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Abstract

This work presents the design of an additively manufactured mesoscale parallel
robot that is actuated by piezoelectric bimorphs through a compliant transmission
mechanism. The piezoelectric bimorph actuators are modeled via finite element
and experimentally tested to verify their performance. A transmission mechanism
is designed using finite element analysis to determine the critical parameters for the
conversion of the piezoelectric actuators small linear displacements to large rota-
tional motion. Multiple transmissions are fabricated using additive manufacturing
and are tested experimentally. The transmission mechanism is then used to cre-
ate a six-bar parallel robot that is driven by the piezoelectric bimorphs, which is
simulated and tested experimentally. The planar parallel robot is 37.88 by 20.54
millimeters in size and has a workspace of 14.36 by 8.66 millimeters for a total area
of 65.6 millimeters squared. The robot is capable of following trajectories within

the workspace at a frequency of up to 10 Hz.
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“If I have seen further, it is by standing on the shoulders of giants.” - Isaac Newton
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1 Introduction

The fabrication of mesoscale robotics is a growing area of research that occupies
the space between traditional manufacturing methods and microelectromechanical
systems (MEMS) fabrication [1], [2], with potential applications in micro-assembly,
micro-robotics, or medical applications [3]. Manufacturing at the mesoscale involves
the fabrication of millimeter-sized parts and requires dimensional accuracy within
microns [4] [5]. Due to the complexity of construction at this scale, the time required
to design, fabricate, and assemble mesoscale robots is a hurdle for both prototyping
and mass production [6].

For the actuation of mesoscale robots, piezoelectric actuators are frequently
used, in particular, piezoelectric bimorphs, which have precise, high-speed linear
displacement and relatively large blocked force [7]. These actuators use the converse
piezoelectric effect, converting electrical energy to mechanical strain. However, the
approximately linear displacement of these actuators is in the sub-millimeter range

and must be magnified with an amplification mechanism to be useful. Various



methods have been investigated to achieve this such as a lamina microrobot with
piezoelectric actuators, using a four-bar linkage to amplify the displacement [8], or
a lamina millimeter-scale delta robot that uses linkages, crank sliders, and flexible
revolute joints to convert and amplify the displacement of piezoelectric actuators
[9]. These mechanisms rely on planar manufacturing methods to maintain a small
overall size and effectively amplify the displacement of the piezoelectric actuators.

As an alternative to planar manufacturing methods, additive manufacturing has
been investigated for fabricating compliant robots |10]. Additive manufacturing
fabricates parts by depositing layers of material layer by layer and excels at low-
volume manufacturing by allowing multiple designs to be fabricated at once |11] [12]
while requiring little to no post-processing before assembly and integration. Print-
ing smart structures directly has been investigated with methods such as pattern
magnetization [13] [14] and thermal shape-memory polymers [15]. With additive
manufacturing, compliant mechanisms can be fabricated with flexible filaments and
photopolymers with low-cost printers or printing services |16], or integrated with
additively manufactured parts [17]. Compliant mechanisms, which rely on flexible
members to transfer force and motion, show potential for conversion of small linear
displacement to large rotational motion [18]. These mechanisms can be additively

manufactured, enabling rapid prototyping of compliant monolithic structures [19].



1.1 Piezoelectricity
1.1.1 The piezoelectric effect

The piezoelectric effect is behind the behavior of specific materials that generate
an electrical charge in response to mechanical stress. It was discovered in 1880 by
Pierre and Jacques Curie, who identified various crystals exhibiting piezoelectric
behavior [20]. Gabriel Lippmann predicted the converse piezoelectric effect in 1881,
where an applied electrical field would result in mechanical strain [21]. Since then,
piezoelectricity has found widespread use in ignition systems [22], sensors [23], and
actuators [24].

The piezoelectric effect relies on the dipole moments of piezoelectric crystals,
which are neutral while at rest. When these crystals are deformed, a dipole moment

is created due to the new positions of the charged atoms (see Fig.[L.1]).

O [« 103 Oxygen © Ti,Zr,

Fig. 1.1 Piezoelectric effect on a molecular scale (Image source: [25])



Piezoelectric ceramics are composed of multiple crystals, each crystal initially
having a dipole moment in a random direction, resulting in a net change of zero
126] (see Fig.|1.2a)). To align the electric field in these crystals, an electric field is
applied, as shown in Fig.[1.2b] while the material is just below its Curie temperature
(the temperature where a specific material loses permanent magnetic properties).
As a result, the crystal domains in the piezoelectric material become aligned with
the applied electric field (see Fig.. After the electric field and heat is removed,

the crystal domains remain largely aligned to the applied electric field .

(a) Randomly aligned (b) Polarization and heat- (c) Alignment after polar-

crystal domains ing process ization process

Fig. 1.2 Polarization process of piezoelectric ceramics (Image source: ||

Piezoelectric transducers have been studied extensively and constitutive equa-
tions from the Institute of Electrical and Electronics Engineers (IEEE) are widely
used. The IEEE standard assumes a linear theory of piezoelectricity , which
is valid for small electric fields, stresses, and strains (which ignores effects such as

hysteresis and creep) . The piezoelectric constitutive equations can be written



as:

ﬂj = CiEjlekl — ekijEk (11)
D; = eiaSu + € Ex (1.2)

where Tj; is the stress tensor, D; is the electric displacement tensor, cg-kl is the
elastic stiffness constant, ey;; is the piezoelectric constant (coulomb per square
meter), €;; is the dielectric constant, Sy, is the strain, and Ej is the electric field.
The superscript for ¢;j; indicates whether the coefficient was obtained with the
piezoelectric in short circuit (superscript E) or in open circuit (superscript D).
The superscript for ¢;; indicates whether the coefficient was obtained at constant
strain (superscript S) or at constant stress (superscript T')

Assuming constant values for the elastic compliance constants, piezoelectric
strain constants, and dielectric constants, the constitutive equations can be written
as:

Sij = st Ta + diij Ex (1.3)

D; = di Ty + €, B (1.4)

where s;;,; is the elastic compliance constant, and d;; and d; are piezoelectric
strain constants.

It is possible to convert the tensor notation of equations (|1.3) and (1.4) to

matrix notation by replacing ij and kl with p and ¢, respectively (where i, j, k, 1



have indices 1, 2, 3 and p, q have indices 1, 2, 3, 4, 5, 6). This gives:
Sy = sh Ty + dip By (1.5)
D; = d;, T, + e; Ey, (1.6)
where
Sij =S, wheni=j,p=123
258, =S, when i # j,p=4,5,6

It is possible to express equations ([1.5)) and (1.6 in matrix form as follows:

r.E E E (E E (ET
(G, S11 S12 S13 S1u Si5 Sie T, Cdir dor der]
1 1 11 @91 d3i
sk b sk b sk sE
Sy 21 °22 223 “24 925 26| |75 dig daa ds3o o
E ([E E E JE E 1
Sz|  [S31 S32 S33 Sz S35 Sze| |13 i diz dy3 ds3 E (1.7)
= 2 .
Sy shoosk sk sh o sEsE | T dia daa dzs E,
55 SE SE SE SE SE SE T5 d15 d25 d35
51 S52 Ss3 Su5 Sss She
[ S6_ g £ £ .8 £ .| Ls | dig das  de]
[S61 Se62 S63 S46 Ses 566
v
T, T T T
D, din dia dig diy dis dis T €11 €12 €3 Ey
_ 3 T T T
Dy| = |dy1 dy doz das das das T, + |1 € €3 | En (1.8)
D d31 dss dsz dss dss d T [T T E
3 s sz dyy dse a5 dae] | ef el ek 3
Ts

where d;; is the piezoelectric strain constant (or piezoelectric charge coefficient).
It is obtained by dividing the strain that occurs in the j-axis by the electric field
applied in the ¢-axis for a piezoelectric material at rest. The units are in meters per

volt, equivalent to coulombs per newton. An alternative material property often



used in place of d;; is g;;, known as the piezoelectric voltage coefficient. This is
obtained by dividing the electric field generated along the i-axis by the applied
stress in the j-axis. The units for g;; are volt meters per newton, equivalent to
meters squared per coulomb. The elastic compliance coefficients siEj (or elastic
compliance constants) are the strain in the i-axis divided by the stress in the j-axis.
The dielectric coefficient (or dielectric constant) e;fpj is the charge per unit area along

the i-axis caused by an electric field in the j-axis [30].

[2]

u,2

1

/ Piezoelectric Material

Surface Electimdes
Dipole Alignment

Fig. 1.3 Piezoelectric transducer diagram (Image source: ]|

Subscripts 1, 2, and 3 correspond to z, y, and z directions of a Cartesian coordi-
nate system. Subscripts 4, 5, and 6 correspond to directions that are dependant on
the crystal system of the piezoelectric material . Many piezoelectric ceramics
(such as lead zirconate titanate and barium titanate) fall under hexagonal crys-

tal systems with a crystallographic class of 6mm . When these transversely
7



isotropic materials are polarized along axis 3 (see Fig.[1.3]), the elastic compliance

coeflicients may be simplified as follows [32]

S12 = S21
E E
S44 = S3s

Sgs = 2(s11 — 512)
sy =0 when p # ¢ for p=¢q=4,5,6

The piezoelectric strain coefficients are zero except for dis, dog, ds1, d3a, d3z, and

the constants have the relation that
di5 = doy

d31 = d32

Finally, the dielectric coefficients are zero except for e/, = €X,, €l,. Applying these

changes to equations (|1.7) and ([1.8) results in the constitutive equations for a



transversely isotropic piezoelectric material as:
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A relative dielectric constant, K, used instead of €/ by many piezoelectric ce-

ramic suppliers, is defined by the following equation

where ¢ is the permittivity of free space (dielectric permittivity in a vacuum),

measured in farads per meter.

1.1.2 Piezoeletric materials

In the years after the discovery of the piezoelectric effect by the Curie brothers,
Rochelle salts and quartz became the most popular piezoelectric material due to
their strong piezoelectric response [33] [34]. Both of these crystals were heavily
researched in the following years, with the goal of using them as underwater trans-

ducers to detect submarines [35]. In the 1940s, the first piezoelectric ceramic -
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barium titanate (BTO) - was discovered, and was easier to manufacture compared
to piezoelectric crystals [36] [37]. In 1952, lead zirconate titanate (PZT) was discov-
ered, and due to its higher Curie point and stronger piezoelectric effect, it rapidly
became the most commonly used piezoelectric ceramic [38] [39] |40]. Numerous
lead-free alternatives have been developed, but at this time are not as effective as
PZT, or are cost prohibitive to manufacture [41]. Heavily used by the U.S. Navy
during WWII, it became common to refer to PZT variants by the military stan-
dard, which classifies PZT by a “Navy Type” [42]. The most popular PZT variants,
PZT-5A and PZT-5H, are known as Navy Type II and Navy Type VI, respectively
[43]. The piezoelectric material properties of PZT-5A and PZT-5H are shown in

Table [.2].
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Property Symbol | Units PZT-5A PZT-5H
Density P kg/m? 7500 7500
Relative dielectric KL 1700 3400
constant K, 1730 3130
Piezoelectric strain dss3 m/V | 374 x 10712 585 x 10712
constant ds1 m/V | =171 x 1072 | —285 x 107!2
dys m/V 585 x 10712 730 x 10712
Piezoelectric voltage g33 m?/C | 24.8 x 1073 19.7 x 1073
constant gs1 m?/C | —=11.4 x 1073 | —8.5x 1073
g5 | m?/C | 382x107% | 20.0 x 1073
Elastic compliance sk m?/N | 188 x 1071% | 20.0 x 10~
constant sh m?/N | 15.0 x 1072 | 15.6 x 10712

Table 1.2 Relevant material properties of PZT-5A and PZT-5H (Source: [44])

1.1.3 Piezoelectric sensors

Piezoelectric sensors use the direct piezoelectric effect to convert mechanical stress
into electric charge. As the mechanical stress changes, so does the electric charge,

allowing for the piezoelectric to sense changes in stress. Uses of piezoelectric sen-

11



sors include microphones, sonar detection, and accelerometers (among many other

applications) [45].

1.1.4 Piezoelectric actuators

Piezoelectric actuators use the converse piezoelectric effect to convert an input
voltage to mechanical displacement. They are capable of high-speed yet precise
displacement, and have found use in micro-positioning applications such as mirrors
[46] and lenses [47]. The primary trade-off with piezoelectric actuators is displace-
ment versus force, which influences the decision on which actuator to use for a
given purpose [7]. Piezoelectric actuators have a long operating lifetime but must

be handled carefully as piezoelectric ceramics are brittle [4§].

