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ABSTRACT

DESIGN, MODELING, AND OPTIMIZATION OF 3D PRINTED COMPLIANT MECHANISMS

WITH APPLICATIONS TO MINIATURE WALKING ROBOTS

Miniature robots have many applications ranging from military surveillance to search and
rescue assistance in disaster areas. Traditionally, fabrication of these robots has been labor-
intensive, time-consuming, and expensive. This thesis proposes to leverage recent advances
in 3D printing technology to fabricate centimeter-scale walking robots utilizing compliant el-
ements printed directly into the walking mechanisms in replacement of traditional revolute
joints or rigid links. The ability to design around the capabilities of 3D printers and novel ma-
terial choices gives miniature robots the ability to have multiple functions in the same mecha-
nism, reduces the overall number of parts that must be assembled to make a functional robot,
and decrease the time and cost of prototyping.

This thesis details three areas of study for compliant mechanisms with applications to walk-
ing robots. First, we utilize multi-material 3D printing to fabricate a miniature walking robot
(49 x 38 x 25mm) that directly replaces the traditional revolute joints in the designed walking
mechanism with a custom, soft joint. Some links are also printed with soft materials to en-
hance the robustness and durability of the robot. Along with design and testing of the robot, we
develop two numerical models to simulate the effects of the soft elements on the mechanism
trajectory. Second, we leverage the numerical models to optimize the design of the walking
mechanism to produce a trajectory similar to that of the same mechanism using all revolute
joints. Third, we redesign the original robot to utilize a conductive polylactic acid (PLA) ma-
terial to 3D print linkages that allow for changing joints locations by softening the desired part
through applied electricity. This variable joint mechanism can create multiple trajectories with-

out changing the mechanical structure, therefore creating a multi-functional compliant mech-
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anism. Such capabilities are demonstrated through walking on the ground and grasping objects

using the same leg mechanism.
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Chapter 1

Introduction

Miniature robots with a size of a few centimeters have a wide variety of applications. Equipped
with appropriate sensors (e.g., cameras), they can be deployed in disaster areas to search for
survivors. With their small sizes providing good camouflage, they are ideal platforms for mil-
itary surveillance. Since they can be built with relatively low costs, many of them can also be
deployed to form mobile sensor networks for dynamic environmental monitoring.

Due to their advantages, many small robots that can walk, crawl, and fly have been built in
recent years. Since this thesis is focused on small walking robots, only existing miniature robots
with walking capabilities will be reviewed. The RoACH robot, actuated with shape memory
alloy coils and with a size of 3cm and a mass of 2.4g, can walk with hexapedal legs at a speed of
3 cm/s [4]. Later, the same group improved their design to be able to overcome obstacles [5].
They have also designed a DC motor actuated version called DASH [6] which can run at a speed
up to 1.5 m/s. The HAMR robot is driven by piezoelectric actuators and has a mass of 1.7 g and
a body length of 4.7 cm. With six legs made of flexure-based spherical five-bar mechanisms, it
canlocomote at a speed of 0.44 m/s [7]. A 1.6 g, 2 cm quadrupedal robot with external magnetic
actuations was developed to explore various gaits for insect-size miniature robots [8].

To build these small robots, new fabrication methods have been proposed to create mech-
anisms with rigid links and soft joints. Smart composite microstructures (SCM) process [9] was
developed to fabricate the RoOACH, DASH, and the HAMR (see Fig. 1.2). This process sandwiches
sheets of flexible material between sheets of rigid materials, for which the flexible material be-
comes rotational joints, while rigid materials form the links. Shape Deposition Manufactur-
ing (SDM) can be employed to fabricate parts with multiple materials by first depositing and
then removing appropriate materials in sequence [10]. This method has been used to fabricate
robotic hands [11] and running robots [12]. Multi-Material Molding (MMM) is developed with

multiple steps of molding to combine soft materials with rigid materials [13], which has been



Figure 1.1: Miniature walking robot fully assembled next to a U.S. penny

used for flapping-wing robots [14]. Recently, the laser cut elastomer refill (LaCER) method was
proposed to fabricate miniature compliant mechanisms by first using lasers to cut rigid materi-
als and then filling selectively removed sections with elastomer materials [15]. This method has
been employed to fabricate miniature walking robots [16].

This thesis presents a design for a new miniature walking robot (a prototype is shown in
Fig. 1.1) that can be directly printed using existing 3D printing technology (PolyJet, Stratasys,
Ltd and Proto-Pasta). The robot is enabled by four identical linkages as four legs. Each linkage
employs soft materials in place of both traditional joints and rigid links. Compared to exist-
ing fabrication methods, directly using 3D printings has two advantages. First, the fabrication
process is without human intervention, and thus easier and faster. In fact, with appropriate
designs, 3D printers can directly print both soft and rigid materials in a single part. Second, a
variety of materials can be chosen for different performance requirements. As a result, the soft
components can have different characteristics depending on design requirements.

This thesis focuses on two specific types and materials of 3D printing. First is multi-material
3D printing (MM3P) which gives the ability to print complex parts with varying materials to re-

duce the overall number of parts required for a mechanism. There current are seven different



Figure 1.2: Existing miniature walking robots based on non-traditional manufacturing and assembly
methods: A) DASH B) HAMR C) RoACH

durometers of soft materials available on the printer used in the following research. Due to the
advantage of MM3P it has recently been utilized in building novel devices and robots. Gaynor
et al. have investigated the compliant mechanisms enabled by MM3P and the associated opti-
mization problems [17]. Bruyas et al. have designed a soft revolute joint with a large amplitude
using MM3P [18] and built an interventional device using several such joints [19]. Using MM3PB,
Bartlett et al. have developed a jumping robot that has a soft exterior but a rigid core [20]. Sec-
ond is traditional spool feed desktop 3D printers. While this technology has been around for a
number of years and is reaching maturity, innovations in printer material has allowed for fur-
ther development of the manufacturing method. Conductive materials open up the possibility
of achieving a variable purpose mechanism that can be produced in an inexpensive and timely
fashion.

There are two major contributions for this thesis. First, it investigates the concept of both
soft joints and links for compliant mechanisms and demonstrate the concept with a functional
walking robot prototype fabricated using both MM3P and traditional methods. Although mech-
anisms with soft components have been investigated in the field of compliant mechanisms [16,
21] and used in various miniature robots (e.g, flying [14, 22], walking [4-6], etc.), to the best of
our knowledge, mechanisms with both soft joints and links have never been investigated be-

fore, which will potentially inspire the design and realization of novel miniature mechanisms



for a wide range of applications including robotics, deployable structures, or mechanical meta-
materials. Second, it details the development several numerical methods to predict the motion
of mechanisms with many soft components, which has been not investigated before as most of
existing studies only investigated a single soft component [21, 23]. Such a numerical method
can serve as a basis for more general and in-depth theoretical investigations (e.g., dynamics)
for mechanisms with soft components.

This thesis is broken into three sections. Chapter 2 presents a miniature walking robot uti-
lizing MM3D. The chapter details the design of the custom walking mechanism and four legged
robot utilizing the mechanism, the fabrication process for the robot, the numerical modeling
techniques used to simulate soft component deformation, and the results of the prototype test-
ing and model validation. Chapter 3 details the optimization process used to further enhance
the design of the walking mechanism through numerical simulation. The optimized mecha-
nism is able to closely simulate the path of a revolute joint mechanism trajectory, giving insight
into the use of soft joints to replace revolute joints in existing mechanisms. Chapter 4 presents
a miniature robot that utilizes a new material to create a compliant mechanism with multiple
functions. The chapter details the preliminary study of the use of conductive PLA, softened by
applying voltage, to create a single mechanism that can change its trajectory between a walking
motion and gripping motion without altering the mechanism in any way. This is achieved by
selecting various sections of the rigid linkages to be either compliant or rigid depending on the
applications. Results show concept feasibility and two practical applications using the mecha-

nism designed in the previous chapters and discussion of future research applications.



Chapter 2
A Multi-Material 3D Printable Miniature Walking

Robot

The development of MM3P has opened the door to designed many features into miniature
robots that are either impossible or too expensive using previous manufacturing methods. This
chapter details the design, fabrication and numerical modeling of a 3D printed miniature walk-
ing robot utilizing both soft joint and soft links.

The first aspect of this project is the design of the miniature walking robot that could take
advantage of MM3P to incorporate compliant features into the walking mechanism. The design
objective of this miniature walking robot contains two main aspects. First, achieve biomimetic
walking motion with a single actuator driving four legs. For this objective, we employ a series of
linkages to accomplish the desired trajectory of each leg as linkages can produce complicated
and precise motion if properly designed. In this case, seven joints and six links are required
for each leg to achieve the walking motion. To use a single actuator, an appropriate gear train
has to be designed to coordinate each legs’ motion. Second, as a miniature robotic platform,
the overall size of robot should be in centimeter scale. The limitations of MM3P will not allow
effective components with dimensions less than a millimeter and therefore limit how small the
robot can be. Keeping within the centimeter scale also allows this robot to be compared against
existing walking robots.

