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ABSTRACT

DESIGN, CONTROL, MODELING, AND GAIT
ANALYSIS IN MINIATURE FOLDABLE ROBOTICS

Mohammad Askari
M.S. in Mechanical Engineering
Advisor: Onur Ozcan
September 2018

Miniature or micro robotic platforms are perfect candidates for accomplishing
tasks such as inspection, surveillance, and hazardous environment exploration
where conventional macro robots fail to serve. Such applications require these
robots to potentially traverse uneven terrain, implying legged locomotion to be
suitable for their design. However, despite the recent advances in the nascent field
of miniature robotics, the design and capabilities of these robots are very limited
as roboticists favor legged morphologies with low degrees of freedom. This limits
small robots to work with a single gait set during the design phase, as opposed to
legged creatures which benefit from efficient gait modification during locomotion.
MinIAQ), a 23 g origami-inspired miniature foldable quadruped with individually
actuated legs, is designed to address such limitations. The design of the robot is
unique in which a high structural integrity is achieved by transforming a single
flexible thin sheet into a rigid mechanical system through folding. MinIAQ’s
design novelties help modulate and extend the design standards of origami robots.

The actuation independency of MinlAQ enables gait modification and exhibits
maneuvering capabilities which is another novel quality for a robot at this scale.
The design of the compliant four-bar legs is optimized for better foot trajectory
in a newer version of the robot, MinlAQ-II, through dimensional synthesis of
mechanisms. The resulting robot demonstrates significant improvements over
its predecessor. For characterization and synchronization of the motors, custom
encoders are designed to estimate speed and phase of each leg. Accordingly,
a closed-loop feedback control algorithm is applied to follow an envisioned gait
pattern. Towards understanding these gaits in robots with passive closed-chain
legs, a comprehensive mathematical model is developed to describe the 6-DOF

rigid body dynamics of MinIAQ. The proposed dynamics employs a nonlinear
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viscoelastic spring-damper model to estimate the feet-ground interactions. An
interactive GUI is developed based on the model in MATLAB to simultaneously
visualize the effects of design parameters on performance. 3D simulation results
closely match with the experiments and effectively predict locomotion trends on
flat terrain. Since there is no control on foot placement in such underactuated
robots, the model has given an insight into analyzing how close the actual loco-
motion is to the envisioned gait. This suggests that a comprehensive locomotion
study with the model can lead to optimizing the gait and improve performance

of miniature legged robots.

Keywords: miniature robotics, origami-inspired robotics, foldable robotics, actu-

ation mechanism optimization, dynamics simulation, quadruped gait analysis.



OZET

KATLANABILIR MINYATUR ROBOTLARDA
TASARIM, KONTROL, MODELLEME VE ADIMLAMA

ANALIZI

Mohammad Askari
Makine Miihendisligi, Yiiksek Lisans
Tez Danigmani: Onur Ozcan
Eylil 2018

Minyatir ya da mikro boyuttaki robotlar, geleneksel biiyiik robotlarin
bagarmakta zorlandigi denetleme, gozetleme ve tehlikeli ortamlarin kesfedilmesi
gibi uygulamalar i¢in ¢cok uygun adaylardir. Bu tarz uygulamalar robotlarin diiz
olmayan ylizeylerde hareket etmesini gerektirir, dolayisiyla robot tasariminin ba-
cakli hareket icin yapilmasi gerekir. Ancak, kismen bakir olan minyatiir robotik
alanindaki giincel gelismelere ragmen, robotik arastirmacilarinin diigiik hareket
dereceli bacak yapilarini tercih etmeleri sebebiyle minyatiir robotlarin tasarim
ve yetenekleri oldukca sinirli kalmigtir. Diigiik hareket dereceli bacakli minyatiir
robotlar, adimlamalarini hareket esnasinda etkin bir gekilde degistirebilen ba-
cakli canhilarin aksine, tasarim asamasinda ayarlanan sabit bir adimlama strate-
jisine sahiptirler. Bu tezin konusu olan 23 g agirhigindaki origamiden esinle-
nilmis tekniklerle iiretilen minyatiir katlanabilir robot MinIAQ, bu smirlamay1
agabilmek adina her bacagin birer eyleyici ile ayr1 ayr1 siirtildiigii bir yapiya sahip-
tir. Robot, tek bir ince ve esnek tabakanin kesilip katlanarak yiiksek yapisal
saglamliga sahip bir mekanik sisteme dontigtiigii, 6zglin bir tasarima sahiptir.
MinTAQ'in tasariminda kullanilan oOzgilin stratejiler, literatiirdeki katlanabilir
robotlarin tasarim standartlarimi ¢ogaltmak ve gelistirmek icin, bagka robotlara

da uygulanabilir.

