular BEAR
motor for the knee joint. The components of the hip are shown in Fig. 2.9. The

attributes of the actuators used on the SORELL hip are detailed in Table 2.2.

Table 2.2: Actuator properties used on SORELL

Joint Actuator | Peak torque (15s) | Peak torque (1.5s) | Gear ratio
Hip yaw 2 KB 8.2Nm 28 Nm 9
Hip Pitch PB+ 33Nm 67TNm 6
Knee Pitch PB 16.8Nm 33.5Nm 6

The brackets used in the hip design are optimized to minimize the weight
of the robot while maintaining sufficient rigidity of the joint. This is done by
minimizing the weight of the brackets as well as coupling the actuators with the
bracket in such a way that the actuators themselves provide added structural
support and stability. As shown in Fig. 2.9 the Koala BEAR actuators support
the joint laterally while the Panda and Panda+ actuators support the hip/knee

pitch bracket in the vertical direction.
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2.2.4.2 Knee and Femur

The placement of the actuators for SORELL is identical to that of ALPHRED-
2 and so is the basic design of the femur. The hip pitch motor directly drives
the femur linkage while the knee pitch motor acts on the knee joint through a
belt internally connecting the master and slave pulleys inside the femur 2.10.
However, the main difference between the knee and femur design for SORELL
is the relocation of the knee motor gearbox from inside the knee motor to the
knee joint. This design is also a parallel configuration, but the relocation of the
gearbox has implications on the kinematics of the leg and the relationship between

the joint and actuator space.

| Hip Motor Bracket |

Masters Pulley

Knee Drive Shaft

Slave Pulley

| Knee Motor Bracket |

Belt Carrier

Figure 2.10: SORELL femur assembly

The knee design, shown in Fig. 2.11, consists of a central slave pulley sand-
wiched between two planetary gearboxes that each have a gearing ratio of 1:5.
Each set of planetary gearboxes resides in a separate bracket. The slave pulley
rotates on a shaft that runs through both sides of the assembly and is hinged on
the inner part of each gearbox’s carrier. The carriers of both planetary gearboxes

are then combined at the output to the next link.
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Center Pin Needle Bearing Attaching Ring

Planetary Gearbox
Output Carrier Slave Pulley
Knee Bracket

Figure 2.11: SORELL knee assembly

Knee Output Bracket |

2.2.4.3 Tibia

The tibia, shown in Fig. 2.12; is the last actuated limb in the design assembly.
The tibia knee bracket connects both outputs from the knee gearboxes. Similar to
the femur, the tibia consists of two carbon fiber rods connected together through
three aluminum brackets. The angled nature of the tubes reduces the size of the
foot and decreases the radial forces on the knee gearbox output. A hard stop
is also incorporated in the tibia design such that the robot can rest on it when
performing manipulation tasks in a squatting position. The hard stop will reduce
the torque needed to support the weight of the robot at a position where the

torque on the knee will be at its maximum.

2.3 SORREL Manufacturing

SORELL was fully manufactured in-house through 5-axis CNC machining. The
knee gearbox parts shown in Fig. 2.13, were customized by machining standard
gears and pulleys into the desired geometries. Fig. 2.13b shows the sandwich
gearbox configuration, which consisted of the slave pulley situated between two

planetary gearboxes. Fig. 2.13a shows the manufactured knee joint with the knee-
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Shin Bracket ’ ’;"! | Knee Joint Hard Stop

Foot Bracket

Figure 2.12: SORELL tibia assembly

located gearbox. As can be seen, the knee gearbox consists of two sandwiched
gearboxes with the driven knee pulley in the middle. Fig. 2.14, shows one as-
sembled femur linkage with the knee gearbox attached, and Fig. 2.15 shows the
completed and assembled robot SORELL.

(a) Knee gearbox (b) Knee joint

Figure 2.13: Manufactured knee gearbox

2.4 SORELL Attachments

SORELL is developed to be both a manipulation and a locomotion platform.

This section discussed the design and application of SORELL. In the following
42



(a) Lying flat (b) Standing up

Figure 2.15: Manufactured and assembled SORELL

chapter, a deeper dive into the unique design of SORELL’s leg will be presented,

its advantages, and the implications of the design for the quadruped robot.

Besides the design of the leg, SORELL is designed to enable the attachment
of variable grippers and utility gadgets to enable the robot to traverse complex
environments and manipulate them in a precise and safe way. These attachments
include but are not limited to grippers, sensory attachments, and caster wheels for
the robot to roll on. To enable such manipulation capability, a family of grippers

was developed to assist future deployment of SORELL.
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CHAPTER 3

Sorell Leg

3.1 Introduction

The kinematic design of a quadruped leg is crucial to the behavior and perfor-
mance of the robot. As discussed in previous chapters, in the case of a quadruped
robot with similar leg designs to ALPHRED-2, the amount of antagonism during

the stance phase of the gait is high.

Traditionally, robotic actuators were thought of as a single black box unit
that includes the motor windings and the gearbox. Hence, the focus was on the
placement of the actuators in a kinematic mechanism. The design of SORELL’s
leg shifts the thinking of the motor-gearbox being a single unit. This method
introduces an added degree of freedom to the design of robotic legs based not just
on the placement of the actuator but also on their respective gearboxes. This
will open the door for future optimization of leg designs and the placement of

gearboxes throughout the mechanism.

This chapter presents a detailed overview of the design of the SORELL leg,
a justification for the presented design as well as theoretical, simulation, and
experimental studies to compare the performance of the leg to common leg designs
based on the expected gait of SORELL. This chapter also studies the expected

antagonism in the designed leg as well as other advantages and shortcomings.
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3.2 Theoretical Modeling

3.2.1 Leg Kinematics

Shifting the gearbox from the motor to the knee joint has implications on the
kinematics of the leg. Compared to the parallel case present in ALPHRED-2,
SORELL’s leg is also considered a parallel mechanism. Since there is a degree of
coupling between the hip and the knee joint a new kinematic model needs to be
developed for this unique mechanism. The design of the leg follows a biarticular
design meaning that both actuators are located at the hip, however, one of the
actuators acts on two linkages instead of one. Hence, revisiting the modeling
kinematics of the parallel and serial cases presented in Ch. 1 will be crucial to

developing the new kinematic model.

Fig. 3.1 shows the diagrams of the three cases analyzed in this section. As
previously discussed the knee and hip joint torques and angles, denoted by (tau;,
taujs) and (gj; and ¢jo) respectively, are coordinate-invariant. The location of the
contact point of the foot away from the body in the x- and y-directions is P, and
P, and the contact force acting on the foot is f. On the other hand, the actuator
space is dependent on the kinematics and will be affected in each of the cases. For

the following analysis, only the static case is considered.

A
P

(a) Serial (b) Parallel (c) Parallel Knee GB

Figure 3.1: The three different configurations considered for this analysis

The serial configuration Fig. 3.1a considers the case where the actuators are
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placed at the joints. the hip and knee motor torques and angles are denoted by

(Tus, Tks) and (qus and qgs) respectively.

For the parallel configuration in Fig. 3.1b, the knee joint is driven through a
bi-articular mechanism, a belt in this case. The hip and knee motor torques and

angles by (Twp, Tkp) and (gm, and qg,) respectively.

For the last configuration shown in Fig. 3.1c, both motors are located at the
hip; however, the knee motor gearbox is removed from the knee actuator and a new
knee gearbox is designed and relocated to the knee joint. Hence, the knee motor
also acts on the knee joint through a biarticular mechanism. The hip and knee
motor torques and angles are denoted by (7w, Tk,) and (¢u, and ¢, ) respectively
and n denotes the knee gear transmission gear ratio. From here onwards, the new

gearbox configuration will be referred to as (knee GB) for simplicity.

To compare the cases, the relationship between the actuator and joint torques
is first presented in the static case. These relations depict the actuator torques
required in each configuration in Fig. 3.1 needed to satisfy the joint torques in

Fig. 1.3

Tj1 = THs Tj2 = TKs (3-1)
Ti = THp + TKp Ti2 = Tkp (3.2)
il = THg + TMKg T2 = NTMKg (3.3)

Equation 3.1 shows that the torque on the joint in the serial configuration is
equal to the actuator torques, that’s due to the placement of the actuators on the
joints. For the parallel configuration, 3.2 shows that the torque acting on the hip

joint is the sum of both actuator torques. This is due to the coupling between
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the two actuators, as the belt running around the two pulleys also results in a
reaction torque around the axis connecting the two pulleys. That means that
when the torques are of opposite signs the actuators fight each other to satisfy the
joint torque needed. However, when the toque signs are the same the actuators
cooperate to achieve the required joint torque. As for the knee joint, the torque
will be equal to the torque of the knee actuator as the pulley stage has a 1:1

gearing ratio.

On the other hand, Equation 3.3 shows that the torque at the hip joint when
the knee gearbox is relocated to the knee joint is still the sum of torques of both
actuators. However, in this case, the knee motor torque acting on the hip my/x, is
the pre-geared torque which when compared to the parallel case, Tk, is lower by
a factor of n which is the gearing ratio. It is important to note that for all cases
the torque on the joint will be the same as that is only dependent on the linkage

angles and the contact force which is the same for all cases.
The kinematics of each case are derived here:

For the serial mechanism,

P, = Lycos(qus) + Lacos(qus + qics) (3.4)

P, = —Lysin(qus) — Losin(qus + qks) (3.5)

Partial differentiation of Eqgs. 3.4 and 3.5 gives the following:

P.| | =Lisin(qus) — Losin(qus + qis)  —Losin(qus + axs) | | i, (36)

P, —Licos(qus) — Lacos(qus + qrs)  —Lacos(qus + axs) | | ak.

For the parallel mechanism,
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P, = —Lycos(qup) — Lacos(qxyp) (3.7)

P, = —Lysin(qup) — Lasin(qxp) (3.8)
fo |~ Lasin(any) —Lasin(ary) | | ai, (39)
P, —Lycos(qup) —Locos(qrp) | |4k,

Hence, it can be shown that the transpose of the jacobian, relating the forces
at the foot to the actuator torques in the static case can be written for both cases

as:

JT _ —Lysin(qns) — Lasin(qms + qxs)  —Licos(qus) — Lacos(qus + qxcs)

s

—Losin(qus + qks) —Locos(qus + qxs)
(3.10)

JIT: —Lysin(quy) —Licos(qmp) (3.11)

—Losin(qxp) —Lacos(qrp)

Where JI and JI are the transpose of the jacobians for the serial and parallel

cases respectively.

The relationship between the actuator torques and the contact force f for the

serial and parallel cases can then be written as,
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THs

= Jr
TKs fy
and for the parallel case
THp _ JT fx
p
7-Kp fy

(3.12)

(3.13)

By combining equations 3.1, 3.2 with 3.12 and 3.13 the torque at the joint for

serial and parallel cases can be written as:

Tj1 1 0 JT fx 1 0 THs
| o1 T 0 1 Ths (3.14)
——
Config. Matrix G
For the parallel case
Tj1 11 JT fx 11 THp
e I T B S 01 Ty (3.15)

——
Config. Matrix Gp

Using 3.14, 3.15, 3.1 and 3.2, the relationship between the contact force and

the actuator torques in the knee GB case follows as,
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Tj1 1 1 fgc 1 1 TMHg
Tj2 01 fy 0 n TMKg (3.16)

——
Config. Matrix Gpy

Tj1 _ 1 1 TMHg (3 17)

Tj2 0 n| |TmKg
41 _ 1 0 (M Hg (3.18)
Gj2 I/n 1/n| |dukg

1
L I L A e (3.19)
f )

TMKg 0 % Jy

The gearing matrices that differentiate between the three kinematic cases are
denoted by G, Gp and Gp,. These matrices depict the relationship between the
actuator and the joint space. Hence, the jacobian for the parallel case with the

gearbox at the knee can be written as:

g —Lysin(qrp)(+ — 1) — Lysin(qup) —Licos(qup) — Lacos(qxy) (£ — 1))
pg .
—Lysin(qxp) = —Lycos(qrp)y

(3.20)

note that the jacobian Jg;] is written in terms of the parallel configuration
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actuator angles, not the actuator angles of the new configuration. However, a

simple transformation between the two is as follows:

= (3.21)

3.2.2 Leg Dynamics

The new leg design relocates a considerable chunk of mass from the hip joint to the
knee. Increasing the flung mass of the leg does have implications in the dynamic
sense, therefore, it is important to model the dynamics of the new configuration
and compare them to make sure that the advantages of the static case are not
overtaken by the disadvantages introduced in the dynamic case. Using the same
simulation data for the forces acting on the foot along with the angles a more

comprehensive comparison can be achieved.