The second aspect is the fabrication of the robot. This takes advantage of a 3D printer by
Stratasys to take the design and print the desired robot. Special care was taken to ensure that all
aspects of the robot would allow the parts to print to the specs required. Materials were chosen
to allow for the greatest range of motion of each soft component, dimensions confirmed to be
within spec of the machine and tolerances for other assembled components were checked in

test prints.



The third aspect is the numerical modeling of the soft components in the robot and specifi-
cally the walking mechanism. Since the design is based around replacing all traditional revolute
joints in the walking mechanism with a non-linear, compliant joint, and some of the rigid links
with compliant links, the resulting trajectory of the mechanism will differ from the originally
designed linkage. Understanding how these soft components bend and stretch to accomplish
the desired motion allows for further study into the use of such materials in compliant mecha-
nisms. To accomplish this, a study of the implementation of two different modeling approaches
to approximating the deformation is presented. The first model used is the Psuedorigid-body
1R (PRB 1R) model. This model is more basic, modeling the soft components as two rigid links
and a revolute joint located some distance along the soft component. The second model stud-
ied is the Three Spring Rotational-Prismatic-Rotational (RPR) model. This model replicates the
components as a series of three links connected by springs to approximate forces and deforma-
tion.

The fourth aspect is validating the numerical models and the functional capabilities of the
robot. A series of experiments using a variety of test parameters and setups show the accuracy of
the models for multiple configurations of the robot and walking test prove the basic capabilities

of the robot to locomote under its own weight and in a fully wireless fashion.

2.1 Design

The overall design of the robot illustrated in Fig. 2.1 has a crab-like stance with four legs
that are a derivative of the Klann mechanism [24], a drive train with six gears, four drive links
coupling the legs to the drive train, and a single planetary geared micro DC motor. Although the
ultimate goal for the project is to directly print out all the components of the robot as a single
part including the drive train, in this first step of the research only the four legs and the robot
body are printed together, after which the drive train is manually assembled. As 3D printing
technology advances, it will be more feasible to print the gears, drive links, and axles, requiring

only the motor to be installed for the robot to be functional. The overall dimensions of the robot
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Figure 2.1: 3D model of miniature walking robot

are 49mmx33mm x25mm and weights just 14g with the motor, battery and wireless controller,
making it comparable in size and weight to other robots in the miniature scale discussed in the

Introduction.

2.1.1 LegMechanism

To achieve the biomimetic walking motion required for stable robot locomotion, the basis
for the leg mechanism for this robot is the Klann mechanism, which can simulate the gait of
legged animals and insects while being relatively simple and easy to alter [24]. A configuration
of the mechanism that produced a long, flat section of the trajectory where the foot was in con-
tact with the ground was chosen as it allowed a simple reconfiguration of the ground joints to
allow the mechanism to be printed with the base while not being highly dependent on the link
lengths to still produce the desired trajectory. As shown in Fig. 2.2, the mechanism schematic
shows six rigid links and seven revolute joints. Joint 1 is driven by the output from the drive
train, while Joint 2 is realized by a pin-hole structure using the driver link shown in Fig. 2.3.

Except these two joints, all the other five joints are realized as identical soft joints.
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Figure 2.2: Leg mechanism schematic (a) and 3D print model (b) shown with generic dimension loca-
tions. Links D3 and D are the soft links in the second configuration of the mechanism.

The schematic in Fig. 2.2 shows all the dimensions locations as well as joint numbers and
specific points (Point 1 and Foot) in the mechanism, whose trajectories will be analyzed in the
modeling section and tracked during experiments as well as a side by side comparison of the 3D
model vs the traditional linkage schematic. The black links indicate the initial four-bar mech-
anism that is used to solve for the trajectory of Point 1 and the red links show the remainder of
the leg mechanism used to solve for the foot path. To minimize the overall size of the mecha-
nism, reduce the maximum deflection angle of the soft joints, and maintain a satisfactory foot
path, the dimensions shown in Fig. 2.2 were chosen as follows: Dy = 3.4375mm, D; = 8.75mm,
D, =7.26mm, D3 =4.06mm, D4 =5.31mm, D5 = 8.13mm, Dg = 15.31mm, D; =4.38mm, and Dg
=8.13mm.

Two configurations of the mechanism are designed. The first is a soft joint only configura-
tion. This replaces joints 3-7 with soft joints and all links remain rigid. This configuration tries
to best replicate the original mechanism by only replacing the revolute joints with soft joints.
All the soft joints in the mechanism are identical and designed with a flat section on each side to

match up with any of the links. The design allows for symmetric motion as the joint is deformed



Figure 2.3: 3D model of Drive Link

in both clockwise and counterclockwise directions during one cycle of the drive link. Each soft
joint in the mechanism is printed with the same material and geometry to allow for simpler
mathematical modeling. Future adjustments to our joint models could include investigating
the effects of different materials being used at different joint locations. With the accuracy and
tolerance restrictions put on the design by the 3D printer used, the size of the soft joint is not
arbitrarily small and it was chosen as: 1.5mm at the widest by 1.0mm between flat sections by
4mm deep.

The second configuration of the mechanism keep the same joints soft and replaces links D3
and D, with a soft link. This configuration allows for a continuation of the study into longer,
soft links and how they impact the functionality of the mechanism. Both links retain the same
geometry as the first configuration but are printed using a slightly harder soft material than the
joint. This ensures that the link is able to retain shape and transmit forces during locomotion

while still remaining soft.

2.1.2 LegMotion and Gait Pattern

The mechanism design in Sec. 2.1.1 generates a foot path similar to that of long-legged ani-
mals and insects. Fig. 2.4 shows three foot trajectories: (a) is the designed mechanism trajectory,
(b) is the foot path for both a front and hind leg of a spider [1], and (c) shows the foot path of a

horse [2]. This comparison shows that this foot path is suited for locomotion of a platform that
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Figure 2.4: Designed leg trajectory (a), spider leg trajectory [1] (b), horse leg trajectory [2] (c)

contains at least four legs in a variety of configurations and can function with a variety of gait
patterns found in nature.

To walk efficiently over ground, the motion of the four legs needs to be coordinated. A leg
phase offset based on four-legged locomotion presented by Morita [25] is used to best replicate
the gait patterns found in nature for slow, stable locomotion. Each drive link is offset by 90
degrees from the other legs, shown visually in Fig. 2.5. Starting with the leg directly driven by
the motor (leg 2) whose drive link is at —90 degrees from horizontal, the adjoining leg (leg 1) is
offset 180 degrees from leg 2 with an angle of +90 degrees from the horizontal. Leg 3, which is
on the same side of the robot as leg 2, is at 0 degrees from horizontal and its adjoining leg (leg 4)
is at +180 degrees. Such an angle offset is chosen to match the “amble" gait of a legged animal
or insect as it keeps two feet on the ground at all times while one is lifting off the ground and
the fourth is returning to the ground [25]. This also allows for a wide range of speeds from the
motor to drive the legs and still have stable locomotion with minimal rocking. To guarantee the
desired phase angle, four assembly holes are designed into the robot body so that small pins
(leg phase pin in Fig. 2.1) can be used to assemble the drive link with each leg. With such a
design, only one gait pattern can be set on a single robot using the assembly holes designed
into the robot body, but by adjusting the location of the holes or adding additional holes, other

gait patterns could be investigated.
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Leg #1: 0 Degrees  Leg #2: 180 Degrees

Leg #4: 270 Degrees ~ Leg #3: 90 Degrees

Figure 2.5: Visual representation of the individual leg offset need to achieve the desired walking gait
pattern

2.2 Fabrication

The printing of the robot components was performed by Fathom (studiofathom.com). The
legs and body of the robot are printed using a Objet 500 Connex 3 ! multi-material 3D printer us-
ing PolyJet Flex 27A material for the soft joints, PolyJet Flex 50A for the soft links, and VeroWhitePlus
for rigid links and robot body 2. The Objet 500 has a stated resolution of 600 dpi in both X and
Y and 1600 dpi in Z (0.042 mm and 0.016 mm respectfully) and an accuracy of 0.2 mm. 27A was
chosen as the material for the soft joints because it is the most ductile material offered in the 3D
printer used. The material has similar elastic properties to hydrated human skin with an elastic
modulus of approximately 1.3e5 Pa [26], which is the only material property that is significant

in both modeling processes. 50A was used for the soft links as it has an approx elastic modu-

Thttp://www.stratasys.com/3d-printers/objet-350-500-connex3

Zwww.stratasysdirect.com/materials/polyjet
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lus twice that of 27A, offering the mechanism more stability than the 27A while still deforming
under the forces provided by the motor. Table 2.1 has a breakdown of the material properties

provided by the manufacturer that were used to chose mechanism materials.