MinTAQ’in bacaklarimin her birinin ayr1 motorlarla siiriiliiyor olmasi bu boyut-
taki robotlarda olmayan 0zgiin adimlama stratejisi degisimlerini ve manevra ka-
biliyetini beraberinde getirir. Robotun hareket mekanizmasini olugturan esnek
dort ¢ubuk mekanizmasi boyutsal sentez teknikleri kullanilarak optimize edilmis
ve ayak yoriingesinin daha iyi oldugu MinlAQ-II versiyonunu ortaya ¢ikarmistir.
Ortaya ¢ikan yeni versiyon robotun hareket kabiliyetlerinde, ilk versiyona kiyasla
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oldukca yiiksek miktarda artig gozlenmistir. Motorlarin karakterizasyonu ve
senkronizasyonu icin, laboratuvarda tretilen kendi tasarimimiz olan optik kod-
layic1 tasarlanmig ve bacaklarin hiz ve birbirleri arasindaki faz farki tahminleri
icin bu kodlayicilar kullanilmigtir. Bu agamadan sonra, kapali dongii denetim
algoritmasi ile robotun belli bir adimlama stratejisi ile yiirimesi saglanmigtir.
Adimlama stratejisinin pasif eklemli kapali zincir bacak mekanizmasina sahip
robotun hareketine olan etkisinin incelenmesi i¢in robotun alt1 serbestlik derece-
sine sahip govde dinamikleri kapsamli bir sekilde modellenmistir. Dinamik model,
ayaklarin yerle etkilegsimlerini dogrusal olmayan viskoelastik yay ve sontimlendirici
seklinde modeller ve ayaklara uygulanan kuvvetleri tahmin eder. MATLAB’da
geligtirilen bu modele, tasarim ve operasyon parametrelerinin hareket tizerindeki
etkilerini gorselleyebilmek ve parametreleri degigtirebilmek icin etklegimli bir kul-
lanicr araytizii eklenmistir. U¢ boyutlu simiilasyon sonuclar deney sonuclari ile
yakin bir gekilde ortiismekte ve robotun diiz yiizey iizerindeki hareketini tahmin
edebilmektedir. Tezde bahsedilen ve bunlara benzer diger minyatiir robotlarda
ayak yerlestirme sensorleri ve adimlama denetleyicileri olmadigindan, gelistirilen
model istenilen adimlama stratejisi ile gerceklesen adimlama arasidaki farklar:
ortaya koymugtur. Bu model kullanilarak yapilacak detayli bir adimlama anal-
izi bacakli minyatiir robotlarda adimlama optimizasyonu ve genel performans

iyilestirmeleri yapabilmemizi saglacaktir.

Anahtar sézcikler: minyatiir robotlar, origamiden esinlenilmis robot tiretimi, kat-
lanabilir robotlar, eyleyici mekanizma optimizasyonu, dinamik simiilasyon, dort
bacakli adimlama analizi.
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Chapter 1

Introduction

1.1 Motivation

With a past characterized by industrial revolution and a future pictured by an
automation revolution, the proliferation of robotics in life is inevitable. Some
may embrace the idea and go with the flow and some choose to stand against it,
but personally, I would rather be the flow itself. That is to be one who has full
understanding and control over how the world is changing, and not just be an

observer.

From a robotics standpoint, attaining tasks in industrial environment which are
inherently highly predictable, programmable, and require rigid interactions are
significantly easier than attaining tasks in real world environment which require
creativity, adaptation, and soft interactions. That is the reason an automotive
assembly line is fully automated with precise robotic arms, and, yet, a robot
feeding a baby cannot be found. Current technological limitations and design
difficulties dictate roboticists to opt for designing target-specific robots rather
than versatile robots. This specialization and unpredictability of the working
environment requires robotic platforms to be highly flexible, modular, robust,

easily programmable, safe to interact with, and yet remain very cost effective.



This has made research on miniature and micro robotics field very appealing as
it is arguably easier to achieve many of these properties with small scale robots

than it is with larger ones.

Applications such as inspection, surveillance, exploring hazardous environments,
and search and rescue missions further promote utilization of miniature robots
in life. Such working environments require these robots to potentially traverse
uneven terrain, implying legged designs to be appropriate for their locomotion.
Inspired by the locomotion capabilities of animals, miniature legged robots can
additionally give better insight into study of efficient gaits used by small biological

creatures.

1.2 Research Aims and Objectives

While conventional manufacturing methods for bulky and heavy components of
large robots are well established, design and fabrication techniques practiced for
miniature and micro robots are relatively limited. There is a need for significant
advances in both optimization of existing methods as well as seeking alternative
novel techniques for the fabrication of the components for the next generations
of miniature robots. Furthermore, limited research has been conducted on gait
modification of these robots due to lack of proper actuation sensing and power
limitations in miniature scale. Robots with higher number of active degrees of
freedom can enable gait adjustment but are often avoided in small scale systems to
minimize cost and complexity. Study of locomotion in biological legged-creatures
have proven that gait modification is crucial as gaits that are efficient in walking
become extremely inefficient for running and vice versa. Animals modify their
gaits with respect to their locomotion speeds or terrain characteristics, whereas
robots, especially small ones, tend to work with a single gait set during the design
phase. The main reason why robots do not modify gaits similar to animals is that
it is not known exactly which gait is optimum under different scenarios. These

are primarily the key issues that this research work aims to address.



This work primarily contributes to the fabrication methods for miniature robots
by utilizing the less common foldable or origami-inspired technique. To exhibit
the potential areas of research in this field, a unique complex foldable quadruped,
MinIAQ), is designed. As opposed to most miniature robots that are made from
multi-layer composite structures, MinIAQ is made of a single-layer flexible sheet.
Yet, the final folded structure of the robot has very high structural integrity. With
an aim to perform gait studies in miniature robots, MinIAQ is designed to have
independent leg actuation. The four-bar compliant leg mechanism of the first
version robot, MinlAQ-I, is optimized for better foot trajectory in MinlAQ-II.
Each of the four legs is actuated by a separate DC motor and and custom encoders

are built to characterize the motors for use in gait synchronization control.

The foremost contribution of this thesis is the insight it gives into understanding
how locomotion studies should be performed in the absence of foot placement
control in small scale robots. Towards analyzing how an envisioned gait performs
in an underactuated miniature robot, a 3D 6-DOF rigid body dynamic model is
developed to predict the locomotion of MinIAQ. The proposed dynamic model
employs nonlinear contact theories to estimate the ground reaction forces. The
validity of the model is confirmed by observing good agreement between the
simulation results and the existing experimental data. The resulting simulation
interface predicts locomotion trends on flat terrain and can help visualize how
close the actual motion is to the envisioned gait. It is believed that the presented
model can be utilized to understand the underlying factors that can contribute to
gait planning and optimizing locomotion in robots with lower degrees of freedom

and lack of control on feet placement.

1.3 Structure of the Thesis

The work done in this thesis is organized as follows.