1.1.4.1 Stack actuators

Piezoelectric actuators are available commercially in various forms. Stack actuators
are comprised of thin piezoelectric ceramic layers that are stacked in alternating
orientations (see Fig.[1.4). They are capable of producing a large blocked force
(thousands of newtons) and a small but precise linear displacement (on the order
of microns). Stack actuators have been a subject of research for applications in

energy harvesting [49], vibration control [50], and nano-positioning [51].
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Fig. 1.4 Piezoelectric stack actuator diagram (Image source: [52])

1.1.4.2 Cantilever actuators

By elongating the piezoelectric layer into a cantilever beam, the deflection increases
significantly (on the order of hundreds of microns), but at the expense of blocked
force (around 1 Newton). Cantilever actuators are categorized by the number of
piezoelectric layers they possess: unimorph, bimorph, and multimorph. Piezoelec-
tric unimorph actuators consist of one layer of piezoelectric material, joined to a
passive layer (see Fig. [53]. Bimorphs consist of two piezoelectric ceramic layers
stacked with opposing orientations (see Fig.|1.6]). For a given set of actuator param-
eters and voltage, at best a unimorph actuator will have half the displacement of a
bimorph actuator [54] [55]. As the number of layers for a given actuator increases,
so will the blocked force and tip displacement. Multimorphs (or multilayer actua-
tors) take advantage of this; each half of the actuator consists of thin piezoelectric

layers in alternating orientations (see Fig.[1.7). While the increased displacement
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and blocked force are clear advantages for bimorphs and multimorphs, decreasing
the thickness of each layer results in a significant cost increase . The bene-
fits of increased displacement and blocked force therefore must be weighed against

increased costs. Applications of cantilever actuators include small-scale stepper

motors 7 micro-robotics ﬂg[], and valves .

al piezoelectric
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Fig. 1.6 Piezoelectric bimorph diagram (Image source: ||
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Fig. 1.7 Piezoelectric multimorph diagram (Image source: ||

14



While cantilever actuators have relatively high displacement for piezoelectric
actuators as a whole, the displacement is small relative to the total size of the
actuator. For this displacement to be usable in mesoscale robotics, it must be
amplified with the use of a transmission mechanism. By integrating cantilever
piezoelectric actuators with compliant mechanisms, this small linear displacement

can be converted into large rotary motion.

1.2 Compliant mechanisms

A compliant mechanism is any mechanism that uses flexible members to transfer
motion or force [60] [61]. An ancient example of a compliant mechanism is the bow
and arrow, where energy is stored in the limbs of the bow as they bend, and is later
released. To present a usable alternative to rigid mechanisms, research has been
done to create compliant joints that can achieve the same range of motion as rigid
connections such as revolute joints, planar joints, and other kinematic pairs [62].
Complaint mechanisms have a wide range of applications, including common tools
such as binder clips [63] or pliers (see Fig.[I.§). Complaint mechanisms are often
monolithic, as joints that would require multiple segments are fabricated in one
part, resulting in fewer total parts compared to an equivalent rigid-body mecha-
nism. They can eliminate the need for sliding contact and do not require lubrication

as there is no friction. For flexure joints, compliant mechanisms are effective as they
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have no backlash, no deadzone, and motion is transferred directly. The amplifica-
tion of motion using complaint mechanisms has been investigated by Bachta et al.
for stabilization during cardiac surgery , where a parallel structure driven by
piezoelectric stack actuators uses a kinematic singularity to amplify linear motion
to rotate a stabilizing shaft. Downsides of complaint mechanisms include a complex
design process, inability to do continuous rotational motion, stress relaxation, and

fatigue from cyclical motion.

#

* ‘ BYU Q) CMR

Fig. 1.8 Compliant pliers (Image source: ||

Due to the difficulty of manufacturing complex structures for complaint mech-
anisms, fabrication methods such as lamina emergent mechanisms have been in-
vestigated, where all manufacturing is done in plane . With the widespread
adoption of additive manufacturing, it is now possible to fabricate monolithic com-
pliant mechanisms, allowing for significant time savings in the design and fabrica-

tion phases.
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1.3 Additive manufacturing

Additive manufacturing (or 3D printing) is a process in which a model is built
layer by layer, allowing for rapid prototyping. In 1984, Chuck Hull patented the
first stereolithography 3D printer, beginning an era of rapid prototyping technology

67,

1.3.1 Comparison to traditional manufacturing

Compared to traditional manufacturing methods (such as forging, machining, or
injection molding), additive manufacturing has its own advantages and challenges.
Additive manufacturing is effective at low-volume manufacturing, as models can be
fabricated without the need for molds or equipment swapping |11] [12]. Perhaps the
largest advantage is that complex structures that would be cost or time prohibitive
to manufacture with traditional methods can be readily fabricated [68]. However,

additive manufacturing is not without its limitations:

e Maximum part size is limited by the size of the printer (the majority of con-

sumer 3D printers have a build volume smaller than 300 x 300mm x 300mm).

e Minimum feature size is limited by printer accuracy while also being worse

than traditional manufacturing methods. [69]

e Tolerances are significantly worse than traditional manufacturing methods.
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e Parts may require post-processing such as support removal, surface finishing,

or curing before they are complete [70].

e Material availability is limited primarily to plastic as metal printing technol-

ogy is not as mature and is currently cost prohibitive [71].

e Parts designed for additive manufacturing processes have different design con-
siderations that need to be accounted for, including (but not limited to) sup-
port for overhangs and bridges, drain holes for unused material, and printing

orientation [72].

e Traditional manufacturing methods are optimized for high volume produc-
tion, significantly reducing the cost and time required for each part compared

to additive manufacturing [68].

Despite these limitations, additive manufacturing offers the opportunity to cre-
ate complex monolithic mechanisms that are immediately ready for use after print-
ing without assembly, with significant time savings compared to traditional manu-

facturing.

1.3.2 Pre-processing

For all additive manufacturing processes, a 3D model must first be prepared. Using

CAD software (or any software that can generate 3D models), the 3D model is
18



exported as an STL file. Created in 1987 by 3D Systems (founded by Chuck Hull),
the STL file format is the most common format used for 3D printing today. An

STL file is a tessellated representation of the surface geometry of a 3D model using

triangles .

(a) Original 3d model (b) STL model

Fig. 1.9 Converting a 3D model to the STL file format

1.3.3 Additive manufacturing processes

3D printers can be classified by the process they use, with the majority falling
into one of the following processes: photo-polymerization, material extrusion, and

powder bed fusion.

1.3.3.1 Photo-polymerization

The first additive manufacturing method, photo-polymerization, began with stere-
olithography (SLA), where an ultraviolet (UV) laser cures a UV-reactive resin. A
platform is located in a vat of liquid photopolymer resin, and a scanning mirror
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guides the laser as it cures the current layer. Once the layer is completed, the
platform moves one layer height lower, and the process is repeated until the print
has been completed. Upside-down (or bottom-up) SLA printers have the laser po-
sitioned underneath the platform. Parts printing top-down can only be as tall as
the liquid resin vat, as opposed to bottom-up SLA printing where the liquid resin
only needs to be deep enough for the current print layer. In most cases, the part
is then post-cured after removal by exposing it further to UV light, improving part
strength. Aside from part prototyping (a common application of all 3d printers),
SLA printers are heavily used in the medical industry to make orthodontic devices
[74]. Other resin printer technologies include digital light processing (DLP) and
liquid crystal display (LCD) printers. DLP printers use a projector to cure one
layer of resin at a time [75]. Similarly, LCD printers use an LCD screen to selec-
tively expose each layer of resin at a time. DLP and LCD are faster than SLA
printers but are limited by the pixel density of their respective light sources. Inkjet
3D printers are a notable variant of resin printers, such as the Objet PolyJet line
of printers from Stratasys. Inkjet printers deposit and immediately cure the resin
layer by layer with a UV lamp, and can print support material simultaneously. This
saves on resin costs and eliminates the need for post-curing a part. Multi-material
capabilities are available with PolyJet printers, a notable advantage over vat resin

printers.
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Fig. 1.10 SLA printing process (Image source: ||

1.3.3.2 Material extrusion

Material extrusion 3D printers melt a thermoplastic, which is then extruded onto
a build surface, where it solidifies after cooling. This process is known as fused
filament fabrication (FFF) (sometimes known as fused deposition modeling (FDM),
which is trademarked by Stratasys)). Material extrusion printers have a variety of
configurations but always include a heating element and filament extrusion system.

The filament is fed into a heating element (known as the hot end or extruder), and

the melted filament exits through a nozzle opening.

21



.............................

Filament
supply

Extrusion
zone

Solidifying material
Solidified material

Fig. 1.11 FFF printing process (Image source: ||

Common rigid materials include PLA, ABS, and PETG. Flexible materials such
as TPU are available, and support materials such as PVA . Typically, FFF
printers print each layer in the XY plane, and the layers are built up along the
7 axis. FFF printing results in anisotropic parts, as the bonds between layers
in the Z axis have lower tensile strength . FFF printers are mainly used for
rapid prototyping, as other additive manufacturing processes are better suited for

production parts.

1.3.3.3 Powder bed fusion

Powder bed fusion builds each layer by fusing granules together, typically with a
laser. The earliest method, selective laser sintering (SLS), partially melts a powder

material to create each print layer [79]. Once a layer is completed, a new layer of
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powder is placed over the previous layers, until the process finishes.

The building steps

Melted
zones

Spread powder

Fig. 1.12 Powder bed fusion printing process (Image source: ||

Other powder bed fusion processes exist, such as direct metal laser sintering
(DMLS), selective laser melting (SLM), and electron beam melting (EBM) which
uses high-energy electron beams rather than a laser . DMLS functions similarly
to SLS but is used to make metal parts. SLM and EBM are also used to make
metal parts, but fully melt the powder for fusion, rather than partial melting of
sintering methods. Powder bed fusion is a common choice for end-use applications
and functional prototyping for plastic parts. While powder bed fusion primarily
uses nylon for plastic parts, common metal powders include steel, aluminum, and
titanium.

Each additive manufacturing process has advantages and disadvantages. While
the price and build quality of a printer can significantly impact the differences

between manufacturing methods, some general comparisons can still be made:
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e Resin and powder printers have higher resolution than material extrusion

printers.

e Resin printers have a larger material variety than material extrusion printers,

and both have a higher material variety than powder printers.

e Resin and powder printing materials are significantly more expensive than

filament for material extrusion printers.

e Powder printers do not require support structures when printing overhangs
and similar features (reducing material cost, print time, and improving final

appearance), which are necessary for resin and material extrusion printers.

The resolution of PolyJet printers, combined with flexible material and multi-
material printing, makes them an attractive option for the rapid prototyping of
monolithic mechanisms containing flexure joints. Flexible PolyJet materials in-
clude Agilus30 and Tango from Stratasys. Tango polymer is highly flexible, with a
shore hardness (the hardness of a material that states how resistant it is to inden-
tation) of 26-28A, and a tensile strength of 0.8-1.5 MPa. Agilus30 is still flexible,
but tougher than the Tango material, with a shore hardness of 30-35A and tensile
strength of 2.4-3.1 MPa. Agilus30 is capable of withstanding repeated bending,
making it a material of interest for flexible mechanisms [81]. If a flexible transmis-

sion mechanism can be readily fabricated with additive manufacturing, there is a
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significant advantage in going further and making the entire robot out of a flexible
material, allowing for a truly monolithic design. Rather than fabricating and as-
sembling many individual components to utilize a flexible transmission mechanism,
significant time savings could be realized by manufacturing an entire robot in one

step.

1.4 Robotics

Industrial robotics started in the 1950s with the Unimate, a robot arm that ex-
tracted die-casted parts at a General Motors factory [82]. Today, robots today can
be found in countless industries such as manufacturing, healthcare, and agriculture,

among many others.

1.4.1 Basic terminology

Robots are composed of links and joints. Links are the rigid body elements that
comprise a mechanism. Links are connected by joints (which constrain the move-
ment between links) [83]. Together, links and joints form a kinematic chain. Kine-
matic chains are either open-loop, closed-loop, or hybrid. An open-loop kinematic
chain is when every link is connected to the other links by only one path, in a
closed-loop kinematic chain every link is connected to other links by more than

one path (see Fig.[1.13) [84]. A hybrid kinematic chain contains both open and
25



closed-loop chains. Robots are commonly classified by their kinematic structure:
serial robots are open-loop kinematic chains, while parallel robots are closed-loop

kinematic chains.

Link
@ Serial link @ Parallel link

Serial joint linkage Parallel joint linkage

Fig. 1.13 Serial and parallel linkages (Image source: ||

1.4.2 Serial robots

Serial robots contain one fixed end and a link with a free end [86]. The free end
is known as the end effector [84] which often has a gripper or tool attached to
it (see Fig. [1.14). To determine the location of the end effector, the relevant
kinematic equations must be solved. One method is to use direct (or forward)
kinematics, where the joint parameters are given, and the position of the end effector
is calculated. The other method is to use inverse kinematics, where an end position

is defined, and the necessary joint parameters are calculated. For serial robots,
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direct kinematics is preferred to inverse kinematics, as it is significantly less difficult
. Serial manipulators are commonly used in assembly lines for pick-and-
place, machining, or welding [89]. They have a larger workspace, but lower

accuracy and poorer dynamic characteristics when compared to parallel robots

Fig. 1.14 Serial welding robot (Image source: ||

1.4.3 Parallel robots

Parallel robots consist of a platform as an end-effector, connected to a base by
multiple links (see Fig.. Unlike serial robots, solving the direct kinematics for
parallel robots is complicated, while solving the inverse kinematics is straightfor-
ward . In 1954, Gough created a tire testing machine consisting of six linear

actuators in parallel. Over a decade later in 1965, Stewart contributed significantly
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to the field of parallel robotics with his work outlining a six-degree-of-freedom par-
allel robot . Stewart hoped to improve existing flight simulators , ,
where parallel robots remain in use today. . This platform is commonly referred
to as a Stewart platform, or as a Stewart-Gough platform to recognize the contri-
butions of both authors. Other uses of this platform include automotive assembly,
underwater research, and micro-positioning [97]. Parallel robots are capa-

ble of accurate, high-speed motion in six degrees of freedom, but are limited to a

small workspace [90].