Table 2.1: Table of PolyJet material specifications from manufacturer

Mechanical Property 27A 40A 50A 60A

Tensile Strength 0.8—15MPa 05-15MPa 0.5-15MPa 2.0-4.0MPa
Elongation at Break  170-220% 150-170% 130-150% 80-100%
Shore Hardness 22-32 35-45 45-55 55-65
Simulated Product Skin Latex Gloves  Door Seal Pencil Eraser

The drive train shown in Fig. 2.6 has six plastic gears which transfer power from the DC
motor (Part #:GH612s from Gizmozone) to all four legs. At the end of the drive train, each leg
is driven by a drive gear (Part #:GS0.3-36 from Gizmoszone) with a drive link (Fig. 2.1). The
beginning of the gear train is the motor gear (Part #:GS0.3-28 from Gizmoszone) which is press-
fitted onto the motor shaft. This drives the drive gear for Leg 2 which is meshed with the idler
gear (Part #:GS0.3-10 from Gizmoszone) located at the bottom of the robot. 1mm stainless steel
rodes from McMaster Carr are used as the axles for the drive gears and idler gear. This idler
gear, which spans both sides of the gear train, transfers power not only to Leg 3 but also to the
other set of legs (Legs 1 and 4) and is required because for forward walking motion, all drive

links must be driven in the same direction.

2.3 Modeling

The soft materials being used in the custom leg mechanisms have not previously been stud-
ied in a dynamic environment like the constant and repetitive bending and stretching occurring
during the motion of a walking mechanism. For this reason, it is necessary that the deforma-

tion properties of the materials be studied and modeled to predict the motion of a dynamic sys-
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Figure 2.6: MM3P robot gear train

tem that utilized these materials. The most readily studied compliant mechanism is the long,
slender elastic beam. To fall under this realm of modeling, the length of the beam must be at
least four times longer than its height [21]. If this is the case, the deformation of the beam is
considered linear and therefore does not requires numerical approximation. However, the soft
components designed for this project have a length to width ratio of less than one and the soft
links have a ratio of approximately 2. This causes both the joints and links to deform in a non-
linear fashion. For this reason a numerical model needs to be developed to study and predict
the behavior of the soft components of a mechanism.

There are two different modeling approaches used to study the soft components of the
mechanism. First is a modified Psuedorigid-body 1R model (PRB 1R). This model approximates
a soft component by replacing the continuous member with two rigid links and an ideal revo-
lute joint. The traditional 1R model assumes that the location of the revolute joint along the
length of the soft component is fixed for a given geometry and material . However, the design of
the soft components falls just out of the bound this model is traditionally applied to and there-
fore it was hypothesized and is confirmed through experimental results that the location of this

rotational center varies during deformation. The modified PRB 1R model calculates the trajec-
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tory of the soft components with this variable instantaneous center of rotation. The gain of this
model is that it is simple to introduce into the model and requires very little time to calculate.
However, it is not able to capture extension or compression or an inflection point in the curve
of a soft component. The second modeling approach studied is the Three Spring Rotational-
Prismatic-Rotational (RPR) model. This model approximates a soft component with two rigid
links connected in the middle by a prismatic joint and two revolute joints. This model adds
the ability to account for significant elongation effects and a single inflection point within the
deflection curve. The drawback to this model is that with the additional effects to account for,
the calculation time is significantly increased over the 1R model.

The following assumptions are made for all modeling studied in this paper:

» All designed dimensions are used as exact dimensions because the printed dimensions
of any mechanism or part have smaller errors from designed dimensions than the error

introduced in the experimental data collection process.

e All motion occurs in the plane of the mechanism, all forces act in the plane of the mech-

anism, and all moments act perpendicular to the plane of the mechanism.

 All rigid materials used are infinitely stiff.

e The elastic moduli of the soft materials used are the same for each joint and each link,

respectfully.

e The elastic moduli of the soft materials used are homogeneous and isotropic within each

soft joint and soft link.

Regardless of the modeling approach used, the general process for the numerical simulation
of the motion of the compliant mechanism goes as follows. First, the mechanism is assumed to
have all ideal, revolute joints and a vector loop analysis is performed to calculate the angles each
joint will deform as well as the angle of the forces acting at each joint through one revolution

of the drive link. Second, large beam deflection equations (Sec. 2.3.1) are used in an iterative
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loop to determine the forces and moments applied to each soft component in the mechanism
to achieve the joint angles calculated from the ideal model. Third, the forces and moments are
used in the PRB 1R model (Sec. 2.3.2) and the RPR model (Sec. 2.3.3) to determine the trajectory
of each soft component according to its location and orientation within the mechanism. The
trajectories of all the components of the mechanism are combined together to solve for the
trajectory of the end of the mechanism. The numerical modeling trajectory vs experimental
trajectory vs ideal model trajectory with the associated error bounds and observations for a
mechanism containing soft joints and rigid links is presented in Sec. 2.4.1 and for a mechanism

containing both soft joint and soft links is presented in Sec. 2.4.2.

2.3.1 Solving Force and Moment for Each Soft Element using Large Deflec-

tion Beam Equations

~
4

1

Figure 2.7: Large Deflection Beam model showing variable setup

For any soft component in the mechanism, as the drive link rotates, the tip of any soft ele-
ment in the leg mechanism will be subject to a force F and moment M, which will determine
the element’s deformation. The goal in this subsection is to solve F and M to be used as input

to the RPR or PRB 1R model.
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Suppose F is applied at an angle of ¢, and the soft element deflects at an angle of 6, then

we can model the deformation using the equations for a large deflection beam [27]:

1 % do
Va= _f 2.1)
2Jo \/cos(Bp—¢p) —cos(@—¢p) +x
o FI? Mi
Kk=— with a=—, = — 2.2)
4a 2E] EI

where 0y is the deflection angle for the beam, ¢ is the angle for force F, « is the load ratio as
defined in [27], E is the Elastic Modulus of the material, I is area moment of inertia, and [ is
the length of the beam. In general, it is impossible to solve F and M because there are more
unknowns (¢, 6y, F, and M) than equations (only one). To simplify the problem, we consider
an ideal mechanism when all the joints are ideal revolute ones and all links are rigid ones. In
this case, given a drive link angle, we can use traditional vector loop equations for planar mech-
anisms [28] to solve the force angle ¢ and the deflection angle 6, for each joint/link. At the
same drive link angle, if the drive joint torque is given, we can also solve F and M applied at
each joint/link using the static analysis for planar mechanisms [28]. Our numerical procedure
to find F and M for each soft element is based on such observations. Given a drive link angle,
we will iteratively find the drive torque to first solve ¢» and 8y, F, and M, and then plug them into
the large deflection beam equation to ensure the equation will hold. Then the resulting F and
M will be considered as the solution. Note that the assumption for using the ideal mechanism
to solve for F and M is reasonable since the mechanism with soft elements should resemble a
trajectory similar to the ideal mechanism, although some errors might exist.

All the soft joints in the leg mechanism are geometrically identical. Two of them (Joint 4 and
5in Fig. 2.2) are attached to "ground" and are solved with no modification to the large deflection
equations. However, the other three joints (Joint 3, 6, and 7) are located between two moving
links meaning that both ends are "free" and therefore have to be dealt with specially. The force
angle ¢ and the desired joint angle 8y, rather than just being functions of the link the joint is

attached to, are functions of the difference between the two links they sit between. Doing this
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"fixes" the base of the joint in space while only applying forces and moments to the free end,
which is defined as the end of the joint that is furthest from the drive link. The same process is
used for links D4 and D3 when modeling the soft link mechanism configuration as these links

also sit between two other features.

2.3.2 Solving Foot Position Using the Psuedorigid-Body 1R Model

y*l

O

QO
~(1p)*l—

Figure 2.8: PRB 1R model showing y in relation to soft component undeformed and deformed configu-
ration. Red beam shows Large Deflection Beam Model setup overlaid

The classic 1R model simplifies the analysis for large deflections of compliant components
by approximating the continuous member with two rigid links connected by a revolute joint
with a torsional spring [29]. This method and the more advanced 3R model [27] assumes that
the location of the revolute joint along the length of the soft component, which is determined by
its length to width ratio and elastic modulus, is fixed for a given geometry and material. While
this method works well for long and slender compliant beams, when the length to width ratio
gets smaller, the accuracy decreases as the rotation center of the joint is more likely to change as
the load ratio x changes. With the load ratio x determined in Sec. 2.3.1, a variable instantaneous
center of rotation (IC) can be obtained using the PRB 1R model.