The dynamic equations for the two DoF manipulators in the joint space are

5 _ | D2t mall + 2maasLacos(gje) 12 +msLiazcos(gse) (3.22)

j
I + myLyascos(g o) Iy + mya’

—mgas L1sin(gs> + 241G
Vj _ 2Q2.L (QQ 611612) (3'23)

mgangsin(ql)q'12

G - gmimaay Lycos(q1) + gmaagcos(qy + ¢z) (3.24)

gmoascos(qr + q2)
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The actuator torque equations follow from equations 3.22, 3.23 and 3.24.

The dynamic actuator torque for the serial case is written as.

T S "S xr
1 =B, s Vs + Gjs + J ! (3.25)
TKs ka fy
For parallel,
7—Hp QHp T fz
TKp dKp Jy
For knee GB,
THg qu T f:t
= Bjpg T Vivg + Gipg + Jpg (3.27)
TKg dKg fy

The mass, coriolis, and gravitational matrices in Eq. 3.22, Eq. 3.23 and

Eq. 3.24 take different values depending on the configurations and distribution

of masses in the different links. To compare the three mechanisms fairly, all link

lengths are selected to be the same. The major difference is where the mass center

is located on the link. For the serial case, the knee actuator is placed on the axis

of the hip actuator to give the best-case scenario for the torque needed as that

reduces the flung mass of the femur, the knee actuator then acts through a belt

to the knee joint. The parallel and the knee GB configurations follow the same

hip design, however, the mass and moment of inertia of the femur are altered to

relocate the mass of the gearbox to the knee joint in the second case.
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3.3 Mechanical Antagonism

Mechanical antagonism is a major factor in the design of this leg. To study the
mechanical antagonism in the derived models the problem is reformulated to re-
flect a more general approach. Earlier, the configuration matrix GG was introduced,
which relates the torques and angles of the actuators to the torque and angles in
the joint space. To give a more comprehensive view of this study and to allow for
future development of this concept the previous equations are rewritten in terms
of the angles and torques of the pre-geared motors for all cases. That will give
the researcher a better idea of how to optimize the gear distribution throughout
mechanisms. In the following analysis, the pre-geared torque will be referred to

as the BLDC torque as that is the kind of electric motor used in BEAR actuators.

The problem will be reformulated to match that shown in Eq. 3.28 which

relates the joint space to the actuator space of the pre-geared motors.

Tj1 Ci1 C12 TH
Tj2 Ca1 Ca2 TK (3.28)

| S —
Config. Matrix C

The matrix C reflects not just the kinematics of the mechanism but also the
gear distribution throughout the mechanism. for instance, the variable ¢ reflects
the projection of the torque of the knee motor on the hip joint and vice versa for
Co1-

The pre-gear torques of the BLDC motors are labeled as follows Ty, Tis, Trp,
Tkp, THg and Tg4 for the hip and knee BLDC motor torques for the serial, parallel
and knee GB cases respectively. Similarly, us, Gxs, Gup, Qrp, Grg and ¢x, are the

respective velocities of the BLDC motors.

The relationship between the joint and the actuator space for torque can be
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rewritten as follows for the three cases studied.

Serial:
Tj1 n 0 7_'H5
Tjg O n 7_—Ks (329>
——
Config. Matrix Cg
Parallel:
Ti1 n n THs
Tjg 0 n 77_Ks (33())
——
Config. Matrix Cp
Parallel with a knee gearbox
Tj1 n 1 7_—Hs
Tj2 0 n 77'[(5 (331)

N——
Config. Matrix Cy

The relationships relating the angles of the BLDC motors to the joint space

angles can be written similarly.

Serial:

dj1 L0 qHs
dj2 0 + (ks (3.32)
——

Config. Matrix CET
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Parallel:

3=

djl 0 éHp

. 1 1 -
dj2 “n o qrp (3.33)
———
Config. Matrix C;T

Parallel with a knee gear-box

di B % 0 qTHg
Gjo - i (g (3.34)
—_———

Config. Matrix Cg_T

In all of these relationships, it is assumed that the gearbox connected to both
the hip motor as well as the knee motor have the same reduction ratio n. How-
ever, this can be changed depending on the requirements of each joint as will be
discussed in Ch. 6. To simplify the analysis, the same gearing ratio will be used

for both actuators.

The geometric work in the case of a moving leg, depends on the trajectory of
the leg. In the case that the trajectory follows that of a SLIP model, one actuator
is responsible for supporting the robot and another is responsible for the angle the
model makes with the ground. Even though the dynamics of SORELL’s leg do
not mimic the SLIP model exactly, the SLIP model is still valid for comparison

of mechanisms that approximately follow these dynamics.

To evaluate the geometric work as was introduced in Ch. 1 the motor torques
need to be rewritten to reflect the SLIP model angle, ¢, and leg length [, Fig.
3.2

If the angle of the knee is as shown in Fig. 3.2 and assuming both the femur

%)



Knee Joint

-

Figure 3.2: Two-DoF leg represented as a SLIP

and the tibia have the same length [. Then the length of the leg [,, can be written

as a function of the knee angle.

Ly = %m(%) (3.35)

Then the jacobian that relates the generalized force of the SLIP model to the

actuator space of each case studied earlier can be written as follows.

Serial:
qTHs _ m 0 l'm
(EKS . ﬁ(%) n §Z5 (3.36)
A,
Parallel:
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4Hp _ lcos(%l) n

q.Kp _QZCOZ(%Z) n
A

Parallel with knee GB:

~ 2n—1

dHs _ lcos(%l) 1

(51(5 —ﬁ(%) n
A,

(3.37)

(3.38)

The antagonistic power in a leg model that follows the dynamics of a SLIP

model can be written as follows. Where the values a1, a2, as; and aqo take their

values from the kinematic specific jacobians A, A, and A, in Eqgs. 3.36, 3.37 and

3.38 respectively.

Q12022
Pl -
a11022 — G21021
—Q12022
P =

11022 — Q21021

The geometric power can then be written as.

(3.39)

(3.40)

(3.41)



P, = lcos(%)@lqﬁl (3.42)

P, = %cos(%)Ql@ (3.43)

It is important to note that for the serial case, the geometric work is zero since
there is only one actuator, in this case, the knee motor, acting in the leg length
direction. Hence when the leg is following the dynamics of the SLIP model, the
leg length can be held constant with no need for the knee motor to rotate. In
the parallel case, the knee motor will have to be back-driven by an amount equal
to the change in the angle ¢, this can be seen in Eq. 3.33. In this relation, a
change in hip motor angle, while keeping the knee motor fixed, will result in the
knee joint moving with the same amount but in the opposite direction. Hence,
to keep the leg length the same the knee gear-box will have to be back-driven by
that same amount which will result in a non-zero geometric work. In the case of
the knee GB, as seen from relation 3.34, to keep the leg length the same, the knee

BLDC will have to be back-driven the same amount as the hip joint moves.

The crucial difference between the knee GB and the parallel case is in the
amount of projected torque one actuator has on the other. Assume that the hip
motor rotates by an angle o and the torque needed to support the length of the
leg is 7. Then due to the coupling between the joints, the knee joint will rotate
with an angle —a so to keep the length the same, the knee actuator will have to be
back-driven at an angle equal to a resulting in a geometric work of 7a.. But in the
case of the knee GB, when the hip rotates with an angle «, the knee joint rotates

with an angle —a/n which means that the knee BLDC and not the gearbox will
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have to be back driven by an angle of a. Now since the BLDC torque is 7/n, to
satisfy a knee joint torque of 7 then the geometric work will be 7a/n. This is

reflected in the geometric power analysis shown in Eqgs. 3.42 and 3.43

3.4 Gear Train Stiffness

" Motor K

(a) Motor-gear-belt (b) Motor-belt-gear

Figure 3.3: The two gear-trains configurations considered for this study

Another advantage of switching the order of the gear train is to increase the
perceived stiffness of the gear train. Fig. 3.3 shows the two gear-train configura-
tions considered for this study. The first, motor-gear-belt, has a motor connected
to a gear reduction with a ratio of n and then a belt with a reduction of 1. In the

second case, only the order of the belt and the gears is changed.

For the motor-gear-belt configuration the stiffness, Kz, can be written as:

n2K,, K, K,
(Km + Kb)Kg + nQKme

ngb = (344)

while the motor-belt-gear configuration stiffness, K,,,,, can be written as,

n2K,, K, K,
(Km + K, Ky + 02K, K,
59

(3.45)

Kmbg =



40

belt-gear to gear-belt stiffness ratio

Ratio

102 10° 102 10* 108
Motor Stiffness Nm/rad

Figure 3.4: stiffness ratio between the motor-belt-gear and motor-gear-belt con-
figurations

where the K,,, K3, and K, are the stiffness-es of the motor, belt, and gearbox
respectively while n = 6 is the gearing ratio. The estimated stiffness of the gearbox
is 10"Nm/rad and the average experimental stiffness of the belt used is about
200Nm/rad depending on the tension in the belt. Fig. 3.4 compares the ratio
between K, and K4 as the stiffness of the motor increases. The stiffness ratio
is how much the new configuration of motor-belt-gear stiffness is higher than the
motor-gear-belt stiffness. It can be seen that as the stiffness of the motor increases
the ratio approaches 36 asymptotically which is the square of the gearing ratio n
= 6. If the motor stiffness is at zero, then the ratio is 1 and there is no advantage
of the motor-belt-gear configuration over the motor-belt-gear configuration. The
stiffness of the BLDC motor K,, depends on multiple factors including the mode
of operation, control method, and physical attributes of the BLDC. Depending
on the stiffness of the motor, which changes through the operation cycle, the
new gearing configuration increases the stiffness of the mechanism by a factor of

anywhere between 1-36 times.
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3.5 Results

In this section, the new leg design is simulated in both static and dynamic cases
for the stance phase of a walking gait. Experimental results are also presented

that confirm the modeling of the leg and its implications.

3.5.1 Simulation Results

Static Simulation In the case where the robot is simply standing, then the
torques at the actuators are only those needed to support the weight of the robot.
The mass and moments of inertia of the linkages are ignored as the only factors
contributing to the torques of the actuators are the external force acting on the
foot in the x and y directions as well as the leg geometry. The first case considers
applying a constant vertical force of 23N at the foot contact, this roughly equals
the force required to support the weight in the vertical direction. The contact
is assumed to occur at a frictionless surface which implies that f, = 0. The
kinematic equations and the jacobians in 3.20, 3.11 and 3.10 are used to evaluate

the torque at the hip and knee actuators required to support the vertical force.