Fig. 1.15 6-axis hexapod (parallel) robot (Image source: ]@

~—
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1.4.3.1 Delta robots

A subset of parallel robots, Delta robots, were developed in the early 1980s by
Clavel . The end effector is constrained to three degrees of freedom as
its orientation is held constant . The delta robot has advantages over the
parallel robots prior to it because by removing three degrees of freedom, the design
is significantly simpler. This is due to simpler kinematic solutions compared to 6
DOF parallel robots. The precise and rapid movement of delta robots has made

them a popular choice for pick-and-place robots (see Fig.[1.16)) in areas such as the

packaging industry [102].

Fig. 1.16 Commercial pick-and-place delta robots (Image source: [103])
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1.4.4 SCARA robots

The Selective Compliance Assembly Robot Arm (or Selective Compliance Articu-
lated Robot Arm, normally known as SCARA) was developed by Hiroshi Makino
in 1978 . The selective compliance of SCARA robots refers to the relatively
large compliance for the robot arm in the horizontal plane, while being stiff in the
vertical direction. This is advantageous in assembly operations such as peg-in-hole
assembly processes. Serial SCARA robots (see Fig. are the most popular
configuration, although five bar parallel configurations (see Fig. have been
investigated . The relative advantages and disadvantages between serial
and parallel SCARA configurations follow the comparisons mentioned in and

1.4.51

N g
(a) Serial SCARA Robot (b) Parallel SCARA robot
(Image source: [107]) (Image source: [106])

Fig. 1.17 Different SCARA configurations
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1.4.5 Mesoscale parallel robots

One area of research into parallel robots has been into miniaturization (exam-
ple shown in Fig.. The field of mesoscale robotics has explored a variety of
methods to overcome the difficulties of manufacturing robots at the millimeter to
centimeter scale. Limitations of these methods often include a complex design pro-
cess, expensive fabrication equipment, and lengthy assembly and integration times
[6]. Techniques used to overcome these challenges include printed circuit micro-
electromechanical systems (PC-MEMS) [2] [9] [108], compliant hinges [109] [17],
additive manufacturing [10] [110], pop-up mechanisms [111], patterned magneti-
zation [13], or a combination of the aforementioned methods. At the mesoscale,
traditional macroscale manufacturing methods such as machining run into reso-
lution and minimum feature size limitations [112], hence planar manufacturing
methods are commonly used. By manufacturing in plane, methods such as printed
circuit microelectromechanical systems (PC-MEMS), lamina emergent mechanisms
(LEMs) [66], and origami-inspired design [113] allow for high-volume production of
mesoscale robots with a lower per unit-cost and part count. Multi-material lami-
nates have enabled robots to be manufactured with built-in compliant mechanisms
such as flexures [114]. With these advantages comes the complexity of going from

two-dimensional manufacturing to the final three-dimensional form. As these mech-
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anisms do not yet have general design principles that allow for quick modification
[115] design revisions may involve substantial design changes and the modification

of multiple manufacturing steps.

Fig. 1.18 The milliDelta, a milli-meter scale delta robot (Image source: [116])

1.5 Research Objectives and Contributions

This work focuses on the development of a parallel robot using piezoelectric bi-
morph actuators, flexible materials, and additive manufacturing for future applica-
tions such as pick-and-place or micro-positioning. The small linear displacement of
a piezoelectric bimorph can be controlled precisely at high frequencies. This small
displacement is converted to large rotational motion via a compliant transmission
mechanism. To enable monolithic manufacture, compliant joints are used, signif-
icantly reducing the assembly and integration time while reducing the total part
count. In order to achieve these goals, additive manufacturing is explored as an av-
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enue to fabricate compliant parts, allowing for design revisions to be implemented
with minimal changes during fabrication, reducing the length of each design cycle.
In addition, compared to other manufacturing methods, additive manufacturing has
a low barrier to entry with regard to both the cost and expertise required to design
and fabricate mesoscale mechanisms. Bringing these areas of research together, the

objectives of this thesis are as follows:

1. Design a compliant transmission mechanism using additive manufacturing
for the conversion and amplification of small linear displacement to large

rotational motion.

2. Fabricate and experimentally test the compliant transmission mechanism to

verify the conversion and amplification of linear to rotational motion.

3. Design a six-bar planar parallel robot using piezoelectric bimorphs as actua-

tors and compliant flexure joints.

4. Fabricate and experimentally test the parallel robot, demonstrating control

of the end effector in-plane.
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2 Piezoelectric actuator characterization

Bimorph actuators (shown in Fig. are selected for the transmission design due to
their precise, high-speed linear displacement and relatively large blocked force. The
piezoelectric bimorphs chosen for these tests are the Physik Instrumente PICMA
PL127.10 (shown in Fig.2.1a)) and the Thorlabs PBANB2W (shown in Fig.[2.1D)).
A FEA model of the piezoelectric bimorphs is made to compare model perfor-
mance with manufacturer specifications (shown in Table and Table 2.4). The
PL127.10 is composed of a PZT-5A type material (PIC 251), while the PB4ANB2W

is composed of a PZT-5H type material (THP 51).

f/{/’ ! S

(a) PICMA bimorphs (Image (b) PB4NB2W bimorph (Image

source: [117]) source: [118])

Fig. 2.1 Selected bimorph actuators
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Property Units | PL127.10 PB4NB2W
Length mm 31£0.5 32£0.5
Free length mm 27 28
Width mm 9.60 + 0.2 7.84+0.1
Thickness mm 0.67+0.1 0.8£0.1
Operating voltage range \Y +30 +75
Displacement pm +450 £ 20% +450 £ 15%
Blocking force N +1.1 +20% +1.5
Resonant frequency Hz 420 + 20% 370
Capacitance nFo | 2x1.14+£20% | 2 x 0.55 & 15%
Operating temperature range °C —20 to 85 —25 to 130
Material PIC 251 THP 51

Table 2.2 Specifications of the PI and Thorlabs bimorphs (Source: [119], [120
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Property Symbol | Units PIC 251 THP 51
Density p kg/m? 7800 7700
Relative dielectric KL 1750 3300
constant Kl 1650 3370
Piezoelectric strain dss3 m/V | 400 x 10712 710 x 10712
constant ds m/V | —180 x 10712 | =320 x 10712
dys m/V | 550 x 1072 | 950 x 10712
Piezoelectric voltage 933 m?/C 25 x 1073 25 x 1073
constant g31 m?/C | —11.3x 1073 | —11x 1073
Elastic compliance sk m?/N | 15.9 x 10712 17 x 10712
constant s m?/N | —5.7x 10712 | —4.8 x 1072
sk m?/N | =7.38 x 10712 | —9.9 x 1072
sk m?/N | 20.97 x 10712 23 x 10712
sE = sE | m2/N | 44.9x 1072 | 71 x 10712
sE | m2/N | 432x 1072 | 388 x 1072
Q factor Q 80 60 £+ 5%
Poisson’s Ratio V19 0.3584 0.2824
V13 = Vo3 0.4639 0.5824

Table 2.4 Material properties of PIC 251 and THP 51 (Source: [121], [122])
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2.1 Implementing multi-layer piezoelectric materials

Both bimorphs investigated use multi-layer technology, where each half of the bi-
morph is composed of multiple piezoelectric layers with alternating polarization.
The number of layers varies depending on material thickness and manufacturing
technology. Modeling each layer using finite element software may be computation-
ally prohibitive, so the voltages applied to the bimorph are scaled corresponding to
the total number of piezoelectric layers. As both bimorph suppliers did not provide
an exact number of layers, piezoelectric beam bending equations can be used to
determine this scaling factor. The bending displacement of a piezoelectric ceramic
bimorph actuator is:

3

2
ALpeng = §d31”fll_%v (2.1)
where ALpenq is the displacement due to bending in m, n is the number of layers
in half of the bimorph (shown in Fig., dsz1 is a piezoelectric strain coefficient
dependant on the bimorph material in m/V', I is the free length of the bimorph in

m, h, is the height of the piezoelectric element (half of the bimorph thickness) in

m, and V' is the operating voltage range in V.
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Fig. 2.2 Free length and piezoelectric element height for a multilayer bimorph

(Image source: [52])

The equation can be rearranged to solve for the number of layers in each half
of the bimorph

ALbencl

%dgl h—’;zV
By inputting the values from Table and [2.4], the expected number of layers for
half of the PL. 127.10 bimorph is 17, while the expected number of layers for half of
the PBANB2W bimorph is 5. If each bimorph is modeled with only two layers, the
voltage should be scaled by 17 (from £30V to £510V) for the PL127.10 bimorph
and by 5 (from £75V to £375V) for the PBANB2W bimorph. Due to the smaller
number of layers, all 10 layers of the PBANB2W bimorph are modeled without
voltage scaling as shown in[2.3] where V. is the variable voltage, V. is the high
bias voltage, V_ is the low bias voltage and the arrows indicate the polarization
direction. The PL127.10 bimorph is modeled using two layers (shown in where

all voltages are scaled by 17.
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Fig. 2.3 Ten layer diagram for a piezoelectric bimorph

Fig. 2.4 Two layer diagram for a piezoelectric bimorph
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2.1.1 Finite element analysis of piezoelectric bimorphs

Finite element models of the piezoelectric bimorphs are created with the finite
element analysis software ABAQUS. A piezoelectric bimorph is modeled as one
rectangular body with length [ and width w (see Fig. and partitioned into two
equal bodies through the thickness ¢ to create two equal halves for the PL127.10
bimorph, while the PBANB2W model has 10 layers of equal thickness. The model is
partitioned along the length of the bimorph to separate it into the free length /; and
the constrained length [.. Material orientation and material properties are applied
to the model (Axis 1: +X, Axis 2: 4V, Axis 3: +7). The model is meshed using
quadratic hexahedral piezoelectric elements with reduced integration (C3D20RE in

ABAQUS).
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Fig. 2.5 CAD model of the PLL127.10 bimorph

2.1.2 Static deflection

For differential (bi-directional) control of a bimorph actuator the applied and bias
voltage modes are shown in Table.[2.5] where the second mode is used for the finite

element models.

Mode V., V. V_

Option 1 | Viax 0 to Vpax 0

Option 2 Vmax/2 _Vmax/2 to Vmax/2 _Vmax/2

Table 2.5 Differential voltage control modes for a piezoelectric bender
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To determine the deflection of the bimorphs, electric potential boundary con-
ditions are applied to the bottom, top, and middle faces for the low bias voltage,
high bias voltage, and variable voltage, respectively. Finally, the faces along the
constrained length [, are constrained in all directions. The static displacement is
determined by taking the displacement of the furthest node along the central axis
of the bimorph, shown in Fig.[2.6l The global element size is 0.0007 meters, deter-
mined using a mesh convergence test, where the element size is varied to identify

an element size where results are accurate while balancing computational cost.

Given displacement | ABAQUS result Percent
Bimorph
(nm) (nm) difference (%)
PL127.10 450 +20% 443.01 1.55
PB4NB2W 450 + 15% 411.275 8.6

Table 2.6 Static deflection results
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Fig. 2.6 Deflection results for the PL127.10 bimorph, displacement taken at the

node highlighted in red

The deflection results (shown in Table.2.6) show that the results for both bi-
morphs are close to the given values, with the results for the PL127.10 actuator
being closer. It should be noted that the peak displacement is taken at the mid-
point through the width as seen in Fig.[2.6, as the curvature through the width of

the bimorph results in slightly larger displacement at the corners.

2.1.3 Blocked force

For the blocked force analysis, the end node furthest along the central axis of the
bimorph (shown in Fig. is set to a displacement of zero along the Z axis. The

blocked force is determined by retrieving the reaction force at the end node.
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Fig. 2.7 Blocked force results for the PB4ANB2W bimorph in ABAQUS

Given blocked ABAQUS Percent
Bimorph
force (N) result (N) difference (%)
PL127.10 1.1 +£20% 1.099 0.091
PB4NB2W 1.5 1.182 21.2

Table 2.7 Blocked force results

The blocked force of the PL127.10 bender is extremely close to the specified

value, while the blocked force of the PBANB2W bender is significantly different.

2.1.4 Resonant frequency

To determine the resonance frequencies of the bimorphs, a frequency step is cre-
ated to extract the first ten eigenvalues corresponding to the first ten resonance
frequencies of the system. Each bimorph is fixed at the faces shown in Fig.[2.8] and

the electric potential is set to zero for all voltage inputs.
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Fig. 2.8 Boundary conditions for the PL127.10 bimorph in ABAQUS
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Fig. 2.9 Alternate boundary conditions for the PBANB2W bimorph in ABAQUS

Given resonant ABAQUS Percent
Bimorph

frequency (Hz) result (Hz) difference (%)
PL127.10 420 + 20% 441.04 5.01
PB4NB2W 370 353.55 4.45

Table 2.8 Natural frequency results
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The simulated results for the resonant frequencies (shown in Table.2.) are
reasonable for both bimorphs. The PB4ANB2W bimorph is constrained at the end
face (shown in Fig.[2.9) instead of the partitioned fixed faces where the holder would
be, as Thorlabs indicated that this is how the resonance frequency was acquired for

the specification sheet. If the bimorph mount faces are constrained, the resonant

frequency for the PBANB2W bimorph is 458.73 Hz.