The location of the IC is determined by the characteristic radius factor y as shown in Fig. 2.8.

This figure shows the model setup for a single component with model parameters and loca-
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tions detailed and an overlay of the Large Deflection Beam model so show comparison. The
characteristic radius factor describes the location of the instantaneous center of rotation of the
component. For example, a revolute joint has a y = 0.5 which means that the rotation center is
in the middle of the joint. Specifically for the 1R model, it has been shown that y can be calcu-
lated from the load ratio x, the optimal characteristic radius factors for pure end force (yr) and

moment (y ), and a nonlinearity index ¢y [27]:

+ 2y pm(CyK)
y o JETEMGT 2.3)
1+ ZCYK

where yr= 0.842 is the radius factor when pure force is applied at the tip (i.e., M = 0), yp =
0.735 is the radius factor when pure moment is applied (i.e., F = 0), and ¢, = 4.694 is an index
obtained with linear regression using the relationship for x and y obtained from the Euler-
Bernoulli beam model [27]. It is shown that the Eq. (2.3) can achieve an accuracy of 98%for
estimating the y [27].

The final step in the 1R model is to use the changing IC location calculated above to predict
the new path of a point on the mechanism. The point of interest is the end of the final link where
the leg contacts the ground. To determine the path of this point, a six-bar vector loop process
(two sequential four bar loop equations) is used. Although the six-bar process is a standard
method for solving mechanism motion, we have used the configuration-dependent length for
links connected to soft joints (Joints 3 to 7) based on the IC location. To illustrate the general
idea of obtaining the changing link length we used Link D3 as an example in Fig. 2.9. This figure
shows the setup for a portion of a mechanism with only soft joints. The same process is used for
the soft link by simply adding the parameters of the soft link into the chain in the green section
of length E. The length D3 contains 3 parts in Eqn. 2.4. The first part of the equation takes
into account the fixed length of the rigid link E. The second and third parts use the remaining
portion of the joint that isn't fixed (y]). These are the values of y that are based on the deflection
angle 6y which is the current joint angle 6, minus the print angle v. The equation for how D3

changes with respect to y is as follows:
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Figure 2.9: Link 3 (D3) dimensioned showing variables in Eqn. 2.4, green represents the link and black
the soft joints

D3:E+)/ll+)’zl (2.4)

Link D3 when modeled with the soft joint varies from 3.764 mm to 4.299 mm over a full rotation
of the mechanism while it is fixed at 4.0625 mm when modeled as a revolute joint. A similar
equation was used to incorporate the changing rotation center on all dimensions effected by y.
The layout of the first of the two four-bar vector loops is shown in Fig. 2.2 where 6, is the angle
of the drive link and 0, is the angle being solved for. Equ. (2.5) represent a standard vector loop
process that demonstrates how 6, is solved for [28].

~B+VBZ-4AC

0, = 2arctan 2.5
4 74 (2.5)

where
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This process gives the angle 6, based on 0,. This is then used to find the path of Point 1 on
the mechanism (see Fig. 2.2 for location). Then this process is repeated to find the next set of
angles associated with Dy, D5, and Dg and finally the location of the Foot. The accuracy of the
PRB 1R model, even at 98%, only means that we can estimate the deformation for an element
that can be approximated with the Euler-Bernoulli beam model, where the axial deformation is
not considered. It will be shown in Sec. 2.4 that even thought this model does not include this
form of deformation, the error is acceptable as an estimation. But it is for this reason that the

next numerical method was studied for increased accuracy and a wider variety of soft elements.

2.3.3 Solving Foot Position Using the Three Spring RPR Model

Figure 2.10: Three Spring RPR model showing parameters and variable layout
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The Three Spring RPR model [21] approximates a continuous member as a serial chain of
two links and three joints: a rigid link attached to the previous object, a revolute joint with a
torsional spring at its center attached to the rigid link, a prismatic joint modeled as a linear
spring from the first joint to the third joint, and a second revolute joint with a torsional spring
attached to the free end of the member. Fig. 2.10 shows the schematic of the joint model with
variables labeled. The length of the rigid section at each end of the member is a. Kpg is the
torsional spring constant of the spring at each revolute joint and Ky is the spring constant of
the linear spring. The linear spring of length [y + 6! is modeled such that it cannot bend, as if
a prismatic joint was present, and it accounts for the axial deformation of the joint while the
torsional springs account for the bending of the joint.

The RPR model satisfies five important criteria that make it ideal for the soft components
used in the mechanism. First, it is able to predict a soft components end position and orienta-
tion under large deflections. Second, it takes into account axial deformation of a component.
Third, it can handle a single inflection point in the components shape. Fourth, it is simple
enough to be used in kinematics analysis of the mechanism. Fifth, all of the model parameters
are load independent.

The parameters needed for this model are a, kg, and k., which are dimensionless constants.
The equations for Kg, Ky, and Iy, which utilized these parameters, are as follows:

Kp= kﬁﬂ, K,y = kex%, lo=L(1-2a) (2.6)

L L

where E is the elastic modulus of the soft material, I is the moment of inertia, A is the cross-
sectional area, and L is the length of the undeformed component. The non-dimensional pa-
rameters «, kg, and k., are derived from the same method used by Venkiteswaran [21] who
optimized the governing equations for the parameters and found appropriate values for each
over a range of length-to-width ratios and best fit equations were obtained. The L-W ratio of
the components in the designed mechanism fall outside the range studied in [21]. However, the

best fit equations from [21] were still used to calculate the appropriate values for the constants
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@, kg, and k. for both the soft joints and soft links (Table 2.2). The results in both Sec. 2.4.1 and

Sec. 2.4.2 prove that the best fit equations hold true to L-W ratios down to 0.94.

Table 2.2: RPR model parameters used for the two mechanism configurations

Component L-WRatio « kg Kex

Soft Joint 0.94 0.007 2.011 1.075
Link D5 2.56 0.126 2.018 1.059
Link Dy 3.45 0.178 2.016 0.975

When the external load F = [Fy, Fy, M,] T from Sec. 2.3.1 is applied to the free end of a com-

ponent, the reaction force/torque at that component in the RPR chain is calculated by:

1=J'F 2.7)

where 7 = [Kgf1, Kgf2, Kex61] T are the component forces and torques and J is the Jacobian of

the RPR chain given by:
aL[sin(B2—PB1)]1-(g+0)cosP1, —sinf1, aLlcosPisinfr—cosPasinPi]
J = | aLlcos(Bi1-B2)1-(lg+8D)sinpy, cospr, aLlcos(f1—P2)] (2.8)
1 0 1

Equ. 2.7 gives three equations with three unknowns: f;, B, and 1. The three equations are
solved simultaneously to get these unknowns. The location (a’ and b’) and orientation (') of

the component is solved using the forward kinematic equations of the component:

a =aL+ (lp+6DcosB; +aLcos(By + Bo) (2.9)
b' = (ly+61)sinpy +aLsin(B1 + B2) (2.10)
B'=p1+ B2 (2.11)
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Once the position and orientation of each soft component in the mechanism is solved,
the values are used to solve for the trajectory of both Point 1 and the Foot of the mechanism.
Fig. 2.11 illustrates how the RPR joint model is incorporated into the mechanism model con-
taining soft joints only and how the joint variables ', @', and b’ drive the mechanism motion.
The same model (shown in the blowout circle) is implemented in place of the selected rigid
links in the soft joint and soft links model. Since these variables account for the deformation of
each component, a simple vector loop process using the position and orientation of all 5 soft

components and the drive link is needed to solve for the desired paths.

Drive Link

Joint 4

Figure 2.11: Three Spring RPR model shown in the fourbar section of the leg mechanism

2.4 Experimentation

To validate the models detailed above, physical experiments were conducted. These exper-
iments began small with single legs tests on multiple joints designs, then full scale testing with
the entire robot.

Once the single leg design was completed and leg trajectories were confirmed to be what
was expected, a comparison test between a loaded and unloaded leg was conducted. This test

was to confirm that our assumption that we can model the trajectory of the mechanisms with-
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Figure 2.12: Five consecutive laps of experimental data for the loaded and unloaded case for leg with
only soft joints.

out taking into account the weight of the robot and to show that the leg mechanism will repeat-
edly produce the same trajectory time after time. In the modeling, it is assumed that no external
load is applied to the mechanism other than the torque from the drive joint. Such an assump-
tion is reasonable as supported by experimental data for the foot trajectories with and without
load for the leg with only soft joints. The experiment is conducted by putting the robot without
the battery and electronics into a mount so that we can precisely control the robot’s location.
The robot is then set on top of a scale and pressed down on the scale until the exact weight for
the walking robot is achieved. The robot legs are then driven and the foot trajectory collected.
The scale is then removed, and the robot is driven to obtain the foot trajectory for this unloaded
case.