Serial Config 10 Parralel Confi 10 Parralel Config Knee GB 10
8 8 8
6 g 6 6
-
: 4 A 4 : 4
2 2 2
0 0 0
0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6
P_(m) P_(m) P_(m)

Figure 3.5: Static hip motor torque comparison

Figs. 3.5 and 3.6 show the torque power spectrum distribution of the actuators
when acting on the hip and the knee joints. The torques vary with the placement
of the foot away from the body which is placed at the origin. The plots show that
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Figure 3.6: static knee motor torque comparison

different kinematic configurations carry significant implications on the amount of

torque each actuator provides.

Fig. 3.6 shows the torque distribution of the knee actuators. The spectrum
of the torque for all cases is the same as the kinematics do not change the torque
provided by the knee actuator. However, the only notable change is the torque
provided by the knee actuator for the knee GB configuration. Even though the
distribution is the same as the two other configurations, the knee actuator torque
for the case with the gearbox at the knee is scaled down by a factor of the knee
joint gearing ratio n = 6. That is because the plot shows the pre-gearing torque
rather than the post-gearing torque. The black line shown in the plots reflects
where the knee joint torque is equal to zero. Despite tracking a semi-circle on the
plot, this corresponds to the configurations where the tibia makes a perpendicular
angle with the ground making the knee motor toque needed to support the knee

joint zero.

For the hip motor torque, shown in 3.5 the torque distribution is significantly
different in each case. The torque for the serial case shows the dependence of the
actuator torque on the lateral placement of the foot. The further away the foot
placement in the x— direction, the higher the torque needed. If the foot is placed
right under the hip joint then the hip motor torque will be zero. As for the parallel

configuration, the actuators tend to fight each other in certain regions increasing
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Figure 3.7: Advantage of relocating the knee motor to the knee joint

the hip motor torque needed to satisfy the hip joint torque. If the foot placement
is to the left of the black line, denoting the zero knee torque, then the torque of
the knee and the hip will be opposing increasing the hip motor torque required to
satisfy the joint torque. If the the placement is to the right of the line, then the

knee and hip will cooperate reducing the hip actuator torque needed.

As for the case of placing the gearbox at the knee, the distribution is a little
bit more complicated, the actuators do fight and cooperate in the same regions
as the parallel configuration; however, the amount of fighting/ cooperating torque
needed is reduced by a factor of n. This pushes the mechanism into a distribution
that is more similar to the serial case. These results are confirmed in the following

section.

Fig. 3.7 shows a torque comparison for the hip motor needed to hold the hip
joint for the parallel and the knee GB cases. When the foot placement is closer
to the body the parallel configuration shows about six times higher torque than
that of the knee GB configuration. The yellow boundary shows where the knee

GB mechanism crosses from being advantageous to disadvantageous.
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Figure 3.8: Foot location and associated hip torque for each case

The advantages of the new mechanism are also evaluated under the simulated
gait of SORELL. Simulation values are obtained for a walking gait of SORELL
for the angles of the leg joints and the contact forces at the foot. These values
are then used to evaluate the torques needed by the actuators using the modeling
presented earlier. The first simulated results are shown in Fig. 3.8. The values of
P, and P, are obtained through forward kinematics from angle values obtained

from simulation.

Fig. 3.8 shows that for most of the gait, the location of the foot contact
lies in the region with an advantage to the new mechanism. It can be seen that
throughout the gait, the parallel configuration has a higher hip motor torque
as it resides in the regions where the parallel mechanism is at a disadvantage.
The torques of the hip motor are especially high when the robot is standing up
which crosses directly in the high antagonism region. To elaborate on this, if the
actuators are in a region where their torques are opposing, then in a configuration
where the knee joint requirement is high, the hip actuator will have to provide
more torque to support the hip joint as well as counteract the torque due to the
knee actuator.
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Figure 3.9: Static Hip and Knee motors torque for three cases needed to support
robot weight

Fig. 3.9 shows the torques needed at each motor to stand up plotted against
time. The torque needed at the hip actuator is shown in 3.9b. The torques for the
knee joints are all identical, however, the one plotted for the knee GB case reflects
a scaled-down torque by n = 6. In Fig. 3.9a, the torque needed at the hip actuator
in the parallel case, is increased compared to the other two configurations as the
hip motor has to counteract a much larger component of the knee joint torque to

satisfy the hip joint requirement.

Dynamics simulation In the dynamic case, the effect of the kinematics can
affect the power consumption of the leg in a different manner. In the previous
section in the static case, the torques evaluated to hold the robot weight reflect the
motor losses. Hence, if the robot is simply standing a higher torque requirement
means that the losses are larger. This is crucial when the robot is standing for
prolonged times such as performing manipulation tasks. However, that is not the

case when the robot is in dynamic motion as there are more components at play
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Figure 3.10: Actuator torque/ velocity direction in stance phase

here. This brings us back to the concept of geometric work.

In the case of walking or trotting, the geometric power of the robot can be
written as in Eq.1.17, which denotes the differences between the total power de-
livered to the robot leg by the motors and the net power required by the task. In
certain cases throughout the stance phase, one of the actuators might have to be
back-driven, in that case, the geometric work will be non-zero. Fig. 3.10, shows
that depending on the direction of travel one of the actuators will be back driven,

in this case, the knee actuator.

The SORELL robot was simulated over a walking gait and the contact forces
and motor angles were imported into a MATLAB simulation. That data was
used along with the dynamic model of the three leg configurations. The actuator
torques were plotted over a stance phase of one of the forward steps which is shown
in Fig. 3.11. It can be seen that during most of the gait when there’s contact
with the foot, the knee GB case has lower hip actuator torque than the parallel

case. The serial configuration shows lower torques at the actuators however it is
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Figure 3.11: Dynamic Torques during walking gait

not as balanced as the Knee GB configuration.

It is important to note, that in the case that all actuators are working in the
same direction. Then the power due to the geometric work will be zero. In that
case, the net and total power will be equivalent. Fig. 3.11 shows the different
torques on the hip and knee motors during the stance phase of a single step. Even
though it is clear that the knee GB design has a lower torque compared to the

parallel case, the power also depends on the velocities of the actuators.

To do that comparison, the powers are plotted in Fig. 3.12. In this figure, the
net power is equal across all configurations which is consistent with our analysis;
however, the total power shows an increased power for the parallel case as com-
pared to the other two. This means that the new mechanism experiences lower

antagonism throughout the stance phase.

3.5.2 Experimental Results

To confirm the results in this chapter, an experiment was performed to assess the

torques for the knee GB configuration and to compare them to expected actuator

67



=2

Power (W)

o

Power (W)

Power (W)

Leg Total Power

~

—
— Serial

= = = Parallel
Parallel Knee GB

-~y -
S

RSN s
W
‘N YL N

o

0.05 04 015

r \
/
NN
e ~z »
PR N/ V Voot
\.|\ . EARY |
S /
i\ / e
. p s N
Ay ’ ~
Motgn-r \ '
8, PR

025

Figure 3.12: Leg powers Power in the three systems analyzed

torques for other configurations. The experimental setup is shown in 3.13.

For this experiment, the torques in the actuators are measured and estimated

through motor winding currents. Due to the high transparency of proprioceptive

actuators, that estimate is considered reasonable. The setup for the experiments

starts with choosing the P, and P, for each data point. The data points span P,

= [0 10]cm and for each P, data point the P, spans P, = [30 60] cm. For each data

point, the torque needed to support the weight of the leg is measured. Then the

leg is loaded in the Z direction and the torques due to the added load are recorded.

The torques due to the added weight on top of the robot are then calculated by

subtracting the two torque values. This is done to account for the varying mass

distribution throughout the leg with each data point. In this experiment, the leg

is made to freely slide in the z— and z— directions, to reduce the effect of the force
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Figure 3.13: Experimental Setup for Knee GB experiment

at the foot in the x— direction. Since the torques are measured at the motor side
and not the gear side, the static friction had to be estimated and compensated
for in each actuator.

Fig. 3.14b shows the experimental and theoretical torques at the knee joint of
the knee GB configuration. In this case, the knee joint torque is reported rather
than the knee motor since it is the same for all cases. For clarity, only the torque

corresponding to the knee GB case is plotted, but they all coincide.

As for 3.14a, the torque reported is due to the hip actuator. The experimental
results for the knee GB configuration match closely with the theoretical torque
for the specified data points. It also lies well below the hip motor torque for the

parallel case and slightly above the serial case.
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Figure 3.14: Static hip and knee motors torque for three cases considered over
gait

3.6 Discussion

Chapter 4 and 3 introduced a new quadruped robot SORELL that has a unique
leg gearing configuration. Through modeling, simulation, and experimental re-
sults it was shown that moving the gearbox of the knee motor to the joint and
changing the gearing order has multiple advantages. These include the reduced
mechanical antagonism for the desired gait configurations as well as increasing
the stiffness of the linkage. These outcomes are significant when utilizing propri-
oceptive actuators since they depend on input signals to perform force control.
This improvement does not come without an engineering trade-off. Relocating
the gearbox to the knee increases the flung mass which complicates the dynamics
and increases the required torque needed to achieve a certain acceleration. This
gearing configuration also has a more complicated assembly and manufacturing
procedure compared to the ALPHRED-2 leg. SORELL’s leg does not only re-
quire the customization of a new gearbox but also requires the standard parts to
be altered including the actuator itself. Moreover, the assembly is complicated

and requires more parts to achieve the design.
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CHAPTER 4

Passive Spring Grippers

4.1 Introduction

In robotic manipulation tasks, the grippers are what directly interact with the en-
vironment. Objects and environment features can vary in their mechanical prop-
erties hence they require versatility in actuators at the gripper level [48] [45] [51].
Most commercially available grippers use stiff high-gear ratio actuators to achieve
accurate position control. The position control allows for the accurate placement
of the gasping mechanism with respect to the grasped object. Classically, research
on mechanically compliant actuators has focused on their application to robotic
joints rather than on the grippers. Recently, however, there has been growing in-
terest in developing compliant grippers and researching their functional abilities.
As summarized in Ch. 1, the property of compliance in an actuator has many
benefits. Most notably, series elasticity, whose presence changes the force torque
problem into a position control problem.This feature obviates the need for FT
sensors while mitigating the effects of high-frequency impacts and allowing for

energy storage and recycling.

To enable SORELL to perform its expected precise and safe manipulation
tasks, a family SEAs and VSAs based on magnetic forces were developed to be
used as grippers and end-effectors. These gripper actuators are studied separately
based on their respective attributes. They are then characterized and compared.
The actuators developed for SORELL manipulation are designed, built, and tested
as standalone end-effectors. However, it can be shown from this research that these

actuators can be combined to obtain complex and synergistic designs that achieve
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more than one of the specified attributes of any single actuator. This chapter will
present the designs of two magnetic SEAs, based on geometric manipulation of
permanent magnets. In Ch. 5, additional actuators will be presented that expand

on the ideas discussed here.

4.1.1 Gripper-Level Compliance

Similar to compliance in joints of a robotic manipulator, compliance at the end-
effector also protects from unexpected impacts, stores and recycles energy, and
provides a reliable way for force control. Besides these advantages, compliant
gripper designs can be made to couple multiple fingers in the same end-effector
reducing the number of actuators needed through under-actuated mechanisms.
The coupling of fingers with compliant elements can also help the gripper take
the shape of the grasped object without the need for secondary actuators. As
some research has shown, having a SEA or a VSA at the end-effector, can provide
some characteristics of a full SEA-based robotic manipulator even if traditional
actuators are used for the rest of the manipulator [51]. This means that the
versatility of the manipulator can be enhanced at a reduced cost and complexity
of the system. Additionally, energy storage and explosive motion at the gripper
level can be exploited to achieve fast contraction and relaxation of the fingers

enabling fast grasp and release motions.