Chapter 2 guides through the origami-inspired design of MinIAQ), followed by

detailed information on fabrication and assembly of the robot. MinIAQ’s design



enhancements and certain guidelines in making the crease pattern of a foldable
robot for high structural integrity are presented in depth. In addition to the
design novelties, an optimization method is presented that can be employed for

optimizing the design of compliant leg mechanisms, as used in MinIAQ-II.

Chapter 3 presents the control strategy and basic operation of MinlAQ-I and
MinTAQ-II. The design of custom encoders for characterization of position and
speed of the encoder-less motors is given. The strategy in synchronizing a desired

gait in miniature robotics application is explained in detail.

Chapter 4 formulates a 3D 6-DOF rigid body dynamic model to describe the
motion of MinIAQ. It is developed in a manner that can predict locomotion in
an underactuated robot with passive closed-chain leg kinematics. The proposed
model can help visualize how close a robot with these specifications can follow

an envisioned input gait.

Chapter 5 explains how the dynamic model is verified. The existing experimental
data for trot gait locomotion and in-place turning are extracted from actual test
videos and are compared with the simulation results to verify the model’s validity.
It is observed that the simulations successfully predict the trends in locomotion

on flat terrain and track 3D body movements.

Chapter 6 gives an insight into how this dynamic model can be used to identify
the missing elements of a gait analysis in small scale robots. Comparison between
the achieved gaits in MinIAQ and the corresponding ideal input gaits helps clarify
the point. A variety of existing quadrupedal gaits are also simulated and analyzed

over a wide range of motor speeds.



Chapter 2

Design and Fabrication

This chapter presents the evolution of MinIAQ, a Miniature Independently
Actuated-legged Quadruped, explaining in detail the design, fabrication, and
assembly of its body and electronics. MinIAQ is originally inspired by origami
art, the traditional Japanese art of subsequent folding of a 2D sheet into a 3D
functional structure. Each leg of the robot is actuated separately with an aim
to perform gait studies in miniature robots. Discussion on control, operation,
modeling, and gait analysis is given in the following chapters. The content of this

chapter is published in [1] and [2].

2.1 Miniature Foldable Robotics Literature

Miniature robotics offer solutions to overcome impediments in conventional macro
robotic systems. Constraints such as low cost, rapid and batch fabrication,
customizability, and modularity make small scale robots potential candidates
for many applications. The agility, silent operation, high maneuverability, and
lightweight structures of miniature robots make them capable of performing tasks
such as inspection, surveillance, exploration, and search and rescue missions in

confined spaces or hazardous environments [3]. Such robots have also recently



become indispensable part of research, education, and swarm studies due to their
inexpensive yet rapid prototyping [4]. However, the main challenges in miniature
robotics lie in the manufacturing, actuation and control at small scale. It is thus
very critical to find solutions for the limitations in design, locomotion, traction,

and fatigue failure of flexure joints in such robots.

One of the original solutions in fabrication of small scale robots is the Smart
Composite Manufacturing (SCM) method developed in UC Berkeley [5], which
has yielded many successful early miniature robots such as DASH [6], HAMR [7],
and family of RoACH robots [8,9]. In later years, some other fabrication methods
are born out of SCM, such as PC-MEMS [10] and pop-up MEMS [11]. Some other
techniques include, but are not limited to, Inverse-Flow Injection (IFI) and Dip-
Cure-Repeat (DCR) [12], photolithography [13], and 3D printing as in [14].

Kirigami, a subset of origami involving out-of-plane cuts [15], inspired developing
a new planar fabrication process for micro-robotic systems which is often referred
to as printable, foldable, or print-and-fold robotics [16]. In this context, the term
printing corresponds to engraving cut and fold patterns on sheets by utilizing a
laser cutter or even by patterning 2D printable layers using 3D printers [17]. Then,
the final robot is obtained by successive folding over the crease pattern. One of
the advantages of printable or foldable robotics is that all transmission, flexure
joints, and customizations can be embedded into a single 2D design, which not
only is cheap and time-saving, but also eases the fabrication, assembly, and future
design enhancements. Following the early works reported in [18], this technology
was first developed by researchers in Harvard University and MIT [16] and was
later adapted by many researchers in designing their miniature grasping [19, 20],
flying [21], and worm type robots [22,23] as well as some enhanced legged versions
[24-26]. The method was further developed in [27] by embedding circuitry into
planar designs through shape-memory composite structures to enable self-folding
of the robots. Despite the recent advancements in foldable robotics, it is not
extensively utilized in engineering fields due to its limiting factors such as planar
design constraints, material selection limitations, and relatively complex folding

and assembly tasks involved.



There is still a need for improvement in both modulating and standardizing the
primitive folding elements of origami-inspired robots to obtain high structural
integrity and rigidity. There does not exist many examples of complex foldable
structures and most of the works rely on rather simple designs [28]. Consequently,
in design of MinIAQ it was aimed to show the capability of this fabrication method
for making complex robots and set a paradigm for designing complicated foldable

frameworks with higher structural integrity.

2.2 Design of MinlAQ-I

There are very few studies on miniature or micro robot locomotion and gait
planning [14]. The main reason is the actuation challenge of these robots. Since
most miniature scale actuators do not have absolute encoders, it is very hard to
adjust and control gaits at this scale. Therefore, a certain locomotion and gait is
often initially optimized and is mechanically locked into the robot’s mechanism
design such as in [25]. While these robots function perfectly, they cannot change
gait and thus cannot be used for gait studies in small scale. Due to the lack of
gait studies for miniature robots, it is not known if modifying gait under certain
environmental factors would improve the locomotion. As a result, MinIAQ is

originally designed with independent leg actuation to answer this need.