Results of five laps for each case are shown in Fig. 2.12. From the comparison, we can see
that the only difference for the trajectory is at the bottom part. It is almost flat in the loaded
case since the leg contacts the ground, while it curves out a bit in the unloaded case since there

is no ground to constrain the motion. Note that we expect the trajectories for leg with both
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soft joints and links have a similar difference since the leg’s dimensions remain the same. Since
the bottom part in the trajectory will have a small impact on the walking capability, it is thus
reasonable to develop a model without considering external loads. However, in the future, we
will extend the models investigated in this paper to incorporate external loads. Additionally, the
five sequential laps of each test show that the leg mechanism is repeatable and give validity to
the bounds set on error in Sec. 2.4.1.

Next, experiments were conducted on the two robot leg configurations: soft joint only and
soft joint and soft link. These tests are used to validate the numerical model trajectories and are

backed up by defined error bounds and discussion of error sources and remedies.

2.4.1 SoftJoint Mechanism

Figure 2.13: Image of soft joint mechanism configuration

The first version of the leg mechanism that is studied is the soft joint only mechanism. In
this configuration, Joints 3 through 7 are printed in the 27A soft material while all the links are
printed in the stiff plastic. Fig. 2.13 is an image of the single leg test stand with the soft joint

mechanism. The black areas are the soft materials, the white is rigid plastic, and the black

25



point at the end of the mechanism the tracking point for video analysis. This configuration
causes the least deviation from the path created by the revolute joint model. However, due to
the material adhesion properties of the two different plastics, the boundary between the soft
and rigid materials had a tendency to break apart after only a few cycles. With the limitations
of the 3D printer, alterations of the boundary layer away from a flat rectangle is not currently
feasible. Even with these initial design flaws, accurate experimental results are captured and

compared to each numerical models predicted trajectory.
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Figure 2.14: Plot of Foot path predicted by RPR model vs PRB 1R model vs Experimental results for the
soft joint only configuration. Black markers show location in each trace at certain drive link angles. Print
locations/starting location is 70 degrees.

To experimentally obtain the trajectory for the leg, we utilized video analysis by recording
a video of the legs motion, and then manually obtaining the trajectory off-line by analyzing
each frame from the video. To make video analysis more accurate, we printed a single leg on
a test stand identical to one of the four legs in the robot. The experimental setup consisted of
a Logitech C615 web-camera, a tripod with level bubble, test stand, a laptop, and an external

power supply. The test stand was positioned on the table and set level to the table edge for a
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horizontal reference. Then the camera was set level on the tripod about 50mm away from the
test stand and a video was recorded by the laptop while the motor drove the leg. Once the video
was collected, a video analysis software Tracker (physlets.org/tracker) was used to go frame by
frame, track the foot, and plot its path.

The starting location of the trajectory, which is dictated by the print configuration of the
mechanism and shown as the 70 degree mark in Fig. 2.14, must line up with model trajectory
and while the particular shape of plots differ, the general shape and extents are gaged to be ac-
ceptable. Acceptable for the soft joint configuration of the mechanism for the Pt 1 plot was that
the max straight line error between the experimental and model path was less than 2mm. Both
the 1R and RPR models fall within the bounds and the trajectory of the foot of the mechanism is
compared in Fig. 2.14. Once again the starting point for the trajectories was confirmed to be at
its print location and the average and max errors for each model are calculated and presented
in Table 2.3.

In order to confirm that a model can accurately predict the deformation of the soft joint
in the mechanism and subsequently produce an accurate trajectory, an error bound on both
average and max error is needed. The equation used to solve for the error at a single point in

the trajectory is as follows:

error = \/(Xexp ~ XmodeD)? + Yoxp = Yimodel)? 2.12)

For a foot position [Xeyp, Yexp] in an image from the recorded video, we can also obtain the
drive link angle in the image. This drive link angle is used for both the RPR and 1R model to
obtain the [X,04¢1, Ymoder] and used to match up the experimental foot location at specific
angles with the model locations (see Fig. 2.14). The error is calculated at each experimental
data point [Xeyp, Yexpl along the path, and we list the average and maximum errors in Table 2.3.
In this table is also listed the errors for a model that assumes all the joints in the mechanism use

a traditional ideal revolute joints and rigid links.
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Table 2.3: Soft Joint RPR model vs PRB 1R model vs Ideal model errors from experimental trajectory
shown in Fig. 2.14

Foot Path Error  Average Max
RPR Model 0.35mm  0.54 mm

1R Model 0.43 mm 1.60 mm

Revolute Model 0.904 mm 5.5 mm

As Table 2.3 shows, both the RPR and 1R models fall within the stated error bounds and
therefore can be validated as accurate representations of the soft joints in the mechanism. Note
that the RPR model is able to reduce the max error by 67%, showing that the elongation and
compression effects have a major impact on the deformation of the soft joints. With this in-
creases accuracy, model speed is sacrificed. The time required to model the entire mechanism
using the RPR model increases by 3 times over the 1R model. This is not very significant for
the simple mechanism studied here but if applied to more complicated mechanism with more

joints, the increased model time could have an impact.

2.4.2 Soft Link Mechanism

The second configuration of the leg mechanism studied has a combination of soft joints and
soft and rigid links. For this model, the same joints as before are printed in the 27A soft material,
while links D3 and D, are printed in the more rigid 50A soft material. All other links are printed
in rigid material and the overall geometry of the mechanism is unchanged from the soft joint
only model. This configuration is studied because the boundary between the two soft materials
is stronger than the boundary between the soft and rigid materials. This significantly increases
the number of cycles the mechanism can undergo before failing. However, the introduction of
soft links adds another level of complexity to the modeling process and changes the trajectory of

the mechanism significantly away from the ideal trajectory originally designed. Fig. 2.16 shows
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Figure 2.15: Image of soft link mechanism configuration

the trajectory of the foot of the mechanism with the RPR model shown in red, Experimental
results in blue, and 1R model in green.

The same error bounds (max error less than 1.6mm and average error less than 0.5mm),
error calculations, and data collection methods are used to evaluate the two models validity
with the soft link mechanism configuration. The results of this study are very different than
the soft joint configuration because the 1R model does not pass the accuracy requirements for
the foot trajectory (See Table 2.4 for error values). Upon further investigation, link D, has an
inflection point during a large section of its deformation which is not captured by the 1R model
but is by the RPR model. Similar to the increase in model time seen with the soft joint only
configuration, a 4 times increase in modeling time is observed between the 1R model and the

RPR model. In this case, the added time is necessary to capture an accurate enough trajectory.
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Figure 2.16: Plot of Foot path predicted with RPR model vs PRB 1R model vs experimental results for
the soft joint and soft link configuration. Black markers show location in each trace at certain drive link
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angles. Print locations/starting location is 70 degrees.

Table 2.4: Soft Link RPR model vs PRB 1R model errors from experimental trajectory

Using the RPR model improves results in both leg configurations; however, some error still
exists. There are three possible sources for the error. First, the RPR model is only an approxi-
mation to the deformation of soft elements to facilitate the mechanisms analysis procedure so
that we can obtain a relatively accurate estimation in a timely fashion. In order to obtain more

accurate predictions, more sophisticated models should be utilized (e.g., the Timoshenko beam

Foot Path Error Average Max

RPR Model 0.26 mm 0.58 mm
1R Model 1.79 mm 6.20 mm
Revolute Model 1.66 mm 8.12 mm
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model [21]). Second, the force and moment required for the RPR model might not be accurate
enough. They are obtained by assuming the mechanism has ideal revolute joints. An iterative
procedure to use the derived deflection angle in the RPR model to solve the force and moment
again might increase the precision, but at the cost of more computations. Third, the measure-
ment procedure is not accurate enough with a webcam and a manual setup. Having a higher
resolution camera with a faster frame rate would allow for more data points and more accurate

video tracking.

2.4.3 Walking Capabilities

A final set of experiments are conducted to demonstrate the walking capabilities for the
designed robot. Initially, the robot with legs having only soft joints is tested. However, due to
the bonding issue between the soft and rigid materials, this robot does not complete walking
capabilities testing. Instead, we test the robot with legs having both soft joints and links, which
proves to be much more durable. With the legs running for almost one hundred cycles, no
delamination in any joint or link is found. With the designs illustrated in Sec. 2.1, we assembled
the robot with all the required parts for wireless remote control, including a lithium ion battery
and a wireless controller, which had a onboard motor driver to control the robot to move either
forward or backward. With the functional robot, we let it walk on a flat surface and record
videos.