4.1.2 Non-linear Springs

The trade-off of features between soft and hard springs in SEAs discussed ear-
lier has increased interest in progressive (stiffening) nonlinear springs. Nonlinear
springs exhibit a wider force/torque range than linear springs. For instance, a non-
linear progressive spring behaves as a soft spring in small deflection regimes and

as a stiff spring in higher deflection regimes. Nonlinear springs also have a higher
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capacity for energy storage compared to linear springs. When compared to VSAs
however, they sacrifice online tunability for a more compact design. Still, with
careful design and modeling, a nonlinear spring can achieve the desired stiffnesses
over the operational space. Therefore, they can be directly applied to grippers

where the torque/ force is lower compared to other joints.

4.1.3 Grippers with Magnetic Compliance

Using magnets to create non-linear springs for gripper SEA and VSA applica-
tions has several intrinsic benefits. First, magnets come in a variety of sizes
and strengths making them versatile and fitting to create customized configura-
tions. Magnets also have minimal unmodeled non-linearities from friction due to
their no-contact behavior, additionally making them less prone to wear and tear.
Neodymium magnets, the most commonly used magnet in such applications, are
also highly stable unless subjected to high temperatures. Flux losses in Nd-Fe-B
magnets are minimal under low temperatures [(0], and only lose about 1% of their

magnetization over a ten-year period [(7].

Magnetic repulsion has gained some popularity in literature as it resembles a
simple positive stiffness spring. Conversely, magnetic attraction is an example of
an unstable spring with negative stiffness. Although less utilized, such instability
can generate a fast response on the robotic gripper or finger. Another major
advantage of magnetic compliance is the availability of electromagnetic methods
to change the compliance of a magnetic spring. Coils can be used to change the
stiffness of the magnetic spring which, if required in the joint, adds another degree
of freedom to control of a VSA. Such a way of changing stiffness has a very fast
response time and does not need to fight against the primary actuator in the case
the output was already deflected from equilibrium. The last added benefit that
will be discussed in this work, is the use of copper tubes and surfaces to induce

eddy current braking which can be modeled and incorporated into designs for
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Figure 4.1: Gripper family tree

shock absorption and impact mitigation.

4.2 Passive Magnetic SEAs

The first two actuators that will be discussed, MSEA and PMSEA, use a passive
variable stiffness curve that depends on permanent magnet arrangement. The
first, MSEA, is a torsional spring with a symmetrical force profile while PMSEA
is a linear spring with an asymmetrical profile. The other two grippers, presented

in Chapter 5 use different methods to vary the physical stiffness of the system.
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4.2.1 Stiffness through Magnet Arrangement

The designs presented in this section take advantage of smart designs to achieve a
unique stiffness profile. As different grasping tasks might require different stiffness
throughout the task, careful design of the placement of magnets in a spring can
be leveraged to achieve the desired stiffness curve. Two series of elastic actuators
with magnetic springs are introduced in this chapter. Both actuators use springs
that are nonlinear and rely on magnet arrangement to achieve this varying stiffness
feature. In the first spring presented, MSEA, the design utilizes angularly sepa-
rating magnets to maximize the force profile and minimize the space requirement.
The second spring, PMSEA, uses a geometric asymmetry to impart anisotropy
to the stiffness profile that could be favorable in tasks requiring different profiles

when compressing and extending the spring.

4.3 MSEA

The Magnetic Series Elastic Actuator (MSEA) is a rotary series elastic actuator
with a magnetic spring proposed to be used with simple grippers where a sec-
ondary actuator to adjust stiffness is considered a luxury. This magnetic spring
can be used in underactuated robotic grippers and fingers that do not require the

control of each finger separately.

4.3.1 MSEA Design

MSEA is designed and built using two arrays of magnets that are in repulsion.
The arrangements (shown in Fig. 4.2) are contained in two three-spoke structures
that rotate with respect to one another. One of the structures is connected to
the motor, denoted as the input structure, and the second is connected to the
load side denoted as the output structure. Each structure holds six square N40

magnets that when put together each pair of magnets is in constant repulsion.
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Each repelling pair of magnets represents a virtual spring, and the combined
stiffness of the whole spring is denoted as K(0;), where 6, is the deflection angle
formed between the input and output array spokes. The overall effect is a rotary
magnetic spring with a unique configuration that has a pre-loaded stiffness that
depends on the placement angle, 6, between the two magnets. Table 4.1 summa-
rizes the attributes of the whole magnetic spring assembly while 4.2 includes the

parameters of the magnets used in this spring.

Table 4.1: Assembly magnetic spring characteristics (C) 2021 IEEE

Spring parameter Value
Weight 160¢g
Radius 31.75mm/(1.25in)

Number of Magnets 12

Table 4.2: Single magnet parameters (C) 2021 IEEE

Magnet parameter Value
Magnet size 12.7mm x 12.7mm x 3.175mm
Magnet Grade N40

The magnets in the output and input structures follow a progressive angle
configuration. This means that considering two magnets in repulsion, the mag-
nets move in an angular fashion. This angular separation increases the stiffness
range as opposed to linear separation. The three-spoke structure is designed and
manufactured such that the magnets are separated at an angle, however, when
the spring saturates, the magnets become perfectly parallel. The closest the mag-
nets get to each other is shown in Fig. 4.4 as 2d = 0.1en. Compared to parallel

separation, angled separation gives a larger force range for a more compact space.

In FEM simulation, the force is plotted against the distance between the lower

edge between the magnet pair, which are Sp, and Sans as shown in Fig. 4.4.
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Figure 4.2: MSEA nonlinear rotary magnetic spring design (C) 2021 IEEE

In Fig. 4.5, it can be seen that the force starts at the same maximum value for
both configurations, however, the angled configuration decays faster and yields
a wider force range as a result. This difference occurs because when the angle
between a pair of magnets widens, the tilt in the magnetization vector further
reduces the force between the pair of magnets faster than that of the parallel
configuration, which in turn yields a larger difference in force compared to the
parallel configuration. This configuration exploits magnet arrangement to increase
the nonlinearity of the stiffness profile while keeping the spring compact for use

on robotic grippers [15] (©) 2021 IEEE.

4.3.2 MSEA Modeling

To analytically model the spring a dipole model was used, which treats all magnets
as small magnetic dipoles. The magnetization vectors of these dipoles are in the
direction perpendicular to the original magnets’ surfaces. Since the magnets move
at an angle an approximation model was employed that captures the change in

angle of the magnetization vector as shown in [68].
In this model, a single pair of repelling magnets in MSEA is replaced with
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Figure 4.3: Virtual springs formed by input and output arrays of magnets (C) 2021
IEEE

magnetic dipoles as shown in Fig. 4.6b, then the force on the first magnet by the
second magnet can be written as Eq. 4.1, where m; and ms are the magnetization
vectors of each magnet, 7" is the relative position vector connecting both dipoles,
7 is the unit vector in direction of 7 and g is the permeability of free space that

has a value of 47 x107% H/m.

= molMmy -
4mrd (4.1)

—3u0m1m2

Fio(r,a, p) = : [5cos(a)cos?(B)
r (4.2)

—2cos()cos( — o) — cos(a)]

«, f and r are as shown in Fig. 4.6b.

Then the resultant force perpendicular to one of the magnets can be rewritten

as shown in Eq. 4.2. Note that the force parallel to the surface of the magnet as
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Figure 4.4: Parallel Vs. angled configuration

well as the torque are ignored since the magnets are constrained in those directions.

The magnitude of the force on magnet 1 by magnet 2 can then be written as
in Eq. 4.4. Where F}5 is a function of the separation angle between the magnets,

0, and the magnitude of their separation distance, 7.

0 0
— — — °c_ _ 4 3
a=z, B =180 5 (4.3)
—3,u0m1m2 0
Fio(r,0) = W608(5>[3 + cos(6)] (4.4)

Now considering the whole magnetic spring configuration, consisting of size
repelling pairs, with 0, as the angle of deflection with a range of [-26°,26°], the

total torque due to the deflection of the spring is given by
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Figure 4.6: MSEA magnetic spring design (C) 2021 IEEE

75 = 3Rsin(y)[F12(26° — 05) — F15(26° + 6,)] (4.5)

where 7§ denotes the theoretical torque in the magnetic spring and ~ is the
angle between the vector parallel to the magnetization vector and R is the effective
arm length shown in Fig. 4.6a. For simplicity, this model considers each pair of

magnets facing each other as an isolated spring and ignores any cross effects

between the pairs.

To get a more accurate model of the spring, an FEM simulation is created
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using EMWorks” EMS [09] software package for electromagnetic simulation. Fig.
4.7 shows a sample simulation result as well as a meshing for two magnets of
MSEA that are at their minimum separation of 0.1lin. The meshing elements for
the magnets are set to 0.29mm. In this simulation, the force perpendicular to the
magnets’ surfaces is retrieved as a function of separation to create the spring’s

stiffness profile model.
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(a) Magnetic field intensity in EMS (b) Mesh model of two agents at satu-
ration

Figure 4.7: A single pair of MSEA magnets in EMS

Finally, a third model was derived experimentally using a high impedance set-
up shown in Fig. 4.11. For this test, an FT sensor is mounted between the ground
and the output of the magnetic spring. Then the force is measured for varying

deflections in the spring.

The three models obtained are plotted over the range of the spring in Fig.
4.8. It is clear that the dipole model shown here is inaccurate compared to the
experimental and simulated force curves. This difference is due to the fact that
the dipole model does not take into account the surface area and the thickness of
the magnets. The simulated model, however, shows a better model for the spring

when compared to the experimental data. This makes such models helpful for the
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Figure 4.8: MSEA theoretical vs. simulated vs. experimental torque profile (C)
2021 IEEE

future development of controllers for such actuators. It is important to note that

a more accurate model using EMS can be achieved through a finer discretization

of the mesh.

Using the experimental data obtained, shown in blue data points in Fig. 4.8, a
3rd order polynomial using Matlab curve fitting toolbox was obtained. This model
will later be used for controller purposes as it is the most accurate representation

of the physical spring’s model [15] (©) 2021 IEEE.

Ts = D162 + pab? + p3bs + pa (4.6)

Ks - 317193 + 2p205 + D3 (47)

Eq. 4.6 shows the polynomial fit of the spring force-displacement curve. Where
Ty is the experimental torque value in the spring. It is worth noting that P,, which
is the scalar in the fitted force curve, is non-zero despite the fact that the spring was

designed to be symmetrical and at equilibrium under zero deflection. This can be
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attributed to magnet imperfections as well as machining and measurement errors.
The direct derivative of the force is also shown in Eq. 4.7 which represents the
stiffness-displacment curve of the spring and plotted in Fig. 4.9. The coefficients
of the polynomial, representing the force and stiffness profiles, are listed in Table

4.3.

Table 4.3: MSEA polynomial coefficients (C) 2021 IEEE

Coefficient Value
D1 2.085 x 107°
Do 2.576 x 107°
D3 0.01367
Py 0.02068
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Figure 4.9: MSEA stiffness profile as a function of angular separation (C) 2021
IEEE

4.3.3 Controller

The controller used for MSEA is a simple gain schedule controller proposed in [70)]
[38], where both the inertia and damping forces are ignored. The actuator is also

assumed an ideal velocity source. The controller assumes a gain schedule that
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uses a function of the estimated instantaneous stiffness of the spring as shown
in [70]. A block diagram of the controller used is shown in 4.10. This controller
uses the model of the spring from the previous section as well as position control

to achieve an accurate force controller [15] (©) 2021 IEEE.