MinIAQ is a quadruped foldable legged robot made from a single sheet of thin
Ad-sized PET film. The stiffening structures used in its platform and the overall
unfolded design of the robot are quite unique, and thus can contribute to the
design of better origami-inspired robots. Its legs are designed based on a simple
four-bar locomotion mechanism that is embedded into its planar design and each
leg is actuated separately by a small DC motor. This is different from most
miniature robots where one or two actuators are shared between legs to provide
easier synchronous leg motion. Despite higher power consumption and greater
challenge in phase synchronization control at such small scale, this enables gait
adjustment to achieve better maneuverability, perform in-place sharp turning,

conduct locomotion studies, and have better control over robot’s overall motion.
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The main reason in designing a robot with individually actuated legs is not to
claim that it is better or easier to control than miniature robots with coupled
actuation but to facilitate gait modification during locomotion. Even though
MinIAQ itself is a quadruped, the robot can be modified to have ‘n’ legs, if ‘n’
of these individually actuated legs are put together on a single body or attached

through a number of modules.

Figure 2.1: MinlAQ-I: The original foldable miniature quadruped robot.

The initial version of the robot (Figure 2.1) takes less than two hours to be cut
and assembled and weighs about 23 g where 3.5 g is the weight of its body, 7.5 g is
its motors and encoders, 5 g is its battery, and about 7 g is its on-board electronics
and sensors. The robot is capable of running about 30 minutes on a single fully
charged 150 mA h single cell LiPo battery. Further information on operation of
the robot is given in Chapter 3.

2.2.1 Material Selection

In designing MinlAQ, the aim was to make an embedded single-piece crease
pattern for ease of manufacturing. In order to select a proper material in terms
of flexibility, rigidity, and joint durability, 100, 250 and 500 micrometer thick
PET sheets were selected as possible candidates (Figure 2.2). During fabrication



of the robot, it was observed that the thinner sheets were easier to cut, fold and
assemble. Despite the fact that rigidity increases with film thickness, it becomes
harder to make folds and shape corners, especially by scaling down to smaller
scale folds. In addition, the thicker sheets had lower joint performance since the
joints made of thicker sheets would plastically deform and break much sooner
than the thin sheets. Alternative structural materials such as Kapton® can also
be used to achieve enhanced mechanical properties such as increased stiffness or

higher joint cycle life.

Figure 2.2: Various colors of 100 pm thick A4-sized PET sheets used as structural
material of MinIAQ.

2.2.2 Actuation Mechanism Design

Design of actuation mechanism and power transmission in miniature or micro
robots is not as straightforward as it is in macro scale robotics. By scaling down,
frictional losses become more dominant as the ratio of surface area, A, relative
to volume, V, increases (A oc L?, V o L3). Accordingly, utilizing revolute pin
joints and other rotational components created by macro scale is not advisable at
small scales as they become very inefficient. In miniature robotics, flexure joints
are often preffered as deformation rather than pure sliding, as in pin joints, has

comparably less frictional losses [29].



In MinIAQ), rigid triangular beams and compliant flexure joints are used as
the primitive components of the four-bar actuation mechanism. Rigid links are
achieved by folding the sheets and locking into triangular prism shape. In this
configuration, the beam’s rigidity is dependent on its length, width, thickness and
Young’s modulus of material used [30]. Flexure joints, which act as revolute pin
joints in the four-bar compliant mechanism, allow one degree of freedom rotation
between two rigid triangular links with the help of sheet flexibility. The inset
view of Figure 2.3 clearly shows such foldable linkage structure. Even though
flexure joints are very useful components for small scale compliant mechanisms,
they often suffer from fatigue failure [31]. By optimizing the joint width, length,
thickness, and maximum deflection angle, fatigue life cycle of the flexure joints
can be increased further by distributing the load more uniformly and reducing
the stress at the joints. For the early versions of MinlAQ), the design of flexure
joints was not optimized and this was later investigated by another researcher in
the lab.

Figure 2.3: Static trajectory of the four-bar mechanism with a detail view of
the fundamental linkage and joint design in foldable robots. Inset shows hollow
triangular beams with flexure joints.

The first step towards a legged robot design and perhaps the foremost important
stage is the design of its actuation mechanism. In foldable robotics context, it
is quite challenging to integrate a mechanism into the design which has good
locomotion trajectory while having simple unfolded form. The flexure joints in
foldable designs have limited degree of rotation, meaning that the links should
not be bent very large with respect to each other so as to prevent shear at the

joints [32]. This issue further aggregates the challenge in mechanism selection.
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For MinTAQ-I’s legs, a simple four-bar cam-driven mechanism was designed and
synthesized by altering the dimension of the leg, position of the joints and radius of
the cam (input crank link) in order to obtain an acceptable trajectory as shown in
Figure 2.3. Note that apart from the input crank link which is made of a separate
part to enable 360° rotation in plane, the rest of the linkage links incorporate the
foldable rigid triangular beam with flexure joint structure. The selected four-
bar is not optimal performance-wise; it has relatively poor trajectory and stride
length for a legged robot. However, its simplicity was favored over complexity
for the initial MinIAQ version due to ease of planar design and assembly. In the
improved version of MinIAQ), a more optimal actuation mechanism is used, which

is discussed in detail in Section 2.4 of this chapter.

2.2.3 Rigid Frame Design

This section presents the novel design of MinIAQ’s main frame with discussion
on primitive folding elements that can be utilized in origami-inspired robots.
These components can act as subsets of any complex structure. It is believed
that MinlAQ sets a paradigm for designing more complicated foldable robotic
platforms with high structural integrity and rigidity.

The high integrity of the frame and the leg linkages has an important role in
increasing the payload capacity of a foldable robot. Due to having a thin flexible
sheet as the base material, these primitive folding patterns are required to make
the frame and linkages hold their shapes. As discussed earlier, the design of
the legs are based on the combination of hollow triangular links and perforated

flexure joint structures studied in the literature by [4,24,30,33].