2.1.4.1 Rayleigh damping

To determine the dynamic response of the system the bimorphs are driven at vary-
ing frequencies to find the peak displacements which occur at resonance. If there
is no energy dissipation in the model, it will become unstable when driven at reso-
nance. Rayleigh damping is implemented as a material damping model to overcome
this, which relates the natural frequencies of the system w; with the critical damp-
ing ratios (;. For the i-th mode of the system, the critical damping ratio can be

expressed as:

o Buw;

= 2.

G

where « is the mass proportional damping coefficient, and [ is the stiffness propor-
tional damping coefficient. The critical damping ratios for the first two modes are

therefore:

o« Buwy
G = %0, + N (2.4)
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G = X + @ (2.5)

To have equal damping applied at the first two modes the first two damping ratios

¢; and ¢ must be identical, which allows equation ([2.4) and ([2.5)) to be combined:

Q@ Buwr Q Buws
= 2.6

To solve equation ([2.6)), the damping ratio ( can be equated to the Q factor of the

material:

1
S 2Q

where @ is the Q factor provided by the manufacturer. Equation (2.4) and ([2.5))

¢ (2.7)

can be re-arranged as:

@ = w—l + ﬁwl (28)
1 o
é == w_g + 6&)2 (29)

Plugging in values for the Q factor and the natural frequencies of the system then

solving for o and f leads to the Rayleigh damping coefficients shown in Table 2.9
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Material o 15}

PIC 251 | 29.274 | 6.987 x 1077

THP 51 | 41.391 | 8.001 x 1077

Table 2.9 Rayleigh damping coefficients results

2.1.5 Dynamic analysis

Dynamic analysis is performed to determine damped resonance frequencies after
material damping was implemented. A chirp signal is applied to the variable voltage
for each bimorph sweeping from 1 to 1000 Hz with an amplitude of 1V. The peak
frequency response of each bimorph (shown in Fig. and Fig. is used to

determine the resonant frequency of the system (shown in Table [2.10)).
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Fig. 2.10 Frequency response of the chirp signal on the PL127.10 bender
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Fig. 2.11 Frequency response of the chirp signal on the PBANB2W bender
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Undamped
Damped Resonant
Resonant
Bimorph Frequency
Frequency
(ABAQUS) (Hz)
(ABAQUS) (Hz)

PL127.10 441.04 440

PB4ANB2W 458.73 457

Table 2.10 Chirp signal frequency response results

The damped resonant frequencies determined in ABAQUS are close to the pre-

dicted undamped resonant frequencies.

2.1.6 Bimorph simulation results

For the static deflection and resonant frequencies, the differences between the spec-
ification sheet and ABAQUS results are within the tolerances given. The blocked
force for the PL127.10 bender is accurate, while there is a notable discrepancy for
the PBANB2W bender. One possible reason for the differences between the benders
is that the material properties of the PL127.10 bender were readily available, while
some material properties of the PBANB2W bender were only available on request,
such as the relative dielectric constant (K7,), piezoelectric strain constant (dys).

Despite the larger discrepancies between the specification sheet and the results, the
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Thorlabs PB4ANB2W bender is chosen for future use as an actuator for a trans-
mission mechanism due to the practical considerations as they have a significantly
lower cost compared to the Physik Instrumente PL127.10 bender, as well as an

option to purchase the bender mounted to a holder.

2.2 Experimental characterization
2.2.1 Experimental setup

To determine the experimental performance of the Thorlabs PB4ANB2W benders,
four benders are tested to determine peak displacements and resonance frequencies.
Each bender is mounted to an XY micrometer stage connected to an optical table
(shown in Fig.[2.12) and a Keyence LK-H082 laser displacement sensor is positioned
to obtain the displacement at the tip of the bimorph. The piezoelectric bimorph
is connected to a PiezoDrive PD200X4 Voltage Amplifier with a DC offset of 75V
applied to the output, driving the bender according to the first mode in Table.[2.5]
The low-bias voltage input of the bender is connected to the ground terminal of
the amplifier (shown in Fig., the high-bias voltage input is connected to the
high voltage output of the amplifier and the variable voltage input is connected to
the first output of the amplifier. To actuate the bimorph, the voltage signal is sent

from Simulink using a real-time target machine (specifically, a Speedgoat 10133
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module) to input 1 of the amplifier, which is amplified with a fixed gain of 20 at
the output. The peak displacement of the bimorphs is obtained at +20V, £40V,
+60V, and £74V (£74V is used rather than +75 to not exceed the high voltage

output of the amplifier, which is measured at 149.6V).

Micrmeter Laser
Stage : Displacement
i ' _Sensor

Fig. 2.12 Experimental setup for bimorph characterization

Inputs Outputs
> Input 1 HV+4)- V.
Voun PiezoAmplifier
Simulink Output 1——[ | V. Bimorph

GND ﬂ V.

Fig. 2.13 Wiring diagram for bimorph testing
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2.2.2 Experimental results

The deflection of all bimorphs tested is lower than expected, with all but one
bimorph showing deviation from their specifications (shown in Table.. Exam-
ining the results when the bimorphs are tested at 20, 40, 60, and 74 volts (shown in
Fig., bimorphs B and D closely match, while bimorphs A and C have slightly
larger displacements. The resonance frequencies of all four bimorphs (shown in Ta-
ble. closely match the given specifications, with an error of around 1%. The
experimental results are closer to the simulated results than the specification sheet,
as the specification sheet has a significantly higher displacement than the simula-
tion and experimental tests. The resonance frequencies for the experimental results
are significantly more accurate, matching the values given in the specification sheet.
The simulated result for the resonance frequency is close to the specified value. It
should be noted that the simulated result is more accurate only when the alternate

boundary conditions specified in the previous section are used.
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. 2.14 Peak displacements of the piezoelectric bimorphs

Given displacement Experimental Percent
Bimorph
(nm) result (pm) difference (%)
A 450 £+ 15% 380.35 15.48
B 450 + 15% 356.65 20.74
C 450 + 15% 401.5 10.78
D 450 £+ 15% 357.1 20.64

Table 2.11 Experimental testing for static displacement
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Fig. 2.16 Chirp signal results for piezoelectric bimorph B

95



Displacement; (mm)

Displacement (mm)

0.15

0.1

0.05

-0.1

-0.15

0.1

-0.05

-0.1

20 b I

-40

Magnitude (dB) [Input V to mm)]

-100 1

| | | | | 120 . .
10 20 30 40 50 60 10° 10! 102 10°
Time (seconds) Frequency (Hz)

o

(a) Displacement results (b) Frequency Results

Fig. 2.17 Chirp signal results for piezoelectric bimorph C
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Fig. 2.18 Chirp signal results for piezoelectric bimorph D

56



Given resonant Experimental Percent
Bimorph
frequency (Hz) result (Hz) difference (%)
A 370 374.4 1.189
B 370 370.1 0.027
C 370 366.5 0.946
D 370 371.9 0.514

Table 2.12 Experimental resonance frequency results

2.3 Conclusion

To select the bimorphs for further implementation in a transmission mechanism,
the peak displacement is the most significant parameter, while having a pair of
bimorphs with close peak displacements is also advantageous. Due to the larger

displacement of bimorphs A and C, they are selected for future integration in a

transmission mechanism and parallel robot.
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3 Transmission mechanism design

To actuate a parallel robot with piezoelectric bimorphs, a transmission mechanism
is developed to convert the small displacement of the piezoelectric bimorphs into a
large rotational motion. As a mesoscale design and use of compliant flexure joints
are planned for the parallel robot, the transmission mechanism design is performed
with multi-material additive manufacturing methods in mind. Various designs are
investigated using finite element analysis to determine the critical parameters for
the conversion and amplification of small linear displacement to large rotational

motion using flexible materials.

3.1 Initial finite element design

To better understand the critical parameters for a compliant amplification mech-
anism, a transmission design powered by a piezoelectric bimorph actuator is de-
veloped. Two proposed designs are investigated (shown in Fig.|3.1)) to achieve this

result. A single driven flexure design (shown in Fig.|3.1a]) consisting of two flexures
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connected by an offset (shown in Fig., where ¢ is the bimorph displacement, Ly
is the length and 7} is the thickness of the driven flexure, L, is the length and 7} is
the thickness of the mechanically grounded flexure, and L, is the length of the offset
between flexures. The flexures have caps to connect to the bimorph and mechanical
ground. For the single driven flexure design, it was believed that the driven flexure
would function as a revolute joint where the transmission base would swing back
and forth as an angle formed between the start and end of the driven flexure. The
second design (shown in Fig. is identical to the first, except another flexure is
added on top of the driven flexure. This was done to determine if multiple driven

flexures would linearize the output of the transmission mechanism.

Y

A

z X

(a) Single driven flexure design (b) Double driven flexure design

Fig. 3.1 Initial transmission designs
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Flexure Of fset Base

Angled Bar

Fig. 3.2 Relevant parameters for the initial transmission design

Due to the long flexural members and large deformations, neither a rigid kine-
matic analysis nor a pseudo-rigid-body model without a large number of serial joints
is appropriate to model the mechanism’s performance. Instead, the two designs are
modeled in ABAQUS, and the driven flexure cap is connected to the end of the
bimorph model. The bimorph was driven to peak static displacement in both direc-
tions. The initial designs rotate a few degrees in each direction (shown in Fig.[3.3
and Fig., suggesting the offset length L, determined the transmission ratio, so

further analysis is performed.
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(a) Negative (b) Neutral (c) Positive

Fig. 3.3 Initial single flexure results

(a) Negative (b) Neutral (c) Positive

Fig. 3.4 Initial double flexure results

To optimize the design and determine the critical design parameters, a para-
metric analysis is performed. Both designs are investigated by iterating through
two parameters while keeping other design parameters constant to determine crit-
ical parameters for maximizing rotation. After preliminary testing, a few critical
parameters emerged, as the flexure thicknesses and flexure offset have the greatest
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impact on rotation (shown in Fig.[3.5a] and Fig.[3.6a). Beyond that, the flexure
length and Young’s modulus of the material has a slight impact on the rotation

(shown in Fig. and Fig.[3.6b)).
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Fig. 3.5 Parametric analysis of single driven flexure design
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Fig. 3.6 Parametric analysis of double driven flexure design
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Some of the critical design parameters can be understood by looking at beam
bending equations. If the flexures are treated as a beam, the maximum deflection
is proportional to I, the area moment of inertia. For a rectangular cross-section,

the area moment of inertia is
bh3
[ =—
12

(3.1)
where b is the width of the rectangular cross section in m, and h is the height in m.
In this case, b would correspond to the width of the flexures, while h would corre-
spond to the thickness of the flexures. It would thus be expected that an increase
in thickness would significantly decrease bending, in particular when compared to
other relevant parameters such as the flexure width, length, and Young’s modulus
of the material.

Comparing the performance of the two designs, the results are nearly identical.
The double driven flexure design is abandoned as it has similar performance to
the single flexure design while being more difficult to fabricate and assemble, so the
single driven flexure design is selected for future testing. However, to further reduce
the flexure offset the design must be reworked. For a flexure offset of zero, it would
be impossible to move the flexures close enough, as the flexures and their caps would
begin to overlap. To overcome this, the mechanically grounded flexure is divided

in two and placed at opposing ends of the driven flexure (shown in Fig.. In

contrast to the parallel design used in Cardiolock [64], an angle is added between
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the flexures and the base (shown in Fig.[3.8) as an alternate method to reduce
flexure offset and to determine if a non-parallel configuration improves the rotation

of the mechanism.

Fig. 3.7 Isometric view of the revised design
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Fig. 3.8 Diagram showing revised design to allow for angled flexures

The initial tests of this revised design do not use angled flexures, in order to
compare the results to the previous model. Comparing the results for flexure thick-
ness and offset for this design (shown in Fig., it is apparent that these two
parameters are critical to the rotation of the transmission mechanism. As seen
previously, there is a notable increase in the rotation when the flexure offset begins
to approach zero. When the flexure offset is zero, there is further improvement to
the rotation by reducing the thickness of the flexures. Next, the flexure length and
width are examined (shown in Fig.[3.10). Reducing the flexure length results in
a noteworthy increase in rotation, while changing the flexure width has a smaller

impact. Finally, to investigate the impact of using angled flexures, the angles of
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the driven and grounded flexures are varied (shown in Fig.[3.11)), suggesting that
minimizing the driven and grounded flexure angles is optimal. At this stage, the
predicted rotation of the mechanism is close to 70 degrees, exceeding the initial

goal of 45 degrees.

Flexure Offset (mm)

50 100 150 200 250 300
Flexure Thickness (microns)

Fig. 3.9 Flexure thickness Ty, T, vs. flexure offset L,
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Fig. 3.10 Flexure length Lg, L, vs. flexure width
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Fig. 3.11 Driven flexure angle ; vs. grounded flexure angle 6,

At this stage, the material for the transmission mechanism is switched to Ag-

ilus30 (a flexible polymer), as a rigid material for flexures was determined to be
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too fragile at the sub-millimeter scale. Using additive manufacturing limits the
material choices to a selection of 3D printable materials, but brings significant time
savings for manufacturing compared to fabricating and assembling flexures other-
wise. Before moving on to further tests or improvements with the current finite
element model in ABAQUS, a simplified model using 2D elements is created to

better understand the transmission mechanism performance.