The error between the estimated torque and the desired torque can be written

as:

e(t)=14—m (4.8)
This can be transformed in terms of the position values of the load and the

motor side angles ¢, and 6,, respectively, and the instantaneous stiffness of the

spring K.

e = K,df, = K,d(0,, — 0)) (4.9)

The motor input can then be written as follows in terms of the current gains

and the error.

de(t)
dt

w= K,e(t) + K; / eyt + K (4.10)

Where the gains in Eq. 4.10 are written as in Eq. 4.11 which are the instanta-
neous gains that are varied based on the instantaneous stiffness of the spring that

is estimated through the measured deflection of the spring.
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X, ; = K, (4.11)

Gain scheduling is considered a practical and powerful method for the control
of nonlinear systems since it exploits linear control design methods that are the-
oretically mature and computationally efficient [71]. Further, since the controller
gains are adjusted to reflect the plant operating conditions, the gain-scheduling
method has the potential of responding rapidly to varying operating conditions
and is proven sound by successful applications throughout industry [71]. One
downside of the gain-scheduling approach is that it can guarantee closed-loop
stability and performance only in a local sense since it is a simple extension of
linear design methods. Thus, stability and performance properties of the gain-
scheduled designs must be inferred from extensive simulation studies and heuristic
methods [71] [72] [73]. Tt is worth mentioning that any discontinuities in gain val-
ues can cause chatter in the response and excite unmodeled dynamics which can
degrade performance and possibly destabilize the response [71] [75]. Hence, us-

ing a continuously varying gain scheduling method can get around some of these

shortcomings [15] (©) 2021 IEEE.

4.3.4 Results
4.3.4.1 Force tracking

To assess the ability of the actuator to track a constant and variable torque, a high
impedance test set-up is used as shown in Fig. 4.11. The actuator used for this
test is a quasi-direct drive (QDD) actuator (Koala Bear, Westwood Robotics) [65].
The Koala BEAR is a BLDC motor with a K, = 380 (K, represents the speed

at which the motor rotates for every volt applied) and a gear reduction ratio of
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Figure 4.10: Gain-scheduled force controller (C) 2021 IEEE
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Figure 4.11: MSEA high impedance test setting (C) 2021 IEEE

24:1 with a 14-bit angular magnetic encoder on its output shaft. An FT sensor is
used to measure and validate the ability of the actuator to track torque step and

variable torque references.

Fig. 4.12 shows the torque tracking experiments performed on MSEA. The
force value shown in green is the direct measurement of the force used to verify
the ability of the MSEA to track both step and variable force responses. Fig.
4.12 can estimate the force in the spring based on the fit polynomial shown in

Equation 4.6 [15] (©) 2021 IEEE.
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Figure 4.12: MSEA sinusoidal (top) and step response (bottom) force tracking

4.3.4.2 Bandwidth

Dynamic tests were also performed to evaluate the bandwidth of the actuator as
well as the stability of the system under bounded input. The high impedance
setting, or locked output is shown in Fig. 4.11. A sine sweep was performed over
a set of desired torque references with both high and low amplitudes. The closed-
loop torque bandwidth of the actuator was determined to be 8.0Hz and 1.6Hz for

low and high amplitude references respectively.
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Figure 4.13: Bandwidth of MSEA
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4.3.4.3 Shock absorption and impact mitigation

An important aspect of an SEA design is its ability to dissipate and store energy.
To evaluate the capacity of the MSEA to absorb shocks, the impedance test setup

was modified to include an arm.

le
Spring Motor

F/T Sensor

Output LinKk

Figure 4.14: MSEA impact test set-up (©) 2021 IEEE

Fig. 4.14 shows the MSEA with the FT sensor connected in series to an F'T
sensor and then an output link. The output link was 3D printed to represent a
robotic finger. The first test performed was a free response test where the motor
was held at a fixed position and the output link was deflected to spring saturation
and then released, the force in the FT sensor was measured and recorded. Fig.
4.15 (Top) the link can return to equilibrium in about 0.2s and shows little to no
overshoot. For the second test, an impact was simulated with an obstacle, where
a current value was commanded on the actuators. The actuator would then drive
the output link and hit the obstacle until the commanded current is reached. The
sensor reading is shown in 4.15 (bottom), the impact results in less than 20%
overshoot and decays rapidly after that. Due to the nonlinearity of the spring,

the torque in the spring quickly decayed. That is because a nonlinear spring has
88



a higher capacity to store energy.
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Figure 4.15: MSEA free response and impact response tests

4.3.5 Applications

This magnetic series elastic actuator was designed for simple and under-actuated
grippers. A simple CAD model of such a gripper is shown in 4.16. This gripper
uses one input to a single bevel gear, torque is then transmitted to the fingers
through a differential mechanism. The under-actuated mechanism along with the
nonlinear springs at each finger give this gripper the ability to grasp objects and
adapt to their shapes. The gripper itself along with the spring can be 3D printed
to satisfy weight requirements. This is seen to be simpler than other end-effectors
that employ active variable stiffness mechanisms. The torque range of the spring
can be increased depending on the application requirements scene and discussed
in [76]. MSEA-based grippers are very desirable on a robot such as SORELL if the
intended tasks are simple. Even though the MSEA gripper was shown with only
two fingers, adding multiple DoF's is possible at the expense of the mechanism’s
complexity.
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126 mm

Figure 4.16: Prototype of MSEA underactuated gripper (C) 2021 IEEE

4.4 PMSEA

The Prismatic Magnetic Series Elastic actuator, PMSEA, is another actuator
developed through the smart arrangement of magnets. As discussed earlier, non-
linear springs can be very desirable. However, in certain cases such as with human
muscles, stiffness can vary with the degree of deflection as well as the direction.
certain joints might require different stiffness profiles depending on the direction
of deflection. It has been shown that the torque-angle relationship of a human
knee during gait cycles is notably composed of a combination of both linear and
nonlinear profiles [77] [78] [79]. Throughout the phases of the human gait cycle,
the initial swing states are shown to have a distinctive nonlinear profile while

others are predominantly linear.

However, the development of the robotic hardware that allows researchers to
program the asymmetric and multi-stable nature of the skeletal muscles, despite
the numerous benefits present, seems to be a remote possibility in real-world
applications, considering the current state-of-the-art of robotic technologies [30].
PMSEA is an actuator that embeds various torque profiles on robotic hardware

and structures. In other words, it combines the nonlinear profile of a magnetic
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spring with a 3-dimensional nonlinear manifold generated by the gripper structure
to warp the original stiffness profile. This process is tunable by changing the

parameters of the mechanism which depends on the task at hand.

4.4.1 PMSEA Design

The design of an asymmetric nonlinear profile is composed of two phases. In the
first phase, the asymmetric magnetic spring with a nonlinear torque profile that
can be implanted in prismatic actuators was designed. In the second phase, a
simple robotic gripper that is aimed to alter the non-linearity was designed and

combined with the magnetic spring.

The magnetic spring in PMSEA, shown in Fig. 4.17, has four magnets where
each pair of adjacent magnets is in repulsion. Two of the magnets the, first and
third from the top, are connected in one structure and the second and fourth
magnets are as well. Both structures can slide freely with respect to each other.
This geometry is such that when the spring is compressed two pairs of magnets
get engaged, but when extended only one pair is engaged. This creates an asym-
metrical force profile that is tilted towards one direction. Fig. 4.18 shows the
manufactured magnetic spring discussed in this section. Note that the spring in

rotation acts as a rigid body and can only be deflected in the axial direction.

4.4.2 PMSEA Spring Modeling

As with the previous section on MSEA, PMSEA is also modeled in the same three
methods. First, the dipole model is applied by assuming the magnets are point
dipoles. Second, the Spring was simulated in EMWorks” EMS software and finally
through experiments. The three models are plotted in Fig. 4.19, which shows
that the dipole model is a very extreme misrepresentation of the model. In this

case, the magnets are thicker than the ones used in the MSEA and hence such a
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Figure 4.17: PMSEA magnetic spring diagram

Figure 4.18: PMSEA magnetic spring

method is not appropriate for modeling. On the other hand, the simulation result
is a better approximation of the spring model when compared to the experimental
data. In all cases, the asymmetry in the force profile is evident, and the spring
has a larger range in the compression direction (negative deflection) than in the

extension direction (positive deflection).

The force-displacement relationship used in the later section for PMSEA is
based on the experimental model and is approximated with a 6 order polynomial
shown in Eq. 4.12. The stiffness profile equation is also derived through direct
differentiation of Eq. 4.12 and shown in Eq. 4.13. The stiffness profile is plotted
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Figure 4.19: PMSEA: theoretical vs. simulated vs. experimental torque profile

for the range of the spring in Fig. 4.20.

F, = p1a® + paa® + paa? + pua® + psa® + pex + pr (4.12)

Ky = 6p12° + 5poz” + dpaa® + 3psx® + 2psz + pe (4.13)

The coefficients in Eqs. 4.124.13 take the values shown in table 4.4.

4.4.3 PMSEA Gripper Modeling

A two-finger gripper was designed to utilize the unique features of the magnetic
spring shown in 4.21b. The annotated parameters of the mechanism take the
values shown in table 4.5. The whole hand mechanism of PMSEA consists of a
motor that rotates the magnetic spring chassis which has a lead screw attached

to its output end. The lead screw drives an ACME nut that pushes on a linkage
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Table 4.4: PMSEA polynomial coefficients

Coefficient Value
o 7870 x 107
D 4417 x 1072
P3 —9.5 x 101°
D 1.062 x 107
s 7154 x 10°
De 3.535 x 10%
x10%

Stiffness (N/m)

s 6 4 2 o 2 4
Spring Deflection (mm)

Figure 4.20: Stiffness profile of PMSEA

system consisting of two linkages. When the motor is held at a constant position,
the whole lead screw assembly can be back-driven from the fingers. That’s due to
the lead screw’s non-back drivability which allows little torque to be reflected to

the motor in case of a force on the fingers.

The stiffness of the fingers about the pivot point P in Fig. 4.21b will not
match that of the spring profile. Besides it being a revolute joint, the design of
this mechanism allows for a nonlinear deflection of the spring. This nonlinearity
in the deflection of the spring creates a manifold that is dependent on the position

of the nut at equilibrium d as well as the deflection of the finger itself 5. Hence,
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Figure 4.21: PMSEA gripper prototype design

at each unique position of the finger, the finger will have a unique force curve.

To derive the torque at the finger, the concept of virtual work was applied. The
torque at the gripper pivot point P, 7, can be expressed as in Eq.4.14, where Fj
is the experimentally determined magnetic spring force Eq. 4.12, L is the length

of the magnetic spring, and [ is the angle the finger makes around the pivot P.

T=F— (4.14)

The length of the spring can be written as,
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Table 4.5: PMSEA gripper parameters

Parameter | Value (mm)
a 45
b 30
c 18
M 183
N 48
Ly 75
L(z)= Lo+ (4.15)

Where Ly is the length of the spring at maximum compression which is con-

stant. Then based on Eq. 4.15, L and Oz are equal as in Eq. 4.16.

0L = Ox (4.16)

In addition, the following relationships can be derived directly from Fig. 4.21a.