The fundamental stiffening element of the frame is achieved through a simple,
yet, novel folding technique called “T—shaped folds” (as we named it). Sufficient
number of T—folds, as shown by green color in Figures 2.4 to 2.6, can remarkably
contribute to high structural integrity of a folded structure. The crease pattern
of a T—fold consists of three equally spaced parallel lines on the main frame.
When the three lines are folded 90° inwards, 180° outwards, and 90° inwards
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consecutively, they form a T—shaped out of plane extension from the base surface.
To lock the T—folds in place, gluing or stitching can be a solution, but they are
practically hard to implement for small parts and tiny extensions. The better
approach is to utilize tab-and-slot fasteners to tightly lock the folded parts into

each other.

In MinlAQ’s frame design, the locking mechanism of T—folds consists of certain
tabs that are placed on one face of the T—folds and lock into respective slots after
folding. To firmly fix the position of a pair of T—folds and hold them in place, the
tabs on each T—fold can be fastened into a single common slot placed in between
them (see Figure 2.4(a)). The tip of a locking tab incorporates perforated sides
that are bent into a U-shape to achieve proper locking after the tab is inserted
through the slot (Figure 2.4(b)). Once T-folds are folded and locked, these
fasteners prevent them from opening. Note that a total of three equally spaced
fasteners are used for each T—fold on the main frame of MinlAQ, as shown by
red color in Figures 2.4 and 2.5. By using such fasteners, T—fold assemblies can

be completed in minutes without needing any extra effort or hand skill.

(a) (b) ()

Figure 2.4: (a) Unfolded crease pattern of two parallel T-shaped folds (green)
with embedded U-shaped fasteners (red). The black dashed lines represent the
folding lines. (b) Folded structure of T—folds with their U-shaped extension tabs
fastened into a common slot in between. (c) Side view of the folded structure
showing how the fasteners pass underneath the T—folds and lock into the slot
from below.

Extension tabs at the ends of T—folds (shown by yellow in Figure 2.5) are tightly
fitted through slots in the front and rear frame enclosures. These tabs limit robot
frame’s twisting under torsion and prevent unwanted dislocations. The friction
between the tight-fit extension tab-and-slot has enough locking force to prevent

sliding of T—fold or any undesired movement along the transverse plane.
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To further improve the bending stiffness of the body, the T—folds located on the
bottom surface of the main frame are locked into the enclosing top surface. This
is done through embedding tabs on the upper side of the T—folds and carefully
placing respective slots on the top cover which encloses the body. Once folded
and fastened, buckling, transverse bending, and dislocation of T—folds within the
body are prevented. The locking mechanisms can either be of U-shaped fastener
type or the tight-fit extension tab-and-slot type, shown by blue and yellow colors
in Figure 2.5, respectively. The sectional view of MinlAQ’s body given below

illustrates the aforementioned primitive folding elements in different colors.

Figure 2.5: Sectional view of MinIAQ’s main frame showing T—folds (green) with
motor and sensor housings, a pair of U-shaped fasteners for locking T—folds (red),
U-shaped fasteners (blue) and tight fit extension tab-and-slots (yellow) for top
cover enclosure, and the bottom hatch door opening (magenta) for replacement
of the battery (brown).

If T—folds are correctly utilized in conjunction with tight-fit tab-and-slots and
U-fasteners, the T—folds become like I-beam structures. Accordingly, the main
body frame enclosure becomes very rigid and does not easily bend, twist, or buckle
under considerable loading. Therefore, by using ‘n’ number of T—folds within a
structure, with proper locking mechanisms, the frame technically becomes a rigid

body supported by ‘n” number of [-beams.

Another challenging stage in the design of MinIAQ’s body was to find a folded
structure to tightly hold the DC motors and sensors in place within the frame.

The rotational motion of the motors was transmitted to the legs with a cam
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shaft made of a thicker sheet film. Note that since the cam shaft, i.e. the crank
link of the four-bar, has to rotate 360° in plane, it is very hard and complex,
if not impossible, to achieve this with an origami flexure joint structure. Thus,
the cam shafts were made and assembled from separate sheets and pins. These
elements on the MinIAQ are the only mechanical parts on the robot that have
to be manufactured separately. The cam shafts also serve as elements used in
control and synchronization of the robot legs via IR sensors which are explained
in detail in Chapter 3.

While using separate external housings for motors or sensors could be a solution,
in foldable robotics the aim is to avoid using multiple parts or materials as much
as possible and restrain the design to a single uniform crease pattern. This
was solved by using two pairs of parallel T—folds, one on each side of the main
frame. Creating two inline tight circular openings through each pair enables
firmly holding a DC motor inside the body. The IR sensor circuit board is inserted
through the outer T-folds with a small opening made for its emitter and receiver
(see Figure 2.6). This small rectangular sensor opening also helps holding the
sensor in place by preventing it from sliding within the T—fold faces. Thus, due
to their out-of-plane structure, T—folds are very suitable for making housings such
that any type of motor or electrical component can be properly mounted onto
the frame by a pair of parallel T—folds. Part of the large gap in between the inner
T-folds is used for battery placement as can be seen in Figure 2.5. The battery
can easily be accessed, removed for charging or replaced using the frame’s bottom
hatch door. The remaining space inside the body can potentially be used for any

additional component to be added in the future versions.

(a) (b)

Figure 2.6: (a) Unfolded structure of two T—folds with motor and sensor housings.
The black dashed lines represent the folding lines. (b) Folded structure of T—folds
with motor and sensor in place.
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2.2.4 Circuitry and PCB Design

With the intention of having independent leg actuation, MinIAQ consists of four
very small and lightweight (approximately 1.25 g each) motors (Pololu, Sub-Micro
Plastic Planetary Gearmotor). The major drawback of using these motors is the
lack of any type of built-in encoders. For this reason, it is necessary to design
feedback sensing for each motor to properly adjust the speed and position of
each leg. Hence, small reflectance IR sensors are selected to house next to the
motors to estimate speed and position through custom cam encoders with black
and white stripes. An in-depth discussion on custom encoders design, feedback

signal, and leg synchronization control is given in Chapter 3.
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Figure 2.7: Autodesk EAGLE drawing of the PCBs used in MinlAQ: (a) Inner
flexible PCB with sensor connections, and power regulation. (b) Main controller
PCB with microcontroller and actuator drivers. Red lines show traces on the
top layer and blue lines show traces on the bottom layer. The labeled numbers
indicate the placement of components on board, that are described in text.