The results of these tests showed the robot could consistently move at 5.7cm/second or > 1
body length/second in both directions of motion. Still frames of the test are shown in Fig. 2.17.
The weight of the motor, battery, and wireless controller together account for half the robot’s
total weight. As a result, careful positioning of these components is needed to ensure that the
robot is properly balanced. Since the motor’s position is fixed with the design, the battery and
wireless controller can be placed at different locations on the robot to achieve the smoothest
locomotion of the robot. The use of a smaller battery (e.g., the ultra low weight lithium ion

batteries (< 1gram) from PowerStream) and motor would reduce their percentage of the weight
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Figure 2.17: Sequential images of MM3D printed robot locomotion utilizing the soft joint and soft link
leg configuration
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and allow for more accurate balancing. While the locomotion speed of this robot is on the lower
side when compared to other robots in this miniature category (See Sec. 1 for examples), those
robots have been through multiple design cycles to achieve higher locomotion speeds and bal-
ance. The capabilities of the first prototype studied in this project prove that the use of 3D
printed multi-material compliant mechanisms as walking mechanisms is a valid manufactur-

ing and design method and should continued to be studied.

2.5 Summary

The goals for this portion of the project is to develop a walking robot prototype utilizing
MM3D printing leveraging soft materials as compliant components in the place of traditional
revolute joints and rigid links and develop numerical models to predict the motion of a mech-
anism that contains these 3D printed compliant parts. To this end, a miniature, four legged,
walking robot was successfully manufactured, assembled and tested achieving a walking speed
of greater than one body length per second, weighing less than 15 grams with a motor, battery,
and wireless controller. Two numerical models were implemented and proved to be accurate
enough to predict the alterations to mechanism behavior with multiple compliant members,
one utilizing a variable rotation center (PRB 1R model) and another using multiple links and
springs (RPR model) to approximate deformation.

Two configurations of the mechanism were modeled and tested, one with soft joints and
rigid links and a second with both soft joints and soft links designed to increase the life of the
mechanism. The RPR model successfully predicted mechanism behavior for both configura-
tions while the 1R model was only able to capture the soft joint configuration. This is due to the
significant axial deformation present in the soft links and the particular shape one of the links
takes during deformation causing an inflection point in the curve.

This manufacturing and designing method not only validates the use of MM3D printing as a
viable technique for printing miniature scale robots, it also proves that this process can be used

on other previously designed mechanisms to replace the existing revolute joints and rigid links
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with functional compliant components and understand the associated effects on trajectory and

functionality.
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Chapter 3

Mechanism Optimization

The custom designed Klann walking mechanism studied in the previous chapter fulfilled the
original project goals of achieving a biomimetic walking motion using soft materials as com-
pliant members in place of traditional revolute joints and rigid links and integrating multiple
mechanisms into a functioning, miniature scale robot powered by a single motor. After multi-
ple prototypes, a reliable platform has been developed for future research applications accom-
panied by a preferred numerical model developed to accurately predict the motion of a mech-
anism with compliant joints. Along with the characterization of the deformation properties of
the soft joint, the numerical model has the adaptability to be integrated with an optimization
routine to enhance the performance of the mechanism. There are three aspects of the design
of a compliant mechanism that could benefit from optimization procedures. The first is the
ability for the compliant mechanism to closely track the original trajectory of the mechanism
before adding compliant features. Second is the reduction of force needed to move the com-
pliant features through a cycle. Third is to reduce the maximum deflection of the compliant
feature. This research focuses on the first two properties and specifically on the optimization
of compliant mechanisms that are directly designed to match existing mechanisms. The goal
of this work is to optimize the link lengths of the compliant mechanism so that the output of
the mechanism closely matches the output of the original revolute joint mechanism designed
in Sec. 2.1. This work will show the ability to simulate complaint mechanisms that can follow
the trajectory of a previously designed mechanism without drastically altering its configuration
and being able to implement compliant features into existing mechanisms and keep similar
mechanism functionality.

This chapter progresses as follows. First, the setup for the optimization routine is detailed
with assumptions, penalty functions and the setup for two different optimization outcomes:

overall best trajectory and best result at specific locations. Second, the results of the two opti-
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mization routines run on the soft joint only configuration of the leg mechanism are presented
and discussed. Third, the results of the two optimizations routines applied to the soft joint and
soft link mechanism are presented and discussed. Finally, all the results are summarized and a

recommended optimization technique for these types of compliant mechanism is given.

3.1 Optimization Process

The chosen optimization routine for this work is the built in fminsearch function in MAT-
LAB. This optimization routine uses the Nelder-Mead simplex algorithm which searches values
of the desired function around the initial guess, chooses the smallest value and repeats the pro-
cess till the function value does not change, resulting in the local minimum of the function. The
function minimized comes from the work done by [3] who re-designed well known mechanism
with flexible joints made with long, slender rods of 3D printed plastic. This paper uses the fol-
lowing equation to track how closely the predicted mechanism trajectory matches the desired
or original trajectory by measuring the x and y distance from each optimized foot location to

the desired foot location at the same drive link angle:

ftrack=0.5Y [Xerror)* + Yerror)’] 3.1)

Two different variations of this equation were tested, each trying to optimize the paths in differ-
ent ways. The first and most common penalties added to optimization functions are bounds to
keep the optimized values within a certain range ensuring that a solution is not found outside

the physical constraints of the mechanism. This results in the following form of Eqn. 3.1:
ftrack = O.SZ[(X,?rmr)2 + (Yorror)®] + penaltyl + penalty2 + penalty3 (3.2)

where
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penaltyl =rp* max(0,Dy—4)+rp*max(0,2.75— Dy)
penalty2=rp+* max(0,D3—4.1)+rp* max(0,2.75— D3)

penalty3 =rp+max(0,Dy—6)+1rp* max(0,2.75— Dy)

and rp =100 is the penalty multiplier, Dy, D3, and D refer to links in Fig.2.2, and the bounds
within the max() refer to the longest and shortest lengths each link can be without further al-
tering the mechanism design (ex. altering the location of the ground links and joints, location
of motor and gears). The second adjustment is selecting the locations on the trajectory that
are most important to the mechanism function and adding penalties to the errors associated
specifically with those points rather than the entire path. The points selected for this routine are
shown in Fig. 3.1 showing their location on both the desired trajectory and the non-optimized
trajectory that was achieved using the design in the previous chapter. Adding these penalties

turns Eqn. 3.1 into the following:

ftrack= ftrackl+ ftrack2+ ftrack3 (3.3)

where

ftrackl =|XWerrorl +1Y Werrorl
ftrack2=1X2)errorl +1Y (2)errorl

ftrack3 =1X3)errorl +1Y3errorl

This equations adds together the distance from the desired to the modeled foot location at each
of the three desired locations with equal weighting. It was determined to keep equal weighting
on the three locations so as to not vary too many variables in a single test without the ability to

determine which had the desired impact.
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Figure 3.1: Location of important path locations on desired mechanism trajectory vs non-optimized
trajectory

Each iteration of the optimization routine goes as follows. First, the chosen values for the
link lengths are used to solve for the vector of angles for each joint in the mechanism. Second,
those angles are used in the Large Deflection Beam Equation (Sec. 2.3.1) to determine the forces
associated with each joint during a complete cycle of the drive link. Third, the forces are used
in the Three Spring RPR joint model (Sec. 2.3.3) with the chosen link lengths and the output of
the mechanism is calculated. The RPR method was chosen as the numerical model over the
PRB 1R model as it was able to more accurately predict the motion of all compliant features
even thought it is a more numerically intensive processes. Fourth, the simulated trajectory is
compared against the desired trajectory using either Eqn. 3.2 or Eqn. 3.3. Finally, the value of
ftrack is returned to the optimization solver and new link lengths are selected.

The two mechanism configuration studied in previous sections are each optimized using
both methods and compared to determine which method produces the best result for this re-
search. Best is defined as the method that can produce a trajectory that best replicated the

functionality of the desired trajectory. This includes shape, orientation and extents of the path.
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3.2 Optimizing Soft Joint Mechanism

The soft joint only configuration is the most simple simulation as there are only five soft
joints whose forces and deflections need to be calculated. This configuration shows how a pre-
viously designed mechanism can be very easily redesigned to replace the existing revolute joints
with soft joints without altering the overall geometry. By optimizing from this configuration, the
simple modifications to an existing mechanism can be determined to minimize the overall ef-
fects of the soft joints on the desired trajectory. This optimization determines the best values
for three main links in the chain: Dy, D3 and Dy, without altering the geometry of the soft joints.
Refer to Sec. 2.1.1 for link locations in mechanism. Figure 3.2 shows the comparison between
the the optimized trajectory, the desired mechanism trajectory, and the non-optimized trajec-
tory used as the starting point for the optimization using Eqn. 3.2 as the minimizing function
and Fig. 3.3 compares the trajectories using Eqn. 3.3. From these images, it can be seen that
the utilization of the soft joints results in the inability to precisely match the desired trajectory
of a similar revolute joint mechanism. However, by optimizing just a few link lengths, a close
approximation of the trajectory is possible. In the case of the walking robot studied in the pre-
vious chapters, the alteration to the foot trajectory has a minimal impact on the ability of the
mechanism to perform the task it was designed to do.