M = L+ d+ asin(a) — bsin(p) (4.17)

N = ¢+ acos(a) + beos([3) (4.18)

Lastly, the distance between the ACME nut and the top of the spring can be
expressed as a function of the pitch on the lead screw, [, which equals 2 mm, and

the motor angle, 6,,, as in (4.19).
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d = 0,1 (4.19)

By differentiating Eqs. 4.17 and 4.18 with respect to the angles a and (3, the

following can be written:

0z + acos(a)0a + beos(5)08 = 0 (4.20)

—asin(a)Oa — bsin(B)0f =0 (4.21)

By combining Eqs. 4.20 and 4.21 the partial derivative dx can be written as:

sin(B)

tan(a)

Or =]

+ cos(B)|0p (4.22)

Further, by merging Eqs. 4.14 and 4.22, the torque as a function of linkage

parameters and the force profile of the magnetic spring is shown as:

sin(B)

= Fi(@) [tan(a)

+ cos(P)]b (4.23)

Note that o and z in (4.23) can also be expressed in terms of § using Eqs. 4.15,
4.17 and 4.18. The torsional stiffness value at the finger can then be calculated

as a function of 5.
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K (8) = (4.24)

Eq. 4.23 shows that the mechanism itself compresses and extends the spring
in a nonlinear fashion. That depends on the parameters of the mechanism as well
as the current position of the finger. Fig 4.22 shows the mechanism 3D manifold
with the stiffness profile of the magnetic spring projected on it for three unique
equilibrium positions of the finger. The manifold of the mechanism warps the
stiffness profile and has the effect of making one side of the spring stiffer and the

other side softer.
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Figure 4.22: Mechanism manifold with projected stiffness profiles for different
finger equilibrium positions

The projection of nonlinear profiles on a 3D manifold generated through a
linkage increases the range of achievable stiffness profiles. Warping stiffness profile
asymmetrically could be useful in instances where a different profile is desired for

extension vs. compression.
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4.5 Discussion

Compliance with gripper-level actuators promotes a safer robot-environment in-
teraction as well as a practical way to perform force control. The use of permanent
magnets as progressive springs was shown to be a feasible design to generate non-
linear progressive stiffness profiles. Such progressive stiffness has a large energy
storage capacity as well as the attributes of both stiff and soft springs. This
chapter discussed the generation of progressive stiffness profiles through smart
magnet arrangement. Both MSEA and PMSEA have unique profiles for rotary
and prismatic SEA applications respectively. MSEA, which has a rotary sym-
metric stiffness profile is capable of accurate force as well as impact mitigation
and absorption. PMSEA, on the other hand, showed the feasibility of using a
3D manifold generated through linkage mechanisms to warp the stiffness profile.
Such an effect can generate unique stiffness profiles that can be customized based

on the required task.

Magnetic-based SEAs can be utilized in simple gripper modules that do not
require precise positioning of the individual finger for simple grasping tasks. These
tasks ,which need to be performed on the SORELL platform, include pick-and-
place tasks where the gripper can use compliance to adapt to the shape of the
grasped object. However, as discussed earlier, choosing the stiffness for a compli-
ant actuator involves a lot of optimization and engineering trade-off. Generating a
nonlinear stiffness profile using magnet arrangement provides a middle ground be-
tween linear SEAs which need to be optimized and VSA which require secondary
input and hence a higher power requirement. It also gives the gripper a longer

life cycle due to reduced wear and friction.
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CHAPTER 5

Active Spring Grippers

5.1 Introduction

Chapter 4 introduced the use of permanent magnets in nonlinear spring designs
through smart magnet arrangement. However, the springs discussed earlier have
a fixed stiffness profile that cannot be changed online. Introducing a secondary
input to a magnetic spring can have such an effect and give the spring a larger
stiffness and force range. Adding a mechanism to change the stiffness also enables
the spring design to take advantage of other electromagnetic phenomena that
could be useful in grasping and manipulation tasks. These advantages come at
the expense of more inputs complicating the system’s design, control, and power

requirements.

In this chapter, two variable stiffness actuators are introduced that use two
different techniques to change the stiffness profile of the magnetic spring. The first,
EMVSA, uses electromagnetic coils, which provide a fast method to change the
stiffness. The second, AMVSA, uses mechanical inputs to change the polarity of
magnets altering their interaction between repulsion and attraction. This chapter
also explores the use of eddy current damping in robotic actuators to absorb

impacts as well as water cooling for coil-based variable stiffness actuators.

5.2 Coil Induced Variable Stiffness

Variable stiffness joints could be in some cases more desirable than linear or non-

linear SEAs. Besides the benefits of compliant elements elaborated on earlier,
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Figure 5.1: EMVSA with Gripper Hand

VSAs are more versatile as they can intrinsically change their stiffness. Such
benefits include a wider bandwidth range, a better ability to absorb impact, and
storing and recycle energy [37] [37] [61]. These benefits come at the expense of
an extra actuator or a secondary input. Magnetic coils are a very good candidate
for such actuators where changing the current through the coil causes a change in
the stiffness. The biggest advantage of coils in VSA is that they have a very high
response speed unlike mechanical VSA’s where a motor has to drive a mechanism
to achieve the stiffness change. The most popular way to achieve electromagnetic
stiffness is through a magnet inside a coil. This method has been employed in

vibration isolators and active springs for vibration control [31] [32] [83] [34] [35].

Not many researchers have investigated the use of an electromagnetic spring
for robotic actuators owing to the complications that are associated with such
mechanisms. [86] [59] both propose a magnet inside a coil for a variable stiffness
spring; however, the spring presented in [36] does not consider bidirectionality
and does not have a wide stiffness range. [59] proposes a magnet in coil for lower
limb actuators, but, such an actuator would collapse with no current and does not
make use of the available negative current range as an unstable equilibrium is very
risky for actuators that operate in proximity to humans. Also, the maximum force

achievable falls short of lower body requirements. Neither of these works considers
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cooling techniques and relies on evaluating their data points in a discontinuous
fashion indicating the actuator cannot stay powered for prolonged periods due to

heating.

5.2.1 EMVSA

The Electro-Magnetic Variable stiffness Actuator, EMVSA | is a new variable stiff-
ness actuator that is based on coil-induced stiffness variation. EMVSA has a very
wide stiffness range compared to predecessor designs, bounding magnets to estab-
lish a baseline stiffness curve, eddy current-based damping for shock absorption,
and is cooled through immersion water cooling. EMVSA is designed for robotic

grippers and hands that are at constant risk of impact.

5.2.2 EMVSA Design

EMVSA consists of an electromagnetic spring as well as a gripper module as
shown in Fig. 5.1. Fig. 5.2a shows the design and components of EMVSA
magnetic spring, which incorporates an active N52 PM bonded to a nonmagnetic
output shaft. The active magnet and shaft are free to slide and are the spring’s
output. The active magnet is bounded by two PMs at each end of the spring.
The active magnet is in repulsion with both bounding magnets giving EMVSA an
intrinsic nonlinear stiffness profile. The baseline stiffness of EMVSA is important
as it gives the spring stiffness without the need for any input, reducing the need
for constant current in the coil. It also enables the spring to vary the stiffness
with both positive and negative currents while maintaining the stable point in the
center. The ability to use both directions of current doubles the range of stiffness
and force that the spring can achieve. The active PM is free to move in an air
chamber in the middle of the spring that is surrounded by a copper tube with the

coil wound on the tube. A casing then encapsulates the coil to create the cooling
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chamber of the spring. The copper tube shields the permanent magnets from the
cooling chamber and is connected to custom-made flanges that work to conduct
heat away from the core of the spring toward the cooling fluid reducing trapped
heat. Figs. 5.3b and 5.3a show the manufactured spring EMVSA and cooling

chamber.

Output Shatt

Water Cooling Chamber |

-
l Bounding Magnets

(@)

(b)
Figure 5.2: Cross-section CAD model of EMVSA spring

5.2.3 Spring Modeling

In this section, the EMVSA spring stiffness was modeled through semi-analytical,

FEM, and experimental methods. These models will be compared and assessed.
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(a) Custom EMVSA coil with (b) Manufactured EMVSA with one end open
cooling flanges

Figure 5.3: EMVSA coil and cooling chamber

As for the damping effect of the copper tube, an experimental method is used to

determine the damping coefficient.

5.2.3.1 Analytical

Three electromagnetic forces are acting on PM, that need to be dissected and
modeled. The first two, the force due to the stationary magnets and the coil,
are position-dependent. The third is the eddy current braking force which is
velocity-dependent. These forces are shown in Eq. 5.1 where Fk is the restorative
force due to magnets and coil and Fp is the force due to eddy current damping.
This section is concerned with modeling the restorative force, Fx based on the
Coulombian model. The Coulombian model treats magnets as electrically charged

surfaces as detailed in [37] [38] [68] [29] [59]

The total force on PM 4 is shown as,
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Table 5.1: Magnetic spring parameters

Variable Symbol Value (in)
Coil Outer Radius R., 0.4375
Coil Inner Radius R, 0.75
Coil Length L. 1.0
Coil Turns N 650
Copper Tube Outer Radius Ry, 0.4375
Copper Tube Inner Radius Ry; 0.3925
Copper Tube Inner Length Ly 1.8
PMg Outer Radius R, 0.375
PMg Inner Radius R,; 0.25
PMg Height H 0.25
PM,4 Outer Radius R, 0.375
PMy Inner Radius R 0.125
PM, Height B 0.5

The modeling of Fk is split in two, the force due to bounding permanent
magnets and the force due to the coil. Eq. 5.2 shows that Fg is composed of
two force components due to the bounding magnets,Fs; and Fgo, and one force
component due to the coil Fo. Note that the force Fg; and Fgo are position-
dependent while the F is dependent on the position as well as the current. This
analytical problem is divided into three parts In this model, the force on PM4
from both bounding PM 4 is deduced. Then the model of the force on PM 4 due
to the coil is developed and the results are combined to provide a semi-analytical
model for the whole spring. According to Fig. 5.4, the force acting on the output
of the spring is a function of both the displacement and the velocity of the active
magnet as well as the current in the coil. On the other hand, the damping part

of the force,Fp is due to the active magnet moving through the copper tube.

FK(ZE,I) ch(x,I)+F51(x)+F52(x) (52)
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Coil Force The force due to the coil can be analytically written through the

Coulombian model. In this case, the field intensity inside the coil due to an

inducing current is assumed uniform in the axial direction. In this model, the

force due to the field generated by the coil on the two charged surfaces of PM 4

is seen in Fig. 5.4. The parameters used in this model are shown in 5.1 where

h=H/2,1=L/2 and b= B/2 are used to simplify the model.

PM,

My

Figure 5.4: EMVSA coil and permanent magnet Arrangement

The field induced by the coil on one of the surfaces of the PM, is:

RCO J—
B — / o r+1 B r—1 dr
Rei Vit @ +D)? /rt+(z—1)?

Where C can be written as follows:

polN 1

¢= 2L(Reo — Re)

(5.3)

(5.4)

In Egs. 5.3 and 5.4, I is the current through the coil and pg = 47 x 1077 is the

permeability of free space. The force of the coil on PM, is then the sum of the

forces acting on each charged surface of PM,4 separately. The force on a single
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face is the surface integral of the magnetic field intensity over the area of PM4

for the two sides of the magnet as shown below.

Fo(x, 1) = io /S (Bi(x — b) — Bz + b)) dS (5.5)

Where B,, is the residual magnetic flux of the permanent magnet PM 4.

Analytically solving the integral in Eq. 5.5 yields the following.

Fo(x,I)=D[x —b+D)¥(xr —b+1)

—(z=b=0DV(z—-b-1)

(5.6)
—(z+b+ D)V (z+b+1)
+Hax+b—=0DV(x+b—1)]
Where D is:
B,,NIS
D= .
2L(Rey — Rer) 5.7
and the function W(x) can be written as:
R, R2 2
U(r) = In e TV e T T (5.8)

R +\/R% + 22

Stationary magnet force The force on PM,4 due to one of the stationary
permanent magnets can also be modeled through the Coulombian model. The

model will first be derived for one stationary magnet and then generalized for the
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two stationary magnets as seen in Fig. 5.5.