Since the motors and sensors are located towards the four corners of the body,
a flexible PCB is designed that is placed inside the main frame and extends
to the sensors. This inner flexible board (Figure 2.7(a)) powers every sensor and
transfers the signals to the microcontroller on the main outer PCB (Figure 2.7(b)).

To enable folding of the boards, they are made out of copper clad polyimide
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flexible sheets (Dupont, Pyralux). The two sides of the inner flexible PCB, which
contain a pair of sensors each (labeled as ‘1" on Figure 2.7), are folded by 90° to
accommodate sensor placement within the T—folds. Signal and power traces of
the inner PCB are combined and bundled in a foldable extension that comes out
of the top frame and connects to the main controller PCB, which is located on

top of the robot, through a socket (labeled as ‘2’ on Figure 2.7).

To run the robot, a single cell 3.7V, 150 mA h LiPo battery is used and its voltage
is boosted to 5V with a step-up regulator located on the inner flexible PCB
(Figure 2.7-3) to power the sensors, the motor drivers, and the microcontroller.
The Arduino Pro Micro microcontroller (Figure 2.7-4) is placed on the main
controller PCB located on top of the robot, along with two L293DD H-bridge
motor drivers (Figure 2.7-5), 16 SMT capacitors, an on-off switch (Figure 2.7-6)
and an FFC/FPC socket (Figure 2.7-2) for connecting the inner flexible PCB to
the main controller PCB. The battery is connected to the inner flexible PCB and
the motors are soldered to the main board, via the pads labeled by ‘7’ and ‘8 on

Figure 2.7, respectively.

2.3 Fabrication and Assembly

2.3.1 PCB Fabrication

Before starting the assembly process of MinlAQ), the electronic boards introduced
in previous section must be fabricated. The PCBs are manufactured by coating
a masking material on Pyralux, ablating the coated layer with a laser engraver
(Universal Laser Systems, VLS 6.60) to create an appropriate mask over pads
and traces, and etching of copper at the unmasked locations. Since Pyralux is a
thin flexible sheet, it must be flattened and bound perfectly to a flat rigid surface

to prevent from forming of wrinkles during ablation process.

Prior to coating the mask material, the surface is cleaned from dust and oils.

After initial cleaning, the surface is coated by using a dark, varnish-based paint.
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Afterwards, the mask material is ablated with a laser engraver to form a positive
mask. Unmasked copper regions are then etched using HCI solvent and the PCB
traces remain with mask material on them. The remaining mask material is
cleaned with acetone and finally components are soldered to the boards using
solder paste and a heat gun. The whole process takes about 4 to 5 hours due to
the slow speed of laser raster, relative complexity of the circuits, and high number

of vias and components that needs to be hand soldered, see Figure 2.8.

Figure 2.8: (a) PCB without any components soldered. (b) PCB with the motor
drivers, IR reflectance sensors, on-off switch, and FFC/FPC connector soldered.
(c¢) Final form of MinTAQ’s circuit board after soldering all components and
cutting it into inner flexible PCB and outer main controller PCB.

2.3.2 Robot Fabrication and Assembly

This section explains the manufacturing of MinlAQ from scratch which takes
less than two hours to cut, fold, and assemble. The design of MinIAQ was done
in AutoCAD and its unfolded cut file is shown in Figure 2.9. The fabrication
process begins with laser cutting of the crease pattern, using the aforementioned

laser machine, from thin PET sheets which takes about 20 minutes.
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Figure 2.9: The 2D unfolded technical drawing file used for laser cutting where
dashed red lines represent the folding edges and continuous blue lines show full
cuts. The labeled parts are explained in detail in the text.

The first step in assembling MinIAQ is folding of the T—shaped folds that are
labeled as ‘17 in Figure 2.9. Once all four T—folds are folded, the IR sensors that
are soldered onto the inner flexible PCB are placed into their housings within the
outer T—folds. Next, the T—folds are fastened by using double-sided tab and slot
fasteners (Figure 2.9-2) explained in Section 2.2.3 of this chapter. Afterwards,
motors are fitted through the circular housings that are located towards the ends
of the T—folds. Then, the extension tabs, labeled as ‘3’ in Figure 2.9, are attached
to the front and back of the main frame and are temporarily locked in place with
small pins. The top cover of the frame is folded next and locked onto the T—folds
by using the U-shaped fasteners existing on top of the T—folds (Figure 2.9-4).
Once the main body frame is enclosed, the supports for leg assembly, labeled

as ‘b’ in Figure 2.9, are assembled for increased rigidity. These supports consist
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of the same previously explained tab-and-slot locking mechanisms introduced in
Section 2.2.3.

The assembly of the body can be completed by folding the legs but it is better
to keep legs unfolded until the last stage in order to avoid harming the flexure
joints. Prior to leg assembly, the battery is placed inside the body and the outer
main PCB must be mounted on the top of the frame and be connected to the
inner flexible sensor PCB. Then, the legs are folded and their fasteners are locked
to form the rigid triangular links. During the assembly process, positioning some
of the interior extensions and locking U-shaped fasteners can be challenging.
Introducing some slots such as the one labeled as 6 in Figure 2.9 can help overcome
this problem. With the help of these slots, one can access the fasteners easily
with tweezers or a similar hand tool. Finally, the cams (crank links) are attached
to the DC motors’ shafts and the legs and cams are connected by inserting a pin

through the pin holes (Figure 2.9-7).