Table 3.1 shows the starting values and the optimized values for each equation used. Ad-
ditional tests were performed using random initial values, far from the local minimum values
found in the first tests, to test the accuracy of the final values and each case returned numbers
that were within 5% of the values shown in the table. The most drastic change is the length of D3
for both cases showing that this dimension has the greatest impact on generating the trajectory

needed as well as being the length furthest from the ideal value.
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Figure 3.2: Desired vs Optimized vs Non-Optimized trajectory of soft joint configuration utilizing Eq.3.2

6 F T T T T T T T T T T =

Optimized Foot Path
8F Desired Foot Path
= = = Non-Opt Foot Path

Figure 3.3: Desired vs Optimized vs Non-Optimized trajectory of soft joint configuration utilizing Eq. 3.3
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Table 3.1: Table of optimized values for soft joint mechanism

Opt. Variables Dy D3 D,

Inital Values 3.44 4.06 5.31
Eqgn. 3.2 3.31 3.35 4.83
Egn. 3.3 3.68 3.70 5.34

3.3 Optimizing Soft Link - Soft Joint Mechanism

The second configuration of the mechanism is more complicated than the first. This config-
uration consists of the same soft joints as the previous optimization but replaces two rigid links
with soft material while keeping the same geometry. This model is much more computationally
extensive, as the addition of each soft link requires the same amount of calculation time as three
soft joints due to the three links and three springs present in model Three Spring RPR model.

This model optimizes the same three link lengths as the previous optimization: Dy, D3 and
D, using both the overall best path method and closest to the desired three points method.
Table 3.2 details the starting and ending values for the optimized links. With the same starting
link lengths as the Soft Joint only configuration, strikingly similar link lengths were determined.
Even though the link lengths are very close to the same, the soft links in this configuration cause
very different optimization results. The trajectories in Fig. 3.4 and Fig. 3.5 are quite different
from their soft joint only counterparts. Fig. 3.4 show a less rounded path that seems to better
follow the desired path in various places however it only achieves a marginally better result than
the soft joint configuration. The trajectory utilizing the 3 defined locations for optimization
improves significantly on the best overall when it comes to following the shape of the desires

path.
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Figure 3.4: Desired vs Optimized vs Non-Optimized trajectory of soft joint-soft link configuration utiliz-
ing Eq. 3.2
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Figure 3.5: Desired vs Optimized vs Non-Optimized trajectory of soft joint-soft link configuration utiliz-
ing Eq. 3.3

42



Table 3.2: Table of optimized values for Soft Joint-Soft Link mechanism configuration

Opt. Variables Dy D3 D,

Inital Values 3.44 4.06 5.31
Eqgn. 3.2 3.40 3.30 4.92
Egn. 3.3 3.67 3.79 5.67

3.4 Optimization Summary

Utilizing simple optimization routines into the design and modeling of compliant mecha-
nisms gives great insight into the impact that each link in a compliant mechanism has on the
overall output of the mechanism. The first configuration of the mechanism studied, which con-
tains only soft joints, has the ability to create trajectories similar to a desired trajectory but the
alterations to the mechanism are limited unless an optimization of the joint geometry is also
incorporated. The second configuration of the mechanism, containing both soft joint and soft
links, is able to generate significantly better optimized trajectories over the soft joint only con-
figuration. Both optimization strategies produce more accurate paths. The variability in the soft
links creates more variation in the mechanism trajectory with a small change to link lengths and
drives the final mechanism closer to the desired trajectory.

When comparing optimization strategies, the results are mixed. The time to optimize each
configuration was independent of the method used. No noticeable differences in time were see
between the best full path and the three critical locations. The soft joint configuration path us-
ing best path method is able to better replicate the shape of the desired trajectory, however the
3 critical points method pushes the path far outside the desired. The soft joint - soft link con-
figuration does optimize to a closer shape using the 3 critical points. The decision comes down
to the intended use of the compliant mechanism. If the mechanism needs to perform spe-
cific functions at specific locations, that clearly make the critical points method the preferred
method as this bring those points on the desired and optimized as close together as possible.

In the case of the mechanism designed for this research, the mechanism is intended for walk-
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ing and therefore the trajectory above the ground has minimal impact to the effectiveness of
the mechanism. The "best" result would give a maximum flat length of path at the bottom of
the cycle, giving maximum contact with the ground. Based on this requirement, for both the
soft joint and soft joint - soft link configurations, the three critical locations method (Eqn. 3.3)

proves to be the best method.
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Chapter 4
Adaptive 3D Printed Compliant Mechanism with

Variable Joint Locations

The continuing advances in printer technology and materials has given way to multi-material
3D printing and has opened a new realm of manufacturing and design capabilities not previ-
ously available to everyone. Along with these major advances in the field specifically in the tech-
nology, more simplistic changes have occurred in standard 3D printer material used in spool
fed, single material printers that are revolutionizing the functionality of entry level printers.
Recently, a few manufacturers of 3D printing plastics have introduced conductive 3D printer
materials that print the same base materials as before but are integrated with a conductive ma-
terial that allows for the flow of electricity within the part. These filaments are either ABS or PLA
based with come kind of conductive material infused into it. When printed, the material will
conduct electricity with fairly well defined resistive properties both between layers and within
the same layer. These materials are advertised as having uses in electronics, giving the ability
to print parts that will conduct electricity to various components but with conductivity comes
resistance. For this PLA material, if the temperature is above the so-called "glass transition tem-
perature”, then the material will become soft. Directly apply electricity to conductive PLA will
increase its temperature and create the soft joint or link [30].

This chapter involves the study of the use of conductive carbon infused PLA by Proto-Pasta®
as the material used to 3D print compliant mechanisms. The idea behind using this material
for links in a mechanism is that if electrical resistance can be used to heat and soften the mate-
rial, any section of a rigid link can be turned into a soft joint. With this ability, the trajectory of
amechanism could be altered without human intervention and without changing the configu-

ration, the length, or the number of links present. The same mechanism could walk with a gait3

3 https://www.proto-pasta.com/pages/conductive-pla
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Figure 4.1: Various tasks that could be combined into a single mechanism: walking (a), gripping [3] (b),
3D flapping wing [3] (c)

optimized for flat terrain (Fig. 4.1a), a gait that is optimized for rough terrain, be used to grasp
and hold an object (Fig. 4.1b) or even be used for a 3 dimensional flapping wing mechanism
(Fig. 4.1¢) in conjunction with either of the previous applications.

There are two goals for this preliminary study. First, we want to determine the voltage re-
quired to soften the material without burning and that the material will remain in tact when
deformed in its softened state. The second goal is to develop a platform that allows testing of
various joint configurations as well as testing of the durability of the material and the practical-
ity of utilizing the material for various applications. The first section of this chapter will detail
the design of the various testing components as well as the robotic testing platform. The second
section will review the preliminary results of study and general observations on functionality
and design. Last is a summary of the results, discussion of future research applications, and

lessons learned.

4.1 Design

The design objectives for this study are to design a mechanism that contains at least two dif-
ferent locations for soft joints that exist within the rigid links that will hold together when turned
to soft joints, create the least impact on the original mechanism trajectory, have a mechanism

that can produce both a walking trajectory and an arc trajectory, and create a four legged robot
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with the mechanism that can walk and grip an object as well as test future configurations of the

links and joints.

(a) 0 degrees (b) 45 degrees

(c) 90 degrees (d) 120 degrees

Figure 4.2: Conductive PLA compliant joint test link

The testlink shown in Fig. 4.2 is a 25mm long, 4mm diameter cylinder printed in conductive
PLA. Thejointis located in the center of the link and is 3mm at the smallest and gradually builds
out to the 4mm cylinder diameter. This design was chosen because it allows for easy testing of
three dimensional motion with the joint, the axis of rotation is very near the center of the joint,
and the part can be printed in under 10 mins on a Lulzbot Mini desktop printer allowing for

quick iterations. To apply voltage to the joint, 32awg solid copper wire is wrapped around each
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Figure 4.3: Variable trajectory mechanism with soft joint call-outs and designed trajectories for each
joint configuration

end of the joint and a hot soldering iron is used to heat the copper and melt the wire into the
surface of the link to allow for maximum conduction. By trial and error, 11V was determined
to be the optimal voltage to soften the joint without melting or burning the material. When
the joint is rigid and electricity is applied, the link pulls a maximum of 60m A and settles at
9m A when the joint is soft. Each joint is able to bend up to approximately 120° from it print
orientation before it will not return to the original shape.