Rai l Rao
B L LR L LR >
Active Magnet | >0
|'=:::—'—'"-'-""""""I'A
| e
| §
A\
A |
? I
X |
| >.0
Y, [z NS 'Z'A
P H
| v
Stationary Magnet !
€ Lovmmeeaciieeeas >
R, R

St SO

Figure 5.5: Active magnet and stationary magnet Pair

The force from the stationary magnets PMg; on the active magnet can be
analytically written as the sum of the forces between all the charged surfaces
between two magnets. For a pair of cylindrical magnets one PMg; and PM 4 as
in Fig. 5.5. The force of stationary magnet PMgl on the active magnet PMy,
Fg1, can be written as the surface integral of the magnetic field of PMg; acting

on the two charged surfaces of PM 4.

FSl (ZL’) =

i”: //S Bsy(l— 2 — h) — Bsy(l -z + h)] dS (5.9)

Where Bg; is the field generated by PMg; at both the charged surfaces of
PM,. Hence, the force due to one surface of one magnet on the other is the
surface integral over the two surfaces. The total force is then the sum of the
surface integral for the four pairs of opposing surfaces. Eq. 5.10 shows the force

as the surface integral for the four pairs of surfaces between PM, and PMg;.
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o[,

[(1—2z—h)a(l—z —h)
—(l+b—H—2)a(l+b—H —2)
—(l4+b—2)a(l+b—1x)
+(1—b—H—2)a(l—b—H —1)]

dT’l dT’Q d91 d92

Where the function a(z) is written as:

Bra Brs rire

Oz(l’) = 3

Ao (r? +r3 — 2ryrycos(y) + 2
1173

(5.10)

(5.11)

Since the active magnet is positioned in the middle between the two stationary

be written as,

FSQ(QT) = —Fgl(l + ZL’)

5.2.3.2 Simulation
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magnets, the force due to the second stationary magnet on the active magnet can

(5.12)

The EMVSA spring has been statically simulated using EMS simulation software.
The simulation was performed over the three permanent magnets as well as the
coil and ignored other components for simplicity. A sample simulation results in
EMS are shown in Fig. 5.6 for the magnetic field intensity and density in the

case PM, is at a maximum deflection. The simulation was performed over the



range of the spring which is [-0.5in 0.5in] and for a current range of [-8A 8A]. The

resultant surface which denotes the force due to the current and the position of

PM, is shown in Fig. 5.9.
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Figure 5.6: Simulation sample results for EMVSA spring in EMS for maximum

PM, deflection

5.2.3.3 Experimental Model

Figure 5.7: EMVSA high impedance test setup

The experimental model of the spring was obtained through a high-impedance
test setup shown in Fig. 5.7. In this test set-up the spring is driven through a

ball-screw mechanism with the output shaft of the spring fixed to an F'T sensor
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while the spring chassis is driven to extend the spring. The FT sensor used is a
Bota Rokubi. Note that the variation in the spring deflection is done in a very slow
fashion to avoid capturing the eddy current friction component. This experiment
is repeated by holding the current through the coil constant and varying the
deflection. The current is varied in the range of [-6A 6A] with a step current of 1A.
Fig. 5.8a shows the force profiles obtained from the high-impedance experiment.
Fig. 5.9 shows the stiffness curves that are derived through MATLAB curve-fitting

tools from the force profiles.

The force profiles of EMVSA show that at a current of OA, the spring has an
intrinsic nonlinear profile. As the current is increased, the profile is stiffened and
softened when decreased. In the case that the current in the spring drops below
-3A, there will exist a region of negative stiffness. This region will make the equi-
librium point of PM 4 at an unstable equilibrium that can hinge towards a certain
direction due to any perturbations. This effect was intentionally introduced to

the spring as its proposed use will be discussed in later sections.
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Figure 5.8: EMVSA Experimental Model Results

Fig. 5.9 shows the 3D surfaces of the force profiles for all models performed.
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As expected the simulation and experimental results are closer to each other when
compared to the analytical model. However, the analytical model can be seen as
more accurate than the dipole model that was used in Chapter 4. That is because
the Coulombian model does not reduce the whole magnet into a point dipole but
rather considers the surface as a whole. The shortcomings of the Coulombian
model are that it does not consider the volume of the magnet but just the flat
surfaces. Moreover, some parts of the analytical model had to be numerically

calculated due to the complexity of the expression.

[ Analytical
[ Simulation
[ Expeminetal

Force (N)

Current (A) N -10
Active Magnet Displacement (mm)

Figure 5.9: 3D surface for curve fit of the force-displacement-current

5.2.3.4 Controller

The EMVSA hand controls the position and stiffness of the spring through two
independent PID controllers. The current is controlled through a PID controller
with a feedforward term while the position controller is based on the concept of
gain scheduling. The gain scheduling variable is the estimated spring stiffness of
the spring based on the measured current and position values. These controllers
were used to assess the ability of the gripper to track force based on position
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control as well as the stiffness of the spring. In a later section, a more complex
controller is developed based on a linear varying parameter LQR method. Fig.
5.11 shows the clock diagram for the EMVSA system which includes how the
EMVSA is controlled.

T

K

CERETS 3

X

S

Figure 5.10: EMVSA Diagram
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Figure 5.11: EMVSA Block Diagram
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5.2.4 Results

5.2.4.1 Water Cooling

A thermal electromagnetic simulation was performed using EMS to evaluate the
heat efficiency of EMVSA. Since varying the stiffness in EMVSA depends on the
current running through the coil, cooling is an essential component. Multiple
previous works have not expanded their use of such actuators due to heating
issues. Effective cooling does not extend the maximum field a coil can generate
but it increases the time at which such current can flow through it. there are
multiple ways a core can be cooled down including through ambient or forced air
flow. One of the most effective is through immersion cooling where the whole coil
is surrounded by a coolant fluid. Immersive cooling allows EMVSA to run for

prolonged times and to reduce power losses due to temperature increase 5.20.

The temperature of the coil was modeled through EMS for different currents
and using water as the cooling medium. Fig. 5.12 shows the simulated tempera-
ture of the core with immersion water cooling. Simulation results show that the
actuator has good heat management up to the simulated current value of 10Amps.
It is also seen that for such a high current, the temperature does not cross the
threshold of 80C°, which is the temperature the permanent magnets start losing
their magnetization. It is important to note that the design of the core itself uti-
lizes flanges and the copper tube to conduct as much heat away from the center

of the coil which is the least exposed to the cooling fluid as seen in Fig. 5.3a.

5.2.4.2 Force Control: Spring Positioning

Under a high-impedance setting shown in 5.7, step and sine wave tracking exper-
iments were performed. The force values are measured through an FT sensor to
confirm the force in the spring. The force-tacking experiments use the position

feedback and the experimental model of the spring to achieve the force feedback.
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Figure 5.12: EMS simulation of EMVSA core tempreture

In the step response experiments, the current is held constant at discrete values,
then a desired force value is commanded. Fig. 5.13a (top) shows a desired force
value of 10N for the current values in the range [0 6A] with a current step of 1A. As
can be seen, the force rise time decreases with higher stiffness in the spring. This
can be explained through Fig. 5.13a (Bottom) which shows the spring-measured
deflection for each case. As the current is increased and hence the stiffness, the
deflection needed from the spring to achieve the same force is reduced. As for the
variable force response, the same methods were used but a sine wave of 10N at
0.1Hz comprises the desired force. The same applies to the variable force tracking,
using higher stiffness requires lower displacement. This can be confirmed in Fig.
5.13b. For both of these experiments, it is evident that the actuator can perform
accurate and stable force tracking. EMVSA can hold the force constant for the
step response as well as accurately track sine functions. For the sine tracking
response experiments, the current data was also collected and shown in Fig. 5.14.
This current data is collected through a current sensor and shows the ability of
the controller to hold the current constant as the force-tracking experiments are

performed.
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Figure 5.13: Step and sine response of EMVSA force tracking for a 10N amplitude
by spring positioning
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Figure 5.14: Sample current values through the coil for sine tracking experiment

5.2.4.3 Force Control: Current Variation

A second way to achieve accurate and fast force control is to vary the current at a
given position. Using the same model, a force controller can be developed based

on the current feedback. In these sets of experiments, the spring is deflected
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to 5bmm and held at that position. Then at that position, a current step and
sine inputs are commanded. As the current is varied, the force in the FT sensor
is measured. Note that the FT sensor is zeroed at the 5mm position. Two
experiments were performed with this setup. The step current response is shown
in Fig. 5.15b (Bottom), while Fig. 5.15b (Top) shows the corresponding force.
The current was also varied through a sine function with a 1Hz frequency shown
in Fig. 5.15b.These experiments show the ability of EMVSA to accurately track
current values, as well as using the stiffness variation to control the force in the
spring. In both cases, the response time is very low which shows the viability of

using electromagnetic means to achieve fast and reliable stiffness variation.
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Figure 5.15: Step and sine response of EMVSA current tracking

5.2.4.4 Bandwidth

The bandwidth of the system was also assessed for both high and low-deflection
amplitudes. A sine sweep was commanded on the force controller for 0.5N and
10N amplitudes. These experiments are both performed with zero current flowing

through the spring. The bandwidth of the actuator with the sine sweep ampli-
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tudes of 0.5N and 10N, measured at the -3dB mark 12Hz, are 3.8Hz and 12Hz

respectively.
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Figure 5.16: EMVSA force tracking bandwidth for zero current

5.2.4.5 Free Response

To test the effects of the copper tube in inducing eddy current breaking a second
spring was built that does not include a tube. Both springs were subjected to
the same deflection of the spring fingers as in Fig. 5.20 and then released. Fig.
5.17a shows the free response in both of these cases. It’s clear that the spring
that includes the copper tube, the gripper finger has a lower overshoot as well as
a shorter time to reach equilibrium. This feature is very useful in case of impact
on the gripper fingers as the damping effect can reduce the effect of the high-
frequency impact. The copper tube also helps in stabilizing the response of the
spring. This effect was also simulated in EMS and shown in Fig. 5.18. The same
experiment was also perfromed for different current values in the spring which is

shown in Fig. 5.17b.
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Figure 5.17: EMVSA free response plots
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Figure 5.18: EMVSA eddy current simulation in EMS.

5.2.4.6 Instability Grasping

For a gripper to grasp an object the motor will have to drive the fingers to the

desired position. The speed of the system is then covered by the mechanical
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dynamic properties of the system. However, negative stiffness can be used to
achieve explosive motion on the gripper for quick grasping and releasing. This is
done by exploiting the unstable equilibrium point in the middle of the EMVSA
when the current is at or below -3Amps. In these currents, the gripper becomes a
bistable one where the stable points are towards the ends of the spring. To make
use of such instability, a perturbation in the direction of the spring chassis, will

cause the spring to tilt towards one stable point over the other.

This effect is shown in Fig. 5.19, where it is applied for grasping 5.19a and
releasing 5.19b. For grasping tasks, the spring current is set for -5Amps while the
position is commanded to -3mm at the same time. This will perturb the spring
enough to henge the gripper towards closing. The opposite is done in the case of
releasing the gripper from a grasping position. This effect could be very useful for
grasping tasks that require fast response and will give a chance for the mechanical

assembly to catch up to the grasping position.
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Figure 5.19: Exploiting instability region for fast explosive motion
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5.2.5 Application

A multipurpose gripper, shown in Fig. 5.20, shows a manufactured gripper de-
signed to be used with EMVSA for testing and general applications. The gripper
has 3-fingers each consisting of a 4-bar mechanism. The 3 fingers are connected
to a coupling platform that links them to the spring’s output. This actuator can
be used as the main compliant element of multiple gripper designs. The gripper
proposed can be used as a multipurpose gripper that has a large risk of collision
and requires large forces. This actuator can be used as a peripheral attachment
to SORELL’s leg when operating in tripod mode. The fact that SORELL uses
water-cooled actuators makes it easy to incorporate into SORELL’s water-cooling

network.