3.2 Simplified finite element model

The design for the simplified finite element model consists of two flexures connected
by an offset (shown in Fig., where ¢ is a prescribed displacement along the
y-axis, Lgq is the length and Ty is the thickness of the driven flexure, L, is the length
and T} is the thickness of the mechanically grounded flexure, L, is the length and
T, is the thickness of the offset between flexures, 6, is the angle offset of the driven
flexure, and 6, is the angle made by the flexure offset when driven and therefore
the output quantity of interest. Dimensions not shown in this diagram include the
width of the segments which are into the page of the diagram.

To investigate this design, a finite element model with 2-node linear beam el-
ements is programmed in MATLAB. For a 2-node linear beam element with hori-
zontal displacement, vertical displacement, and rotation components at each node,

the element stiffness matrix [K] is given as:
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[k ke —ky —ki —ky —k4
ks ks —ko —ks ks
E 41 ks —ky 21
K|=— 3.2
K] L ky ko k4 (32)
ks —ks
| sym. 41 |

where k; = AC’Q+%52, ko = (A—IL%])C’S, ks = ASQ—I—IL%IC'Q, ky = %S, ks = %C’,
with Young’s modulus F, length L, cross-sectional area A, and moment of inertia
I. The terms C = cosf) and S = sinfl, where 6 is the angle of the element measured

counterclockwise from the global z-axis. The nodal and force vectors are:
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(u1 3\ (Flz 3
U1 Fly
o1 M,
{oy=9: . =9 : (3.3)
Uj F;
V4 F;
\ ¢Z J \ MZ Vs

where {0} is the nodal displacement vector, u; is the nodal displacement along the
r-axis, v; is the nodal displacement along the y-axis, and ¢; is rotation, where 7 is
the number of elements. Similarly, {F'} is the force vector where F;, is the nodal
force along the r-axis, F;, is the nodal force along the y-axis, and M; is the moment.
A displacement of -0.45 millimeters is applied to the y displacement component of
the end of the driven flexure, while the x displacement component of the end of the
driven flexure and the x, y, and rotational components of the end of the grounded
flexure are set to zero. Due to the non-zero applied displacement constraint, the
boundary conditions are non-homogeneous. The global stiffness matrix is reduced
for the variables that have been constrained to zero, and MATLAB is used to solve
for the remaining terms in the nodal displacement vector and the vertical force for
the applied displacement node. To determine the conversion of linear to rotational
motion, the angle made between the start and end of the flexure offset is calculated
using the original and deformed nodal positions.

To simplify the analysis and ensure fabrication was feasible, parameters such as

length, thickness, and width remain identical between the driven and mechanically

70



grounded flexures throughout the analyses. Any parameter mismatches, such as
differing flexure thicknesses between the grounded and driven flexures, are not
tested. The width of all segments is 3 millimeters, and the thickness of the flexure
offset is 1 millimeter. For the material properties of Agilus30, a Young’s modulus
of 3 MPa [123] [124] and an assumed Poisson’s ratio of 0.45 is used.

Parametric analysis revealed that the critical parameters for the model are the
flexure thicknesses, the offset length between flexures, the angle offset of the driven
flexure, and the length of the flexures. The results shown in Fig.[3.13| suggest that
rotation is maximized when the flexure thickness, flexure offset, and flexure length is
minimized. Due to the prescribed displacement, reducing the flexure length results
in increased rotation as the displacement is transmitted more directly to the end
of the flexure offset beam. In addition, the ideal value for the angle offset is within
an optimal range and is influenced by other factors such as flexure thickness. For a
flexure thickness of 196 microns, an angular offset of two to four degrees is optimal,
yet for flexure thicknesses of 308 and 396 microns the optimal range is three to five
degrees and three to seven degrees, respectively. The results show an extremely
low rotation when no flexure angle offset is present. This occurs when both the
flexure angle offset and flexure offset equal zero, as the mechanism is locked unless

a non-zero flexure offset is present.
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Fig. 3.13 Predicted rotation for varying critical parameters using MATLAB, isolines

indicate the rotation results and are displayed in degrees
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3.3 Transmission finite element analysis in ABAQUS

After identifying critical parameters with the simplified planar model, the three-
dimensional model is revisited in ABAQUS (see Fig.|3.14)). To prepare for fabrica-
tion, fillets are added at the ends of the flexures, and a horizontal base with a short
angled bar is attached near the flexures. Geometric nonlinearity is implemented
along with quadratic hexahedral hybrid elements with reduced integration, allow-
ing for greater model accuracy while accounting for nearly incompressible material
behavior. Enforced displacement is applied to the side face of the cap connected
to the driven flexure, while zero displacement constraints for the grounded flexures

are applied to the top of the grounded flexure caps.

> — —Grounded
i Grounded S& Flexure #1
Flexure ) . _
Cap #1 _,L,_\ I
o Driven o

- !
Driven
Flexure ™\ Flexure

/
y,
N
—;\\ \_ ’\A *‘Gmund—ea X\
6 e rcunded( N Flexure ¢ #2___ ‘
Flexure _————— N |
Cap#2 |

Fig. 3.14 Simplified model used for finite element analysis with the mechanically

grounded faces highlighted in red and the displaced face highlighted in blue.

73



The results of the parametric analysis include key differences when compared
to the simplified MATLAB model. The optimal solution for the flexure length is no
longer to reduce the length. Rather, the maximum value depends on the flexure
offset and is highest between 3 to 5 millimeters when the flexure offset is zero.
The ideal angular offset between flexures depends on the flexure thickness, with an
ideal angle of under 3 degrees for 196 micron flexure thickness, and a wider range
between 2 and 6 degrees for 308 microns and above. Both models suggest that

minimizing flexure offset and flexure thickness results in increased rotation.
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Fig. 3.15 Predicted rotation for varying critical parameters using ABAQUS, iso-

lines indicate the rotation results and are displayed in degrees
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3.4 Finite element model of experimental test model

To verify and test the finite element model, features are added to aid in the collection
of data as shown in Fig.|3.16] The caps of the grounded flexures are connected and
an offset base is created with mounting holes. The driven flexure cap is enlarged,
extending it outward for the connection to the experimental setup. Line markers
are added to the faces of the flexure caps to aid in the alignment of the flexures

and flexure driver during testing.

Fig. 3.16 CAD model of the transmission for numerical analysis and testing

Flexure thicknesses of 196, 308, and 392 microns are chosen for experimental
testing. These thicknesses are multiples of 28 microns, which is the layer height
resolution for the 3D printer used for fabrication. A flexure offset of zero microns,
flexure length of 3.5 millimeters, and flexure angle offset of 5 degrees are used for

the remaining critical parameters. A flexure width of 3 millimeters is used for the
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driven flexure, and each mechanically grounded flexure has a width of 1.5 millime-
ters. To determine if the transmission was linear or nonlinear for the displacement
interval of interest, the design is driven at 0.25, 0.5, 0.75, 1, and 1.25 times the
stated displacement of the piezoelectric bimorph actuator in both directions (or
+0.1125, 0.225, 0.3375, 0.450, 0.5625mm), shown in Fig.m. Results for the 196
micron thick flexure thicknesses show an agreement for all finite element models.
As the flexure thicknesses increase to 308 and 392 microns, the discrepancy between
the analyses grew, with significant losses in rotation between the simplified model
and the other two models. The response is less symmetric for negative displace-
ments and the curve in the positive displacement appears to flip. Potential causes
for this deviation are the impact of shear, geometric nonlinearity, and material

incompressibility in the ABAQUS models.
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Fig. 3.17 Comparison of the different finite element models for 196, 308, and 392

micron flexure thicknesses
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3.5 Experimental results
3.5.1 Experimental setup

All three designs are fabricated simultaneously, with the print axis aligned perpen-
dicular to the flexure thickness direction. After fabrication, the post-processing of
the parts, such as cleaning support material, is performed manually. A fabricated
transmission mechanism with 308 micron thick flexures is shown in Fig.[3.1§| after
post-processing. For experimental testing, the transmission mechanism is connected
to an optical table mount as shown in Fig.[3.19, The flexure driver is mounted on
a micrometer stage with the external face of the driven flexure cap glued to the
end of the flexure driver. The micrometer stage is moved to align visual markers
on the transmission mechanism to calibrate the initial position. Once the initial
position is determined, the micrometer stage is displaced by +0.5625mm, and then
displaced by increments of -0.1125mm until it reaches a displacement of -0.5625mm
relative to the initial position. Images are taken from above (seen in Fig.[3.23) and
3.22b)) of the initial position and all displaced positions. While the micrometer
stage is displaced from +0.5625mm to -0.5625mm, images are taken when passing
the initial position of zero displacement. After all the images are obtained, the
results are processed optically by determining the angle made between the neutral

and displaced positions of the angled bar.
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Fig. 3.18 Transmission mechanism with 308 micron flexure thickness fabricated

from Agilus30 black

‘& Transmission
Mechanism

t. » = e
-~ Micrometer
: Stage =&

Flexure” %% »
Driver [ W —

ptical /

table mount”™ N

Fig. 3.19 Experimental setup for transmission mechanism testing
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3.5.1.1 Rotation measurement error for the transmission mechanism

To determine the rotation of the transmission mechanism, neutral and rotated states
are overlaid in MATLAB. A vector is taken along a linear edge in the neutral and
rotated states and the angle is determined by taking the dot product of the vectors.
To determine the measurement error, 10 measurements are performed (shown in
Fig. for the same set of data, and the average of the vectors is taken (shown
in Fig.|3.20bf). The standard deviation is taken between the average and the data
set, resulting in an angle of 45.3294° + 0.4152°, indicating a measurement error of

less than one percent.

(a) Lines used to determine rotation (b) Average of lines

Fig. 3.20 Determining the rotation of the transmission arm, neutral position in

purple, rotated position in green
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3.5.2 Results and verification of finite element models

The experimental results for 196, 308, and 392 flexure thicknesses are shown in
Fig.[3.21] compared against the full numerical model. For the 196 micron flexure
thickness, the experimental results have a smaller rotation but are more linear than
the prediction. However, the 196 micron thick flexures were extremely difficult
to work with due to the difficulties of cleaning such thin flexures without causing
damage. The results of the 308 micron flexure thickness show a smaller peak
rotation and have less linear results versus predictions, but show the most linear
results of the three tested thicknesses. Results of the 392 micron flexure thickness
suggest a large divergence in the positive displacement region. The results for
all thicknesses show that there is some material hysteresis due to the non-zero
rotation that appears when the initial position is revisited as the displacement
changes polarity. Due to the scale of the transmission mechanism and the flexible
material used for fabrication, calibration of the initial position for the driven flexure
is believed to be the predominant source of error in the results. As the entire part is
made of flexible material, the mechanical ground moves slightly as the mechanism
is driven. This motion is somewhat visible in the overlaid results shown in Fig.

[3.29] for a transmission mechanism with a flexure thickness of 308 microns.
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Fig. 3.21 Comparison of numerical and experimental results for 196, 308, and 392

micron flexure thicknesses

83



(a) Numerical results (b) Experimental results

Fig. 3.22 Overlay of the numerical and experimental results at the negative, neu-

tral, and positive limits

Fig. 3.23 The 3D printed transmission in the actuated position next to a Canadian

dime
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3.5.3 Revised transmission mechanism and experimental setup

To improve upon the transmission design and prepare the model for use in the
parallel robot, the previous design is revised. Specifically, the revised design inves-
tigates the impact of a multi-material design, along with changes to reduce errors

in the experimental setup.

3.5.3.1 Design changes

Rather than the entire mechanism being composed of flexible Agilus30 material,
a new design is produced that uses rigid material to encase or replace the non-
flexure components of the transmission (shown in Fig.[3.24)). Encasing the flexures
within rigid material increases the surface area of the material boundary, reduc-
ing the risk of material separation during cleaning. VeroWhite is selected for the
rigid material, as it is the default rigid material of choice for PolyJet printers and
contrasts with the black Agilus30. VeroWhite has a Young’s Modulus of 2.5 GPa
and a Poisson’s ratio of 0.33, similar to commonly used additive materials such as
Polylactic Acid (PLA). Due to the difficulty in calibrating the initial position of
the transmission mechanism, the flexure offset between the driven and mechanically
grounded flexures is increased to 0.5 millimeters. This accounts for the accuracy

of the 3D printer, which has a positional accuracy of 0.2 millimeters. To improve
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the experimental setup, the actuation of the mechanism is no longer done using a
micrometer stage, and instead is done with a Thorlabs NRT100M linear motorized
stage. This allows for precise control of the displacement of the actuator to the
mechanism and for the input of waveforms and other trajectories to the system. To
reduce assembly error, a supporting beam is added to the transmission to hold the
driven flexure in place before it is glued to the flexure driver. In total, four designs
are tested, with two of each material type, and two flexure thicknesses (308 and

392 microns).

Fig. 3.24 Revised transmission design

For experimental testing of the transmission, it is first connected to a 3D-printed
optical table mount. A flexure driver is connected to the motorized stage and
positioned to be in contact with the driven flexure of the transmission mechanism.

Once the actuator is glued to the driven flexure of the transmission mechanism,
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the supporting beam is cut and removed. At this stage (shown in Fig.|3.25), the

transmission mechanism is in the neutral position and is ready for testing.