To simplify the design of the mechanism, the custom walking linkage (Fig. 2.2) studied in the
previous chapters was used as the starting point. The overall size was scaled up by three since
size is not a critical design parameter at this stage and through a design study of the impact of
each link dimension of the trajectory of the mechanism, the location of the two test joints, the
length of all links and location of all base joints were determined. Only two joints are realized as

soft joints, one to create the walking trajectory and one to create the arc or gripping trajectory,
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the remainder are designed as revolute joints to isolate the joint testing to one soft joint at at
time. Fig. 4.3 shows the linkage configuration showing joint location and the two trajectories

that the linkage should produce.

M2 Screw

Figure 4.4: Four legged robotic test platform showing component locations
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The robot test platform shown in Fig. 4.4 has the same leg layout as the multi-material robot
studied earlier, with a rectangular body and a leg at each corner oriented like crab. Each leg has
two soft joint locations, each with two wires. Around the top and bottom of the perimeter of
the robot, a bare and insulated wire is run to solder each wire to. At each end of the robot, two
of the main wires terminate so that applying a voltage to the wires on the left makes the first
joint soft on all link and applying it to the wires of the right make the second joint soft. Each
revolute joint in each linkage is realized using M2 machine screws. The legs are driven by two
3V 30RPM geared DC motors, one to drive the front and one to drive the back legs. Two motors
are needed because to walk, all four legs need to be driven in the same direction and to grip,
the front and back legs have to be driven i n opposite directions. Stainless steel 2mm shafts are
used to connect the drive links to the drive gears which are meshed with the motor gear. To
ensure that during walking the motors do not get out of phase, an idler gear is placed between
the two drive gears and is removed to perform the gripping tests. The same walking gait detailed

in Sec. 2.1.2 is used for the walking design of the robot.

4.2 Variable Function Testing

Figure 4.5: Single leg test stand at various angles during testing of walking configuration, highlighting
three drive link angles. The soft joint location is highlighted with the red box.
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Figure 4.6: Single leg test stand at various angles during testing of gripping configuration, highlighting
two drive angles. The soft joint location is highlighted with the red box.

Three separate tests are conducted to determine first the feasibility, then the design of the
adaptive compliant mechanism. The first test involves the single leg test stand in Fig. 4.5 and
Fig. 4.6 where 11V is applied to each of the soft joint locations one at a time and the drive link
is rotated by hand to control the speed and force during testing. Fig. 4.5 shows the mechanism
with the drive link at 90°, 180°, and 270° . Each joint takes about 10sec to become soft once
electricity is applied and 10sec to cool down before becoming fully rigid again. This testing
proves that the soft joint deforms as expected creating the intended leg trajectories and will not
break or pull apart. The mechanism underwent at least 50 rotation cycles and 10 heating and

cooling cycles without failure.
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Figure 4.7: Plot of desired vs experimental trajectories for variable joint mechanism

A similar process as was used in Sec. 2.4 where a single leg was positioned infront of a sta-
tionary camera and a video was taken and analyzed to determine the true mechanism trajec-
tory. Fig. 4.7 shows the results of the trajectory analysis of the two paths created by the mech-
anism. This figure shows that the desired trajectory was maintained with each joint config-
uration. Since the other 6 joints in the mechanism are revolute joints, it is expected that the
trajectory would be similar to the designed. However, the experimental results give promise to
the ability for an entire mechanism realized with conductive PLA to produce trajectories to the
accuracy of the multi-material mechanism (Sec. 2.4.2).

The second and third experiments test the ability for the robotic platform with four variable
joint mechanisms to accomplish sustained walking capabilities and gripping abilities without
alteration and minimal human intervention. For the second experiment, the robot was placed

on a soft blanket to provide a higher coefficient of friction between the legs and the ground. 11
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volts was applied to the first soft joint location on all four legs and the two motors powered the
robot to walk in a stable fashion at a speed of 2 cm/sec which was mainly governed by the speed
of the motors. Faster speed could be achieved by incorporating a faster motor or a higher gear
ratio. Fig. 4.8 shows still frames taken during the locomotion testing. This testing shows that the
soft joints are able to transfer the force of the drive motor to the move the robot without failing

while still replicating the walking trajectory of each leg.

(d)

Figure 4.8: Sequential walking images at (a) 0 sec, (b) 3 sec, (c) 6 sec, (d) 9 sec of adaptive joint mecha-
nism

For the third experiment, the robot was suspended from a test stand with a rectangular piece

of foam located between the four legs and the idler gear removed from between the motors.
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Voltage was applied to the second soft joint and all four legs were driven simultaneously bring-
ing all legs into contact with the foam. The motors were driven till they stalled which gripped
the foam firmly enough that the foam could not be removed without the risk of damaging the

legs in the process (Fig. 4.9). The test was repeated three times, beginning to ensure durability

of the joints.

()

Figure 4.9: Sequential gripping images of adaptive joint mechanism
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4.3 Summary

Overall, both goals were successfully tested and confirmed as feasible. The designed joints
are able to soften in a quick and repeatable fashion, deform without failure while creating us-
able trajectories, and multiple trajectories could be achieved with the same mechanism without
alteration to design or setup. During all three sets of tests, no joints failed or had to be repaired.
The conductive PLA proved to be even more durable than the multi-material joints studied
earlier, however more force was required to rotate the mechanism in the walking configuration
than a similarly scaled multi-material mechanism. The method of transmitting voltage through
exposed copper wire was not ideal as the wires have the potential to short out if they touch and
after repeated motion, the wire did crease and break. Future design should look at how to inte-
grate the wires inside or along the links.

This is the first prototype of this robot platform utilizing conductive 3D printer material
to create an adaptive compliant mechanism. Now that the concepts has been proven to be
feasible, continued research on the project should follow to further investigate the possible uses
as well as develop more robust joint designs and entire mechanisms utilizing the soft joints. A
wide range of possible applications for this research exist including further design of variable
gait walking robots, flying robot with adaptive wing mechanisms and walking mechanisms that
can directly incorporate the existing design being able to walk and grip and variable diameter

wheeled robots.
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Chapter 5

Conclusion and Future Work

In this thesis, the design, fabrication, modeling, testing, and optimization of a centimeter-
scale walking robot is presented. Different from existing miniature walking robots, the pre-
sented robot can be directly fabricated using the multi-material 3D printing (MM3P) technol-
ogy with soft material for the joint and certain links and rigid material for other parts. A mod-
ified Klann mechanism is adopted for each of the four legs, and with MM3D, all the leg mecha-
nisms were be fabricated with the body of the robot. As the soft joints in the studied mechanism
are different from traditional compliant joints, a numerical method is developed to analyze the
motion trajectories for mechanisms with soft joints focusing on capturing both the rotational
and axial deformation of the joints. Experimental results on a single leg’s motion verified the
effectiveness of two proposed numerical models and parameters to help chose which model to
use going forward, while walking experiments demonstrated the robot’s locomotion capabili-
ties. The optimization of the linkage design through numerical simulation shows the versatil-
ity of the Three Spring RPR numerical model and the ability to create compliant mechanisms
specifically with soft components that can closely replicate existing rigid link mechanisms. Ad-
ditionally, the design and testing of a compliant mechanism shows how, utilizing a conductive
PLA material, the same mechanism used for walking robots can be further utilized to create var-
ious other trajectories without altering the design or impairing the original functionality while
having the possibility of increasing the durability of the robot.

The results presented in this thesis could lead to multiple continuing research avenues, a
few of which are detail next. While the RPR joint model is accurate enough for these prelimi-
nary studies, a more refined model should be studied. Specifically, a more analytically based
model that does not rely so heavily on numerical approximation. This would help to decrease
computation time and increase the overall accuracy, making the way for further study of direct

implementation of soft components into previously design rigid mechanisms.
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With the validation of concept for adaptive soft joint mechanisms utilizing conductive PLA,
further study of a similar application into 3D mechanisms such as flapping wing mechanisms
could be studied. Along with this, designing a smaller platform that test new mechanism tra-
jectories and be mounted to a UAV to being to combine the functionality of a flying robot with
the added benefit of being able to walk, grip, and perch without adding the unnecessary weight

of additional motors or multiple mechanisms.
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