Figure 5.20: EMVSA Gripper

5.3 Mechanically Induced Variable Stiffness

Previous sections have demonstrated the use of magnetic repulsion in magnetic
springs for robotic grippers, however, magnetic attraction can also be utilized
in certain cases where an explosive motion is needed. [16] and [90] have shown

that an explosive release of energy can be used to create very fast motions of
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required and [91] has shown a parallel magnetic spring that works through catch
and release, where at some instances it stores energy then releases in a cyclic
motion. The magnetic attraction has not been traditionally applied to SEAs or
VSA. However, some authors have shown how magnetic attraction can be used in
grippers. Both [92] and [93] have shown how an electromagnet(EM) or permanent
magnet (PM) can be used to align a gripper or even grasp ferrous objects. Some
grippers use magnetic attraction to achieve bistability where an EM would drive
a stage between two stable configurations of a gripper. The antagonistic bi-stable
magnetic gripper proposed in this section uses an antagonistic configuration of
two switchable magnetic springs that can change between negative and positive

stiffness through a driven motor.

5.3.1 AMVSA

The Antagonistic Magnetic VSA is a variable stiffness actuator that uses a mag-
netic agonist-antagonist pair shown in Fig.5.21. In the antagonistic configuration,
the position of the finger can be controlled by controlling the positions of the
driving motors. The stiffness of the spring can be controlled by adjusting the
pretension on the springs; however, that is only possible when using nonlinear
springs. If the springs used are variable stiffness springs, then the pretension can
be adjusted online, which means that the position of the finger can be controlled

by changing the pretension of one of the springs.

The unique design of AMVSA enables the antagonistic spring pairs to flip
between attraction and repulsion. AMVSA can control the positioning of a finger
through stiffness variation, as well as use the instability of negative stiffness to

produce fast explosive motion.
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Figure 5.21: Antagonistic configuration on a single finger gripper

5.3.2 Mechanical Design

Fig. 5.23 shows the proposed configuration of the gripper. The design is composed
of two magnetic springs that can alternate between attraction and repulsion. The
pair of magnets on the left labeled (driving magnet 1 and driven magnet 1) will
be referred to as the proximal spring while, the one labeled (driving magnet 2 and

driven magnet 2) will be referred to as the distal spring.

When the proximal spring is in attraction mode (opposite poles facing each
other) then the finger will collapse inwards. The opposite will happen when the
distal spring is in attraction mode which will cause the fingers to open. When
both the distal and the proximal springs are in repulsion mode (same poles facing
each other) then the finger will be hanging between the two repelling sides. The
stiffness and the position can be changed, albeit not independently. The stiffness

can be changed by increasing or decreasing the angle of the driving magnet.

A single finger was also manufactured and is shown in Fig. 5.24. This pro-
totype consists of two antagonistic pairs of springs that tug on a single finger.

The driven magnet in this prototype slides inside a copper tube to make use of
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Figure 5.22: Schematic of proposed antagonistic magnetic VSA

eddy current-breaking for shock absorption. Each driving magnet is connected to
a Dynamixel XM-430 servo motor to control the positioning of the driving motor.
The finger itself consists of three links, with a magnetic absolute encoder used to

measure the position of the finger.

5.3.3 Simulation

To assess the feasibility of the proposed design a simulation study was performed
using EMWorks EMS software [09]. Fig. 5.25 shows the vertical force between a
pair of one diametrically magnetized spring and one axially as shown in 5.23. For
each simulation curve, the angle is fixed while the separation is varied between [0
0.55in]. It can be shown that when the angle is between [0° 90°] the stiffness will
be positive and vice versa if the angle is between [-90° 0°]. It is worth noting that

when then the angle is at exactly 90° the stiffness will be zero.

Such stiffness profiles of each single pair of magnets, enable the finger to oper-
ate in multiple modes. Referring to Fig. 5.23, the finger has three main operation

modes. The magnet pairs, driving magnet 1 and driven magnet 1, will be referred
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Figure 5.23: AMVSA CAD model

to as spring 1, and similarly for the driving magnet 2 and driven magnet 2 pair.

e Unstable equilibrium: in the case that both springs 1 and 2 are in attraction
mode: opposite pairs are facing each other (negative stiffness). Then the
finger will be at an unstable equilibrium. This can be exploited by per-
turbing the finger in one direction and generating a fast explosive motion.
once one of the springs reaches saturation, the attractive force will be at its
maximum and the finger will be locked in that position. Such locking force

is crucial for achieving a tight grip on a grasped object.

e Stable equilibrium: in the case that both springs 1 and 2 are in repulsion,
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Figure 5.24: AMVSA assembled prototype

then the finger will be in a stable equilibrium. At this point, the position of
the spring can be controlled by changing the stiffness of one of the springs.
For instance, adjusting the angle of driving magnet 1, such that it increases
the stiffness of spring 2 will push the finger to rotate in the counterclock-
wise direction, and vice versa for spring 2. Such a design is similar to the
antagonistic configuration where the position of the linkage is done through

stiffening one spring.

Zero stiffness: in the case that both springs 1 and 2 are in zero stiffness
mode i.e. the magnetization vector of the driving magnets is perpendicular
to that of the driven magnets. Then the stiffness throughout the travel of

the finger will be near zero. This can be used in cases where the finger needs
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Figure 5.25: Single spring force-displacement curves

to be back-drivable and just dissipate energy. Note that due to the copper
tube that the driven magnets move in, there is a damping component that
is due to eddy current. this provides the finger with the ability to dampen

vibrations and dissipate energy from shocks and impacts.

5.3.4 Application

The AMVSA prototype shown in Fig. 5.24 is a proof of concept for a single finger
using two magnetic springs and two motors. However, to make this design more
practical, a whole hand has been designed to show the potential use of such an
actuator. The hand shown in Fig. 5.26 is a 3-finger gripper, with each finger
having the same design as the single-finger design in Fig. 5.24. This design
is under-actuated, where one motor drives the proximal driving magnets for all
three fingers while a second motor drives the distal ones. The coupling assembly
is shown in Fig. 5.27, where a single servomotor drives a bevel-gear transmission

that controls the position of three driving magnets.
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Figure 5.26: AMVSA three-finger under-actuated hand

5.4 Discussion

Nonlinear magnetic springs were shown to be a reliable middle ground between
stiff and soft springs. However, certain tasks could require a more active method
to control the stiffness independent of the spring deflection. This chapter, intro-
duced two methods to change the nonlinear stiffness curves through both electro-
magnetic and mechanical methods. Despite the increased complexity and power
requirements of the mechanisms presented in this chapter, they were shown to be

effective at changing the stiffness profile of a spring.

EMVSA, utilized a coil to rapidly change the stiffness of a magnetic spring
through current modulation. Through this design, multiple other effects were
studied including the effectiveness of water cooling as well as shock absorption
through eddy-current breaking. Both of these added features enable the spring to
run for prolonged times and be a safer mechanism to operate near humans. On the
other hand, AMVSA, presented a unique antagonistic configuration of magnetic

spring to change the position and the stiffness of a robotic finger by mechani-
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(a) Top view (b) Side view

Figure 5.27: A single motor connected to three driving magnets through bevel
gears

cally varying the magnetization direction of magnets. AMVSA’s design exploits
the negative stiffness of magnetic attraction to render fast explosive motions for

grasping tasks.
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CHAPTER 6

Conslusions and Future Work

As legged robot locomotion and manipulation advances the need for more capable
mechanisms and actuators increases. This work has presented a review of robotic
leg mechanisms for quadruped robots and introduced a new quadruped robot for
shipboard operations. It also proposed a design methodology that decouples the
design of the motor and gearbox. It also showed a new kinematic configuration
that relocates the knee motor gearbox in a parallel configuration from the hip to
the knee joint. This design was tested and evaluated and was shown to reduce
the antagonism as well as motor losses during the stance phase of the robot.
Relocating the gearbox has also been shown to increase the stiffness of the belt-

gearbox gear-train which is very desirable when using proprioceptive actuators.

This research also presented a family of compliant actuators based on nonlin-
ear magnetic compliance. The nonlinear compliance was extensively studied and
was shown to be a reasonable middle ground between stiff and soft series elastic
actuators. Through the designs and tests performed, the actuators were shown to
improve the shock absorption capability of robotic grippers as well as enable ac-
curate force tracking. Other effects were also studied such as varying the stiffness
of an actuator through coils. Moreover, the effects of negative stiffness and eddy
current damping were also employed to create fast explosive motions and effective

damping effects respectively.
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6.1 SORELL Platform

The presented design of SORELL’s leg and the modeling of the actuator and
gearboxes as separate entities opens the door for future optimization studies. For
this study, the choice was made to move the whole gearbox to the knee; however,
future work can include studies to optimize the distribution of the gearing (i.e.

keep a gearing of 1:2 at the actuator and move a smaller gearbox to the knee).

Another interesting effect of the new configuration is that when back-driving
the knee motor it happens pre-gearing. Back-driving the motor this way passes
the nonlinearities of the gearbox and results in less wasted torque. This effect can

be studied and quantified in future work.

As for the belt design, it is possible to study using a crossed belt instead
of a straight parallel one. Even though, the design will be harder to assemble
and manufacture, such a design will flip the output torque at the knee. This
will flip the effect of the coupling in the parallel configuration and push into the

cooperative region instead of antagonistic.

6.2 Magnetic SEA and VSA

The SEAs and VSAs presented in this study have proven to be reliable as stand-
alone grippers. However, these mechanisms can be combined to create more con-
figurations and designs. Each of the presented actuators had a primary feature
of electromagnetism studied for use in compliant actuators. These effects include
permanent magnet arrangement, electromagnetism, negative stiffness, and eddy
current damping. Moving forward, the characterization of these actuators and
their underlying benefits and disadvantages. Figs. 6.1 and 6.2 show the over-
all characteristics of each of the actuators their limiting factors as well as their

proposed uses.
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In the near future, these actuators will be adopted by legged robots at the
RoMeLa lab to perform manipulation tasks. Further done the road, the research
will focus on optimizing these actuators and developing a methodology to choose
and combine them to satisfy robotic joint design requirements. It is possible to
also miniaturize these actuators in order to increase their efficiency and create

more coherent muscle arrays made of magnetic SEAs and VSAs.

Gripper Type Force Curve | Position | Stiffness Energy Weight Used at
Control | Control Requirement

MSEA Rotary Fixed- = Finger
symmetrical

PMSEA Prismatic ~ Fixed- Yes No + ++ Forearm
asymmetrical

EMVSA Prismatic ~ Varying Yes Yes +++ +++ Forearm

AMVSA Prismatic ~ Varying Yes Yes-or + A= Finger

Coupled
Multiplexer Prismatic ~ Varying Yes Coupled ++ + Finger
Figure 6.1
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Gripper

MSEA

PMSEA

EMVSA

AMVSA

Multiplexer

No

Yes

Yes

Force Range

[-0.8Nm 0.8Nm]

[-100N 40N]

[-80N 80N]

[-40N 40N ]

Deflection Range

[-26° 26°]

[-9mm 4mm]

[-12.7mm 12.7mm)]

[-14mm 14mm]

Figure 6.2
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SORELL Application

For small gripper modules, for limited space
and lightweight. Pick and place and some
intricate tasks.

For leg attached end-effectors, med impact
tasks, cyclic motion (Hammering and
Drilling).

Multipurpose gripper, high impacts, force and

stiffness control. For multipurpose SORELL
Leg attached gripper.

Fast grasp and release, locking mechanism to
hold heavy objects. Can be used as separate
module.

For small gripper modules attachments,
different shapes of objects. Fast shape
adaptive and precision grasping.
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