Transmission
mechanism |

table mount

Fig. 3.25 Experimental setup for the revised transmission mechanism

To determine the rotation of the transmission mechanism, two points are marked
on the angled bar of the transmission base (shown in Fig. and a Chronos 2.1
high-speed camera is positioned above to record the movement as the transmission
is actuated, so the recording is synchronized to the motor input signals. Motion
tracking software (ProAnalyst) is used to determine the displacement of each point,
frame by frame. The rotation is determined using the same method as before, where
the vectors between the points at rest and displaced states are compared. Due to

the resolution of the video data, small jumps in the results appear as the tracking
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software attempts to track points that are only pixels across. To account for this,
the smooth function in MATLAB is used, where a moving average filter with 10

points is employed.

Fig. 3.26 Points for image processing

To actuate the transmission mechanism, the linear motorized stage uses a trape-
zoidal waveform (shown in Fig.|3.27)). Displacement in the positive direction cor-
responds to a counter-clockwise (CCW) rotation in the transmission mechanism,
whereas displacement in the negative direction corresponds to a clockwise (CW)

rotation.

88



Displacement (millimeters)

12
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Fig. 3.27 Trapezoidal waveform input to the motorized stage

3.5.3.2 Results

Examining the results (plots shown in Fig. and Fig. numerical results
in Table., there is a clear difference in the performance of the transmissions
that use Agilus30 only for the base and angled bar compared to the transmissions
that use both Agilus30 and VeroWhite. The multi-material base has a higher peak
rotation and a narrower hysteresis loop compared to the base composed of only
Agilus30. Despite predicting a higher rotation for the thinner flexures, the multi-

material base performed better using 392 micron thick flexures. The opposite occurs
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for the single material base, where the thicker flexures performed slightly worse in
the counter-clockwise direction. The simulated results for all transmissions showed
similar peak rotations, with only a slight decrease when the flexures are thickened.
Due to the increased flexure offset, the simulated peak rotation decreased. However,
compared to the original transmission design, the peak rotations of the revised
transmissions are close in value. This is likely in part due to the improvements
made for the integration and testing of the transmission. If the flexure offset was
reduced, there would likely be an increased difference between the results for the
308 and 392 micron thick flexures. Improvements to the positional accuracy during
integration would allow for the performance of the transmission mechanism to be

improved further.
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Fig. 3.28 FExperimental results in time for 308 and 392 micron flexure thicknesses

with different bases
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Fig. 3.29 Comparison of simulated and experimental results for 308 and 392 micron

flexure thicknesses with different bases
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Simulated Experimental Percent
peak rotation | peak rotation difference
Transmission
[CW/CCW] [CW/CCW] [CW/CCW]
(degrees) (degrees) (%)
Vero + Agilus Base,
308 micron flexure 32.32 / 32.76 26.47 / 29.48 18.1 / 10.01
thickness
Vero + Agilus Base,
392 micron flexure 31.29 / 31.71 29.35 / 29.19 6.2 /8.9
thickness
Agilus Base, 308
micron flexure 32.1 / 31.14 23.46 / 23.79 23.6 / 26.92
thickness
Agilus Base, 392
micron flexure 30.44 / 29.38 23.08 / 20.93 24.18 / 28.76

thickness

Table 3.2 Revised transmission mechanism results

93




3.6 Conclusion

This chapter covered the design and experimental testing of a transmission mecha-
nism to convert the small linear displacement of a piezoelectric actuator to a large
rotational motion. The use of additive manufacturing methods allows for signifi-
cant design changes to be implemented, such as a multi-material design, without an
increase in manufacturing time. After investigating the critical parameters of the
mechanism and reviewing experimental results, a flexure thickness of 308 microns
is chosen as a starting point for the transmission mechanism flexure thickness to

implement in a parallel robot powered by piezoelectric actuators.
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4 Parallel robot design

A six-bar parallel robot design is investigated that utilizes the transmission mech-
anism. Two 3R chains are combined with an end effector to form a six-bar parallel
robot as shown in Fig.[4.1] This six-bar parallel robot has three degrees of free-
dom (movement along the x-axis, movement along the y-axis, and the orientation
of the end effector), but only two actuators, making it an underactuated system,
where the orientation of the end effector cannot be independently controlled at a
given position along = and y. The transmission mechanism is implemented (as a
simplification) as an active revolute joint (A;, Ap), while the joints between rigid
links (I1¢, los, L1y, lop) and the end effector (E) are approximated as passive revolute

joints (P, Po, Py, Pa).
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Fig. 4.1 Simplified six-bar parallel robot design

4.1 Kinematic model predictions
4.1.1 Model setup

To investigate the performance of the parallel robot design, Simscape Multibody (a
mechanical system simulation environment within Simulink) is used. Each flexure
is divided in half through the length with a revolute joint connecting both halves,
allowing for the ends of flexures to move as they rotate. To actuate the robot (shown
in Fig., a rotation is defined between the transmission mechanism flexures (F}y,
Fip). Rigid bars (Ry;, Rot, Rip, Rop) connect the transmission flexures with the
remaining flexures (Fy;, Fi, Fop, F3p), and both halves are connected at the end
effector (F).
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Fig. 4.2 Parallel robot model generated using Simscape Multibody

To quantify the performance of the design, the displacement of the end effec-
tor along the z-axis is investigated first. When the rotation of both transmission
flexures is equal, the end effector is displaced along the z-axis (shown in Fig..
The workspace of the parallel robot (dx) is taken as the sum of the extension and

retraction displacements.
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Fig. 4.3 Retraction, neutral, and extension states of the kinematic model

4.1.2 Parametric analysis of the kinematic model

Parametric analysis is performed on the kinematic model to determine the critical
parameters to maximize the workspace along the x-axis. The flexure lengths of all
flexures are equal, the rigid bar lengths R;; and Ry, are equal, and the lengths of
Ry and Ry, are equal. The rotation for the active joints has an upper bound of
25 degrees, which is taken from the peak rotation of the transmission mechanism.
Early results suggest that the lengths of the rigid bars are critical for the z-axis
workspace of the robot. However, depending on the lengths chosen for the rigid

bars, the model encounters kinematic singularities. This occurs when the robot is
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in the retraction state (shown in Fig.[4.4)) when four joints of the robot lie along the
same line. There are an infinite number of solutions for the angles of the flexures

for this position, causing an internal kinematic singularity.

Fig. 4.4 Example of a kinematic singularity that occurs during retraction

After further testing, it appears that the ratio between the length of the rigid
bars has an impact on the total workspace, shown in Fig.[4.5] When the rigid bars
Ry; and Ry are longer than rigid bars Ry, and Ry, a kinematic singularity occurs
during retraction. When the length of the rigid bars is equal (or close to equal, in
some cases), the z-axis workspace is maximized. The x-axis workspace increases as
the length of the bars increase, which is to be expected. Other parameters, such as
the end effector length and flexure lengths, did not have a significant impact on the

horizontal workspace of the parallel robot. The applied rotation in the kinematic
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model is not how the rotation would be applied in the real world, as the weight
of the rigid bars or the length of the flexures would impact the rotation of the
transmission mechanism. The flexures are treated as active joints, but they will
experience significant bending in reality and are not truly pin joints. Therefore, the

flexures must be more accurately modeled to predict parallel robot performance.

X-axis workspace (mm) X-axis workspace (mm)

Rigid Bar Set 2 Length (mm)

8 9 10 1 12 13 14 15 16 8 9 10 1 12 13 14 15 16
Rigid Bar Set 1 Length (mm) Rigid Bar Set 1 Length (mm)

(a) Singularity results included (b) Singularity results omitted

Fig. 4.5 Ry, and Ry length vs Ry and Ry, length

4.2 Finite element model of the parallel robot

While the rigid body model is useful for initial setup, it is incapable of capturing the
bending behavior of the flexure joints and the impact of gravity on the robot. To
explore this behavior, a finite element model of the parallel robot is developed. The
initial finite element model of the parallel robot (shown in Fig.}4.6)) is implemented

in ABAQUS to simulate the parallel robot’s performance. The first set of rigid
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bars connects to the transmission mechanism base which leads to the second set of
flexures. The second set of flexures connects to the second set of rigid bars, which
leads to the third set of flexures. The third set of flexures connects to the end

effector, completing the parallel robot.

Fig. 4.6 [Initial parallel robot design with the piezoelectric bimorphs highlighted

in beige, flexures highlighted in black, and the rigid material highlighted in white.

4.2.1 Static deflection

To actuate the robot, the driven flexure of the transmission mechanism is con-
nected to the end of the piezoelectric bimorph. When the bimorph is actuated, it
displaces the transmission, which moves the set of rigid bars and flexures connected

to it. Combining the movement of both bimorphs and their respective transmission
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mechanisms allows for the end effector to be controlled in the x and y axes. The
force of gravity is included in the model along the z-axis to realistically model the

physical environment.

(a) Forward (b) Backward

Fig. 4.7 Forward and backward movement of the initial parallel robot with the

neutral position overlaid in white

Fig. 4.8 Deflection under gravity of the initial parallel robot

Initial tests (shown in Fig.[4.7]) suggest the robot is capable of moving forward
and backward similarly to the kinematic model, however, there is a significant

displacement along the z-axis of 0.845 millimeters due to gravity (shown in Fig.|4.8]).
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This is primarily due to the large amount of material used in the rigid links and
end effector of the parallel robot. To reduce the mass of the parallel robot, the
thickness of the transmission base, rigid links, and end effector is reduced. The
length of the end effector is significantly reduced, and the rigid links and flexures
after the transmission mechanism are split in half, connected by thin beams at the

ends of the flexures (shown in Fig.[4.9).

7
Bottom Transmission
Bottom Bimorph
—

Fig. 4.9 Second parallel robot design with the piezoelectric bimorphs highlighted

in beige, flexures highlighted in black, and the rigid material highlighted in white.
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4.2.1.1 Eight basic movements

To actuate the parallel robot, each bimorph can be displaced upward, downward,
or remain at rest. This results in eight basic inputs for the parallel robot (shown in
Table. that correspond to a specific direction of movement (shown in Fig.[4.10)).
When the horizontal displacement (dz), vertical displacement (dy), and end effector
angle () is plotted in the X — Y plane (shown in Fig.[.11)) the workspace of the
parallel robot appears as a diamond-like shape. The orientation of the end effector
is determined by taking the displacement of opposing sides of the end effector and

finding the change in angle between the initial and final positions.
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(¢) Downward

(f) Backward Up

(g) Backward Down (h) Forward Up

Fig. 4.10 Basic movements of the parallel robot with the neutral position overlaid

in white
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Displacement in y (mm)
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Displacement in x (mm)

Fig. 4.11 End effector displacement of the 8 basic cases, arrows denote end effector

orientation
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Case Movement V.top | Vabot | 62 (mm) | 0y (mm) | 6 (deg)
1 Forward (+X) -75 75 7.606 0 0
2 Backward (-X) 75 -75 —9.14 0 0
3 Down (-Y) 75 75 —2.66 —9.35 | —14.8
4 Up (+Y) -75 -75 —2.66 9.35 14.8
5 Forward Down 75 0 3.68 —5.40 —4.9
6 Backward Up =75 0 —5.79 4.04 9.5
7 Backward Down 0 75 —5.79 —4.04 -9.5
8 Forward Up 0 =75 3.68 5.40 4.9

Table 4.2 Basic movement cases and results for the parallel robot

4.2.1.2 Workspace determination

To determine the workspace of the parallel robot, the input voltage to each bimorph
is varied and the position of the end effector is found, resulting in a plot that

relates the input voltage to each bimorph (shown in Fig.}4.12b)) and the resulting

displacement (shown in Fig.|4.27al).

from —75 to 75 volts at 15 volt increments, resulting in an 11 by 11 grid of points,

with 121 points in total.
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Fig. 4.12 Workspace grid

The relationship between the input voltage for the bimorphs and the resulting
displacement of the end effector is clearly visible. Points near the origin are spaced
out further compared to the points near the edges of the workspace. Movement
along the Y-axis is not straight, as there is an arc in the movement as the end
effector moves up or down from the origin. Diagonal movements have an arc as well,
with different radii when retracting or extending. The retraction distance is greater
than the extension distance. The angle of the end effector depends on the position,
with the greatest angle occurring at the peak upward and downward movement.
There is a horizontal workspace of 16.75 millimeters, a vertical workspace of 18.70

millimeters, and the area of the workspace is 174.50 square millimeters.
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4.3 Experimental testing

To prepare the parallel robot for experimental testing, the mechanically grounded

flexures are connected and extended into a base with mounting holes (shown in Fig.

4.13)) to assist with setup.

Fig. 4.13 CAD model of the parallel robot

4.3.1 Fabrication and post-processing

Fabrication is performed by an external company using an Objet Connex500 Poly-
Jet printer. As the thickness of the flexures is critical to the performance of
the transmission, the parallel robot is printed with the flexure thickness direc-
tion aligned perpendicular to the plane of the print tray, ensuring the flexures are
printed with an accuracy of 28 microns through the thickness. Due to this orienta-
tion, there is support material between the end effector and the robot base (shown

in Fig.[4.14)) that must be removed. As the printed parts are cleaned with handheld
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tools, there is a significant challenge in removing support material without perma-
nently damaging the parts. Once the support material is removed the parts are

ready for use.