The assembled MinIAQ-I is approximately 6 cm wide, 12 cm long from leg-to-leg,
and has a maximum height of 4.3 cm. In the absence of any electrical components,
the folded body weighs only 3.5g. The DC motors add a total of 5 g and the PCB,
electronic components, battery, and encoders add an extra 14.5g to the platform

making the weight of MinIAQ approximately 23 g.

2.4 Design of MinlAQ-II

The actual running and turning tests of MinTAQ-T [1], presented in Chapter 3,
showed that the original robot is relatively slow and cannot maneuver properly
due to the poor trajectory of its easy-to-make leg mechanism. Through designing
the first version robot, the experience gained on design of foldable actuation
mechanisms have been used to create an improved four-bar for higher traction
and better stability. The improved mechanism requires links that are not flat,
essentially joints that are fixed to a specific angle. In this section, the new version

of the robot, named MinIAQ-II, and its design enhancements are presented [2].
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A contribution of MinTAQ-II to the design of foldable structures is the use of an
alternative approach to optimizing easy-to-fold four-bar leg designs. Furthermore,
a systematic approach to creating crease pattern of foldable non-straight rigid
links, links with fixed-angle joints in the middle, is introduced. It is believed
that the novelties in the design of foldable structures in the original and the new

version robots can be applied to similar foldable mechanisms.

Like its predecessor, MinlAQ-II (see Figure 2.10) weighs 23 g, is 12 cm in length,
6cm in width, 4.5cm cm in height, and can walk forward at a faster rate with
higher stability (discussed in detail in Chapter 3). Having optimized the actuation
mechanism trajectory and observed comparable performance improvements of
MinTAQ-IT over MinIAQ-I, this robot can be used to perform gait studies in

miniature scale robots.

Figure 2.10: MinIAQ-II: The latest version of foldable miniature quadruped
robot, with improved leg design.

In fabrication of MinlIAQ-II, the same structural material as in the original
MinTAQ-T is used, which is 100 pm thick PET sheets. The design of its crease
pattern is essentially the same for the main frame enclosure and the only part
that is changed is its unfolded four-bar leg design. The leg kinematic chain
design follows the same principle of having compliant flexure joints with rigid
triangular beams. However, the original straight coupler link is altered into a
non-straight link design to resemble a folded knee shape. Further details on the
actuation mechanism optimization and its crease pattern design are provided in

Sections 2.4.1 and 2.4.2, respectively.
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2.4.1 Actuation Mechanism Optimization

The original easy-to-fold four-bar leg design in MinlIAQ-I (see Figure 2.3) has
a relatively poor trajectory, and in the actual experiments, the robot was found
to be quite bouncy and slow relative to its size. Essentially, a flatter and more
elliptical trajectory can indeed help maximize the stride length during ground
contact and stabilize the body motions. Altering the straight coupler link into
a knee-shaped link, as can be observed in many animals, can shift the elliptic
trajectory of the foot to be more inline with the ground. But this alteration
is not straight-forward due to restrictions of the manufacturing process and 2D
unfolded design complexities. Thus, the simplest solution to tackle a non-straight
rigid link design is to incorporate a fixed-angle locking joint into the coupler link

unfolded design.

Optimizing MinlAQ’s leg design for better foot trajectory resembles the case of
dimensional synthesis of a four-bar mechanism with path generation constraint.
Dimensional synthesis of a mechanism is the technique used in determining a set
of appropriate link lengths to acheive a prescribed target trajectory. This target
for MinIAQ is to find a point (tip of the foot) connected to the coupler link
such that it generates a desirable coupler curve (foot trajectory) [34,35]. While
in MinIAQ-T the tip of the foot is basically just a point along the extension of
the coupler link, in the optimized mechanism this point can be anywhere on the
planar space of the four-bar, resulting in a non-straight coupler link shape. Prior

to synthesis and optimization, kinematic analysis of the leg must be done.

2.4.1.1 Position Analysis of the Four-bar Leg Mechanism

Even though the folded leg of MinIAQ is a flexure based compliant mechanism,
in the kinematic analysis of the four-bar outlined below, it is assumed that all
joints are ideal revolute joints. Kinematic analysis of compliant mechanisms
require nonlinear large deflection beam theories with elliptic integral solutions

which are relatively complicated and computationally heavy to solve, making
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them not efficient for basic optimization problems [36-38]. The position analysis
of MinTAQ’s leg initiates with the assumption that the planar coordinates of the
node A (point connected to the robot’s frame) and node B (motor position within
the frame) are fixed and the input crank angle, ¢, is known. Thus, the unknowns
become the coordinates of the nodes C', D, and E (Figure 2.11). Note that the
actual four-bar mechanism is ABC'D and node F is the tip of the foot, making
the coupler, CDFE, resemble a knee-shaped non-straight link.
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Figure 2.11: A schematic of the generalized modified four-bar leg mechanism
considered in the design of MinIAQ-II locomotion. The red dashed lines indicate
the nodal design constraints and the blue dashed curve represents the target
trajectory used in the optimization algorithm.

Since the length of the cam shaft encoder (link 2) is known, the exact coordinates

of node D can be determined by
rp = xp + I3 cos(P) (2.1)
Yyp = yp + lasin(¢) (2.2)

where [, is the length of the k" link and z; and y; are the planar coordinates of
node j. The unknown coordinates of node C' can be found using the Pythagorean
theorem and the fact that links 3 and 4 have fixed lengths.

(tc —2a)* + (yo —ya)* =1 (2.3)
(zc —2p)* + (yo —yp)* =13 (2.4)
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Equations (2.3) and (2.4) are nonlinear and should be solved by an analytical
or numerical nonlinear method, after substituting the known link lengths and
coordinates of A. This is expected from kinematic analysis of a four-bar where
velocity and acceleration constraints are linear equations but position constraints
are nonlinear [35]. Since the equations are quadratic, solving the nonlinear system
for x¢ and y¢ yields two sets of solution for each unknown. From Figure 2.11,
it can be clearly seen that the x-coordinate of node C' must satisfy z¢ > x4
condition. The ambiguity in selection of correct yo solution arises from the fact
that the mechanism has two closures. Note that the solution with higher yo value
which corresponds to the open assembly configuration is selected over the crossed

assembly configuration.