Fig. 4.14 Parallel robot before post-processing

4.3.2 Micrometer-actuated testing

To determine if the parallel robot moves as predicted for given displacements, the

parallel robots are first tested using rigid replicas of the bimorphs.

4.3.2.1 Experimental setup

Two imitation bimorphs are fabricated using an Ultimaker S5 3D printer from
Tough PLA and connected to a micrometer stage. The tips of the bimorphs are
glued to the driven flexure caps of the parallel robot (shown in Fig.[4.15). To
actuate the parallel robot, the micrometer stages are displaced by £0.450mm, equal
to the expected displacement of the bimorphs, moving the driven flexures of the

transmission.
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Fig. 4.15 Micrometer setup for the parallel robot

To obtain the displacement results of the parallel robot, a camera is positioned
above the parallel robot, recording the movement as the robot is actuated. To
extract the displacement of the end effector, a calibration image is placed at the
same height as the end effector (shown in Fig. containing a checkerboard
pattern, where each square has a side length of half a millimeter. The motion
tracking software ProAnalyst is used for the motion tracking of the end effector.
The checkerboard pattern is used to calibrate the distances within the image, and
the flexures encased in the end effector (shown in Fig. are used as points for
image tracking. The software follows the tracking points as the video is processed
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frame by frame, obtaining the displacement of both points at each frame. Using
the tracking results, the displacement of the end effector can be obtained by taking
the midpoint between points 1 and 2, and the orientation of the end effector can

be determined by obtaining the angle between points 1 and 2.

R

(a) View from Camera (b) Points for image processing

Fig. 4.16 Processing results of parallel robot

4.3.2.2 Results

As predicted, the parallel robot is controllable in eight basic movements (shown in

Fig.|4.17)) when the bimorphs are displaced.
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(a) Backward Up (b) Upward

(g) Backward Down (h) Downward (i) Forward Down

Fig. 4.17 Basic movements of the parallel robot

As the micrometer stage is controlled by hand, only the basic movements and

workspace trace trajectory are tested. Examining the initial results (shown in
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Fig. and Table., there is a significant decrease in peak displacement for all
basic movements, in particular the forward and backward movements, whereas the
upward and downward movements are somewhat close to the peak results. Due
to the manual turning of the micrometers, the forward and backward movements
aren’t linear, as these movements require both micrometers to be turned in opposing
directions simultaneously. The diagonal movements, however, only require one
micrometer to be controlled at a time and thus are more precise. A hysteresis
loop is clearly visible in the diagonal movements, as the trajectory differs when
the end effector moves back and forth from the peak diagonal displacements. The
diagonal movements follow a slightly different trajectory than predicted, as the
arcs do not follow the same paths as predicted. There is a horizontal workspace
of 12.14 millimeters, a vertical workspace of 16.31 millimeters, and the area of the

workspace is 105.65 square millimeters.
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Fig. 4.18 Micrometer test of the parallel robot
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Movement dyp1 (mm) | dype (mm) | dz (mm) | oy (mm) | 6 (deg)
Forward (4X) 0.45 —0.45 5.47 —0.183 -1.7
Backward (-X) —0.45 0.45 —6.67 —0.176 2.0

Down (-Y) 0.45 0.45 —2.47 —8.18 —19.8

Up (+Y) —0.45 —0.45 —2.52 8.13 20.4
Forward Down 0.45 0 2.13 —4.25 =77
Backward Up —0.45 0 —4.14 4.02 12.4

Backward Down 0 0.45 —4.06 —4.18 —11.0
Forward Up 0 —0.45 2.44 4.26 7.1

Table 4.4 Basic movements for the parallel robot, actuated by micrometer stage

Due to the small size of the parallel robot, integrating the parallel robot with the
bimorphs has many challenges, largely due to the precision required. Aligning the
surfaces between the bimorph and the parallel robot before bonding them together
with glue is done visually and by hand, likely leading to alignment errors. The mi-
crometer stages are also turned manually when moving the bimorphs to their initial
positions, without any indicator of when the proper position is achieved. When ac-
tuated manually with a micrometer stage, the parallel robot can be controlled as

predicted in two degrees of freedom. However, the workspace of the experimental
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model was smaller than predicted, while some deflection of the end effector due to
gravity was larger than expected. Hysteresis was also seen for the first time dur-
ing experimental testing, which was expected but not accounted for as the finite

element analysis uses an elastic material model for Agilus30, a rubber-like material.

4.4 Final parallel robot

After the micrometer actuated tests, the design is revised to address issues identified
during initial experimental testing to improve the performance of the robot. To
reduce the deflection due to gravity, the design was optimized manually, with the
intention of reducing the deflection due to gravity to less than 5% of the horizontal
workspace of the robot, while maintaining a horizontal workspace of at least 15

millimeters (resulting in a maximum deflection due to gravity of 0.75 millimeters).

4.4.1 Design changes

The final design of the parallel robot (shown in Fig. and Fig. encases the
ends of all flexures and increases the thickness of the rigid arms, which were the
most common feature to break while cleaning. The base has an increased thickness
and width to reduce motion when testing the robot at higher frequencies, and
the mechanically grounded flexures are connected at a different angle to improve

clearance near the driven flexures for the bimorphs. The flexures in the transmission
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mechanism have an increased thickness of 504 microns to reduce the deflection due
to gravity that was seen at the end effector. The width of the mechanically grounded
flexures is doubled as well. By increasing these two parameters, the deflection due

to gravity should be reduced, which is explained by the area moment of inertia

3
,_bh

== (4.1)

where b is the width of the flexures, and h is the thickness of the flexures. The
mechanically grounded flexures area moment of inertia increases by a factor of 9,
while the driven flexures area moment of inertia increases by a factor of 4.5. The
predicted deflection (shown in Fig. due to gravity is 0.192 millimeters, a

significant reduction despite an increase in the mass of the rigid bars.

Fig. 4.19 Deflection under gravity for the final parallel robot design.
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Ef fector

Fig. 4.20 Final parallel robot with the piezoelectric bimorphs highlighted in orange,

flexures highlighted in black, and the rigid material highlighted in white.

Fig. 4.21 CAD model of the final parallel robot
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4.4.2 Finite element model

The finite element model for the final parallel robot is implemented in ABAQUS
similarly to the previous model. Simulations are performed to predict performance

at high frequencies and near resonance.

4.4.2.1 Static deflection

The displacements for the basic movements for the final parallel robot (shown in
Fig. values in Table.|4.6|) are similar to the previous parallel robot. The final
parallel robot has a less square workspace (shown in Fig.[4.23a). There is a larger
horizontal workspace, increasing from 16.75 mm to 19.0 mm, while the vertical
workspace decreases from 18.70 mm to 15.54 mm. The area of the workspace is

145.53 square millimeters.
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Fig. 4.22 End effector displacement for 8 basic movements, arrows denote end

effector orientation

S
o o
o
R S
Notelele’eletete e’

75

9.9.9.9.9.9.0.0 4
...””.’.’ e S
elesscocol
71‘0 —;s —és r;t 2 (; 2 4 6 ,75- A
Displacement in x (mm)
(a) Displacement in the XY plane (b) Variable voltages for both bimorphs

Fig. 4.23 Workspace grid
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Case | Movement V.top | Vabot | 02 (mm) | dy (mm) | 6 (deg)
1 Forward (4X) -75 75 7.56 0 0
2 Backward (-X) 75 -75 —11.44 0 0
3 Down (-Y) -75 -75 —1.56 =7.77 —14.1
4 Up (+Y) 75 75 —1.56 7.7 14.1
5 Forward Down -75 0 3.88 —4.52 —5.03
6 Backward Up 75 0 —5.60 3.12 8.62
7 Backward Down 0 -75 —5.60 —3.12 —8.62
8 Forward Up 0 75 3.88 4.52 5.03

Table 4.6 Basic movement cases and results for the parallel robot

4.4.2.2 Resonance frequencies

The resonance frequencies (shown in Fig.[4.24)) are determined in ABAQUS, using
the same method for the bimorph resonance frequencies. The first and third modes
(shown in Fig.[4.248] and Fig.[1.24d respectively) occur as the end effector moves
up or down, along the Y-axis. The second and fourth modes (shown in Fig.}4.24b

and Fig.[4.24d) respectively) correspond to movement along the X-axis, where the

end effector moves forward or backward.
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(a) Frequency response at 17.740 Hz b) Frequency response at 18.823 Hz

1 B
— —\//

(c) Frequency response at 27.575 Hz (d) Frequency response at 114.99 Hz

Fig. 4.24 Resonant frequencies of the final parallel robot

4.4.2.3 Dynamic analysis

Trajectories are generated to determine if the parallel robot can be controlled within
its workspace. Three different trajectories are simulated at 0.5, 2, 5, and 10 Hz.
To estimate the Rayleigh damping parameters for the Agilus30 and VeroWhite,
the parallel robot is made to retract rapidly, and the displacement of the end-
effector along the z-axis is taken. The damping parameters are then tweaked until

critical damping behavior is observed. This results in a mass-proportional damping

coefficient of 100 for Agilus30 and VeroWhite.
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4.4.2.4 Trajectory 1: Workspace trace

To trace out the workspace of the parallel robot (shown in Fig., the robot
first extends slowly outward to the forward state. At this point the trace begins,
moving to the upward state, followed by the backward and downward states. Next,
it returns to the forward state, then slowly returns to the origin. The input volt-
ages for this trajectory are simple (shown in Fig., as the transition for most
segments (such as from the forward state to the upward state) requires only one

bimorph voltage input to change at a time.

(a) Desired trajectory (b) Corresponding voltage inputs

Fig. 4.25 Workspace Grid Trace
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Fig. 4.26 High-frequency results for the workspace trace

Above 5 Hz, the performance of the robot is poor (shown in Fig.[4.26)), as the

workspace trace moves further and further outward.

4.4.2.5 Trajectory 2: Circle

For a given point within the workspace of the parallel robot, there should be a cor-
responding combination of input voltages. To plot a circular trajectory within the
workspace of the parallel robot (shown in Fig., the required input voltages
for that trajectory must be determined. Using the fitgeotrans() function in MAT-
LAB a geometric transformation is defined between the input voltages of the system
and corresponding displacements. With this transformation, a circular pattern of
points with a radius of 5.5 millimeters is converted to the input voltages (shown in
Fig.|4.27bf). To generate a circular trajectory, the parallel robot first extends to the

start of the circle, then a linear path is generated between each of the points in the
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circle. Finally, the robot returns to the origin once the circle is completed.

(a) Desired trajectory within workspace  (b) Corresponding voltage inputs

Fig. 4.27 Workspace Grid Circle

Fig. 4.28 High-frequency results for a circle

Above 2 Hz the displacement is no longer circular, with the displacement taking

on an increasingly deformed shape.
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4.4.2.6 Trajectory 3: The letter Y

Similar to the first trajectory, tracing the letter Y (shown in Fig.|4.29a)) is simple,
as the movements required are all basic movements of the robot. The robot moves
from the origin to the retracted state, then returns to the origin. Next, it moves
to the forward-up diagonal state and returns to the origin once again. Finally, it

moves to the forward-down diagonal state and then returns to the origin.

(a) Desired trajectory within workspace  (b) Corresponding voltage inputs

Fig. 4.29 Workspace Grid Letter Y
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Fig. 4.30 High-frequency results for the letter Y

Above 2 Hz, the trajectory moves off course as it retracts from the diagonal
directions (shown in Fig.|4.30)), with significant drift at 5 and 10 Hz.

The finite element results for the final parallel robot model suggest the parallel
robot is capable of tracing various trajectories using the end effector. Simulations
suggest the robot has difficulty controlling the end effector position at frequen-
cies above 5 Hz. To validate these simulations, the final parallel robot is tested

experimentally with the piezoelectric bimorphs.

4.4.3 Experimental setup

The process to integrate the piezoelectric bimorphs with the parallel robot is sim-
ilar to the previous setup. Each Thorlabs PBANB2W bimorph is mounted on a
micrometer stage (shown in Fig.|4.31]), while the robot is mounted to a 3D printed

mount, which is itself mounted to the optical table. A rectangular section of non-
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conductive material is glued to the end of each bimorph, which is then glued to a
connecter for the parallel robot (which is shaped to cover the driven flexure cap
of the transmission). The micrometer stage is used to adjust the position of the
bimorphs as the bimorph connectors are glued to the robot transmissions. The

bimorphs are then positioned so that the parallel robot is in a neutral position.

Parallel
Robot

-

?\’fL,o
Millimgtars

Calibration

pattern
Micrometer stage

Fig. 4.31 Experimental setup for the parallel robot and piezoelectric bimorphs

To actuate the bimorphs, the wiring is similar to the experimental testing of
the bimorphs. The low-bias and high-bias voltage inputs for each bimorph are
connected to the ground and high-voltage outputs of the amplifier (as shown in

Fig.l4.32] The first output of the amplifier is connected to the variable voltage of
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the first bimorph, and the second output is connected to the variable voltage of
the second bimorph. Both of these outputs from the amplifier are controlled by the
signal from Simulink using a Speedgoat Performance Real-Time machine 10133
module. A Chronos 2.1 high-speed camera is positioned above the parallel robot
to record the movement and ProAnalyst was used to perform motion tracking to

determine the displacement of the end effector.