Lastly, the tip of the foot unknown coordinates, rp and yg, can be found by
considering the fact that links 3 and 5 are technically one link, fixed to each
other with a constant positive angle of 1 in between, making them practically
one rigid link. Note that, an angle of ¢y = 0 essentially gives the kinematics of
MinIAQ-I. The angle of link 3, 5 needs to be determined first by

f = arctan (M) (2.5)
Tp — X
and the angle of link 5 and consequently coordinates of point £ can be found.
6=5—1 (2.6)
rp = xp + l5cos(h) (2.7)
yE = Yp + l5sin(6) (2.8)

2.4.1.2 Position-based Trajectory Optimization

The kinematic analysis outlined above provides the basis of the position-based
optimization methodology that is employed to determine a set of dimensional
parameters giving a desirable target foot trajectory. The utilized optimization
technique is based on dimensional synthesis of mechanism with Genetic algorithm
approach. Unlike classical deterministic optimization methods which often end up

with a local minimum solution, Genetic algorithm has a probability of attaining
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the global optimum in the exploration space. It is also simpler to implement with

less computational complexities for optimization problems [39-41].

In optimizing MinlAQ’s mechanism, a nodal-constrained single-cost-function
multi-parameter approach is taken. In simple terms, the technique is to carefully
define constraint regions for placement of each individual node in planar space to
form a four-bar leg design whose resulting foot trajectory is as close as possible to
a predefined target trajectory. The nodal constraints are shown with red dashed
regions on Figure 2.11. The desirable trajectory, which is defined by a straight
line stance phase and a short lift swing curve, is also shown with blue dashed
line. Even though such target trajectory may be achievable by some well-known
linkages such as Chebyshev’s parallel motion [42] or Klann mechanism [43, 44],
most of them require either higher number of links or having joints with rotations
beyond what a flexure foldable joint offers. Since fabrication of such mechanisms
can be very challenging using foldable techniques, the optimization is based upon

the initial easier-to-fold MinIAQ-I four-bar linkage.

Selection of the constraint regions are not done arbitrarily to avoid unnecessary
customization of the original robot’s crease pattern. The coordinates of the motor,
i.,e. node B, is fixed at its location. Node A, which connects to the bottom
surface of robot’s main frame is restricted to be shifted only along x-direction
and away from the other links, at most by a few millimeters (to keep the robot
length nearly constant). This constraint on z4 allows a less stressed flexure
joint bending (smaller maximum bending angle between links 3 and 4) which
has been the primary cause of robot’s failure due to joint fatigue. Similarly, the
constraint region for node C, which correlates with the link lengths I3 and [4, is
selected relatively wider along horizontal direction to eliminate possible undesired
solutions with highly bent flexure joints. The constraint on node D is defined
as a relatively small region to ensure that the length of the input crank links,
which also serve as encoders for the motors, are neither too small nor too large.
Lastly, a relatively large region is defined for the coordinates of the coupler point
or tip of the foot, node F, which in other words is equivalent to changing the
fixed-angle v lock and [5 link length.
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The design input variables for optimization are therefore: x4, x¢, yo, *p, yp,
rg, and yg, which are all bounded to aforementioned constraint regions. Given
an initial four-bar topology as the starting configuration (such as the one shown
in Figure 2.11), the optimization algorithm varies, at each iteration, the input
parameters within their bounds and connects the joint positions to form a new
four-bar linkage. The resulting four-bar should satisfy the Grashof’s mechanism
condition [35] which is defined by

(L+95)<(P+Q) (2.9)

where L and S are lengths of the shortest and longest links, respectively, and P
and @ are the lengths of the other two links. When a four-bar is of Grashof’s
mechanism type, it is ensured that its shortest link (crank) can make a full 360°
rotation. This is a must condition for MinIAQ’s actuation as the legs are driven
by DC motors. For the Grashofs’ solutions, the trajectory of the foot is generated

for a full turn of crank link.

The last design constraint which is imposed at this point is related with flexure
joint limitations. In the actual robot, joints A and C are compliant flexure joints
that have limited fatigue lifetime under cyclic loading. Based on observations
of MinTAQ-I, the failure primarily occurred at joint C' which was undergoing a
higher maximum flexure joint bending (~ 115°) than joint A (~ 75°). Due to this
reason, a maximum allowable 90° bending is imposed on these two flexure joints.
Moreover, in an early iteration of the optimized design, a single foldable compliant
leg was made in which the flexure joint at node C had a lower bound of about 10°
bending value. In other words, at this respective configuration, links 3 and 4 were
becoming nearly inline with each other; where it was observed that by applying a
tiny force at the foot or directly on the flexure joint C, the mechanism could very
easily switch to its closed assembly configuration which is totally undesired. This
surely does not occur in four-bar mechanisms with ideal pin joints but can easily
happen in compliant mechanisms. Consequently, a minimum allowable bending
of 20° constraint is imposed on node C' to prevent such issues. In optimization
process, if an assembly satisfies the Grashof’s condition but not the joint bending

angles constraints, the solution is skipped to the next iteration.
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For the solutions satisfying all above-mentioned conditions, the optimization cost

function is evaluated as follows:

ZN:1 min(Ey, — T)?
RMS:\/ S k (2.10)

where N is the number of discrete points at which trajectory is calculated,

min(E, — T) is the shortest distance from point E to the ideal target curve
for the k' discrete point, and RMS is the root mean square error between the
ideal and actual trajectories. Thus, the goal is to minimize the cost function by
changing the geometry of the mechanism within the pre-defined ranges. This is
done in MATLAB environment where the entire parameter space is first explored
globally for a solution using Genetic Algorithm Toolbox. Once a nearly optimum
solution is found, a further localized optimization is 