Inputs Outputs
—,—> Input 1 HV+ }- Vi
Vout1
Simulink
Voutz > Input 2 Output 1 > V. Bimorph 1
PiezoAmplifier
Output 2 — ’—PI: V_
GND

SE v
—)I: V. Bimorph 2

. ke

Fig. 4.32 Wiring Diagram for actuating the parallel robot

4.4.4 Experimental results

Similar to before, the parallel robot can be controlled using bimorphs to achieve

eight basic movements (shown in Fig.4.33)).
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(a) Backward Up (b) Upward (¢) Forward Up

(d) Backward (e) Neutral (f) Forward

(g) Backward Down (h) Downward (i) Forward Down

Fig. 4.33 Basic movements of the parallel robot

The results for the piezoelectric bimorph actuated parallel robot (shown in Fig.

m, values in Table. are similar to the simulated predictions, but have a smaller
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workspace, in particular along the y-axis.

Displacement in y (mm)

Displacement in x (mm)

Fig. 4.34 Basic movements of the parallel robot (bimorph actuated)
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Case | Movement V.1 | Voo | 6z (mm) | oy (mm) | 6 (deg)
1 Forward (+X) | 148 | 0 6.542 —0.076 —1.2
2 Backward (-X) 0 148 | —7.815 0.216 —0.6
3 Down (-Y) 148 | 148 | —0.7886 —4.258 —10.6
4 Up (+Y) 0 0 —0.4206 —4.404 10.7
5 Forward Down | 148 | 74 3.271 —2.704 —4.2
6 Backward Up 0 74 —4.159 1.852 4.7
7 Backward Down | 74 | 148 —4.147 —1.624 —6.7
8 Forward Up 74 0 3.563 2.588 4.9

Table 4.8 Basic movements for the parallel robot (bimorph actuated)

4.4.5 Workspace grid

Due to the hysteresis in both the piezoelectrics bimorphs and the materials in the
flexures, the relationship between the input voltages of the bimorphs and the re-
sulting displacements in the parallel robot varies depending on the previous inputs.
To account for this, the workspace is traced with alternating start positions, trace
directions, and peak voltages. To start, the end effector is positioned to either

the positive or negative maximum along the z-axis over half a second. Next, the
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workspace is traced by moving to the first point in the clockwise (CW) or counter-
clockwise (CCW) direction (shown in Fig.[4.3F]) over half a second. Once the point
is reached, the robot waits half a second before repeating the process for all the
remaining points. This process is repeated with different peak voltages to acquire

results within the workspace (shown in Fig.{.36]).

Displacement in y (mm)

Displacement in y (mm)

(c) Backward CW (d) Backward CCW

Fig. 4.35 Varying workspace trace directions and initial positions
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Displacement in
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Displacement in x (mm| )

(b) Inner ring 2

Displacement in y

0 -8 6 -4 =2 0 2 4 6
Displacement in x (mm)

(c) Inner ring 3 (d) Inner ring 4

Fig. 4.36 Different inner traces used for workspace determination

Examining the results for the workspace traces (shown in Fig., there are
clear variations between the different tests. The peak results vary depending on the
direction of movement, and the clockwise traces are skewed in a clockwise direction,
while the counter-clockwise traces are skewed in a counter-clockwise direction. If all

the workspace traces are averaged (shown in Fig.|4.38a)), the relationship between
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the input voltages (shown in Fig. and the displacements is clearly visible.
Compared to the expected displacement, the workspace is more diamond-shaped
due to a reduction in movement along the y-axis. There is a horizontal workspace
of 14.36 millimeters, a vertical workspace of 8.66 millimeters, and the total area of
the workspace is 65.6144 square millimeters. The smaller workspace is partly due

to the piezoelectric bimorphs, which have a lower displacement than expected.
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(c) Backward CW results (d) Backward CCW results

Fig. 4.37 Workspace trace results for different directions and initial positions
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(a) Average of all workspace grids (b) Variable voltages for both bimorphs

Fig. 4.38 Workspace grid

4.4.6 Trajectories

All three trajectories are tested for 3 cycles to determine if the trajectories are

stable across multiple cycles, and to see if the same path is followed in each cycle.

(a) Workspace trace (b) Circle (c) The letter Y

Fig. 4.39 Overlay of trajectory results
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4.4.6.1 Trajectory 1: Workspace trace

The workspace trace trajectory (shown in Fig. follows a path similar close to
the grid of points found earlier. There are slight differences in the results (quan-
tifying the performance is shown in Appendix that are visible near the lower
half of the trace, which is later in the trajectory. Hysteresis may be the source of
this error, as the first half of the trajectory is more aligned with the grid of points

found earlier.

Displacement in y
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—— T AT
L I N R R - T T R - R NI |

-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
Displacement in x (mm) Displacement in x (mm)

(a) Trajectory at 0.5 Hz (b) High-frequency results

Fig. 4.40 Trajectory 1 Experimental Results

4.4.6.2 Trajectory 2: Circle

To test the circular trajectory, the input trajectory used in the finite element anal-

ysis was tested on the parallel robot. The circular trajectory results (shown in
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Fig.|4.41)) show an elliptical shape. This is to be expected, as the simulated perfor-
mance of the parallel robot has a larger workspace, in particular along the y-axis.
The robot is capable of maintaining the trajectory at 10 Hz, however with a reduced

area.

1m)
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Displacement in y (m
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Displacement in y (i

(a) Trajectory at 0.5 Hz (b) High-frequency results

Fig. 4.41 Trajectory 2 Experimental Results

To improve upon the previous trajectory, the workspace grid obtained experi-
mentally was used to generate a new set of input voltages for the circular trajectory,
to trace out a circle with a radius of 3.5 millimeters. When this trajectory is used,
the results (shown in Fig. improve drastically. A circular shape is clearly visi-
ble with a radius of 3.5 millimeters, and the trajectory is stable at 10 Hz with only

a slightly smaller workspace.
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(a) Trajectory at 0.5 Hz (b) High-frequency results

Fig. 4.42 Trajectory 2 Experimental Results, revised transformation data

4.4.6.3 Trajectory 3: The letter Y

Hysteresis is clearly visible in the results for the third trajectory (shown in Fig.[4.43a)).
As the upper segment of the letter is traced, it does not return fully to the origin
before beginning the lower segment of the letter and has a different origin when re-
turning to rest at the end. At higher frequencies (shown in Fig. the trajectory

is clear, but peak displacements are closer to the origin.
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(a) Trajectory at 0.5 Hz (b) High-frequency results

Fig. 4.43 Trajectory 3 Experimental Results

4.4.6.4 Chirp signals

To determine the frequency response of the parallel robot, a chirp signal with a
magnitude of 15V is applied to the bimorphs. Two tests are completed with the
same chirp signal. The first test applies the chirp signal to both bimorphs at once,
driving the parallel robot forward and backward. The second test inverts one of
the chirp signals, driving the parallel robot up and down. The chirp signal lasts for

five seconds, sweeping from 1 to 50 Hz.
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Fig. 4.44 Chirp signal results for horizontal motion

(a) Displacement results

(b) Frequency Results

Fig. 4.45 Chirp signal results for vertical motion

For the horizontal motion (shown in Fig.|4.44)), there is a decrease in the response
of the system as it increases from 1 to 5 Hz. It slowly begins, peaking around 25

Hz, before dropping rapidly as the system moves towards 50 Hz. The predicted
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horizontal resonance frequencies were 18.823 and 114.99 Hz. For the vertical motion
(shown in Fig., the system response does not change significantly from 1 to 5
Hz, but then begins to drop without reaching another peak. Unlike the horizontal
response, the vertical frequency response does not have a peak near the predicted

resonance frequencies of 17.740 and 27.575 Hz, but rolls off after 25 Hz.

4.4.6.5 Fatigue testing

To determine the response of the parallel robot to cyclic loading, it was actuated
forward and backward at 10 Hz for 10000 cycles. The horizontal workspace of the
parallel robot was 11.916 millimeters when actuated at 10 Hz before the fatigue
testing. After fatigue testing, the horizontal workspace of the parallel robot when
actuated at 10 Hz is 12.01 millimeters. The difference between these results (shown
in Fig. [4.46|) is 0.8 percent, well within the error due to measurement or hysteresis,
suggesting that there is no noticeable change for the parallel robot after 10000

cycles.
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Before Fatigue Testing
After Fatigue Testing

Displacement in x (mm)

0 0.1 0.2 0.3 0.4 0.5 0.6
Time (seconds)

Fig. 4.46 Comparison of parallel robot performance before and after fatigue testing

4.4.7 Updating simulations with experimental bimorph performance

The piezoelectric bimorphs used for the parallel robot have lower displacement than
expected, with peak results between 375 — 400 microns instead of 450 microns. To
compare the experimental results further, an updated simulation is performed where
the displacement at peak for the piezoelectrics is limited to 400 microns by lowering
the peak voltage from 75 volts to 65 volts. The workspace grid for this setup
(shown in Fig. is similar to previous results but has a reduced workspace.
There is a horizontal workspace of 16.78 millimeters, a vertical workspace of 13.75
millimeters, and the area of the workspace is 113.53 square millimeters. Compared

to the experimental results, the horizontal workspace is slightly larger, while the
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vertical workspace is significantly larger.

(a) Displacement in the XY plane

Fig. 4.47 Workspace Grid
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Case | Movement V.top | Vabot | 62 (mm) | 0y (mm) | 6 (deg)
1 Forward (+X) -75 75 6.908 0 0
2 Backward (-X) 75 -75 —9.871 0 0
3 Down (-Y) 75 | 75 | —1167 | —6.873 | —12.2
4 Up (+Y) 75 75 —1.167 6.873 12.2
5 Forward Down -75 0 3.527 —3.944 —4.6
6 Backward Up 75 0 —4.825 2.84 7.3
7 Backward Down 0 =75 —4.825 —2.84 -7.3
8 Forward Up 0 75 3.527 3.944 4.6

Table 4.10 Basic movement cases and results for the parallel robot, reduced voltage

As with the transmission mechanism alone, the experimental testing of the
parallel robot was difficult due to the small-scale design and difficulties of manual

support removal. These difficulties likely contributed to the reduction in the vertical

workspace for the final parallel robot tests.
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5 Conclusions and Future Work

In this work, a mesoscale parallel robot was designed using piezoelectric bimorphs
for actuation, compliant joints for the active joints and passive joints, and additive
manufacturing for fabrication.

To start, Chapter 2 covered the characterization of piezoelectric bimorphs. Fi-
nite element models were developed to compare the performance of commercially
available piezoelectric benders with manufacturer specifications and experimental
results. Using a laser displacement sensor the displacement and resonance frequency
were verified, and bimorphs were selected for the actuation of a transmission mech-
anism and robot.

The development of a compliant transmission mechanism that converts a small
linear displacement into a large rotational motion was the focus of Chapter 3. Us-
ing a planar finite element model, followed by a three-dimensional finite element
model, the critical design parameters for the conversion and amplification of motion

were identified. These parameters were revealed to be the thickness of the flexure
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elements, followed by the length and angle between flexure members. Experimen-
tal testing of the mechanism demonstrated the transmission behaved as expected,
converting and amplifying a small linear motion to a large rotational motion, with
the thickness of the flexures impacting the performance of the transmission.

In Chapter 4, the integration of the piezoelectric bimorphs and transmission
mechanism to form a six-bar mesoscale parallel robot that can be controlled in two
degrees of freedom was presented. A simplified kinematic model was developed
to understand the expected motion of the parallel robot while identifying critical
parameters to increase the workspace of the system. A finite element model was
developed based on the simplified kinematic model that incorporated the piezo-
electric bimorph and transmission mechanism models. By testing combinations of
input voltages to the bimorphs, the basic movements for the parallel robot along
the X and Y axes were identified. The workspace of the parallel robot was mapped
by testing a grid of input voltages, mapping the relationship between the input volt-
ages and end effector displacement. With a transformation function, a set of desired
displacements were converted to a set of input voltages, allowing for trajectories to
be generated within the workspace, such as a circular trajectory. The robot was
built and integrated based on this design, and experimental testing demonstrated
the relationship between input voltages and displacement is close to the simulated

performance. The parallel robot has a horizontal and vertical workspace of 14.36
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and 8.66 millimeters, respectively, and is capable of maintaining a horizontal and
vertical workspace of 12.06 and 6.80 millimeters, respectively, at 10 Hz. Trajectories
spanning the entire workspace can be maintained at 10 Hz, performing better than
expected in simulation, while fatigue tests indicated no change in performance after
10,000 cycles. The end effector of the parallel robot can be controlled as expected,
with slight deviations due to hysteresis in both the piezoelectric actuator and flex-
ible material. The parallel robot covers an area of 557.6 millimeters squared. With
a workspace area of 65.6 millimeters squared, the robot has a workspace area to

manipulator area ratio of %.

5.1 Future Work

To improve the design of the transmission mechanism and the parallel robot, the
causes for the gap between the predicted and experimental results must be in-
vestigated. The experimental displacements of the bimorphs can be used for the
transmission mechanism simulations to provide a more accurate actuation distance.
Capturing the mechanical behavior of flexible materials such as Agilus30 at differ-
ent strain rates (possibly modeling viscoelastic behavior) would give insight into
the performance of the transmission mechanism. This would also improve the un-
derstanding of the system at high frequencies and at resonance.

An ongoing challenge is the integration of the bimorphs and transmission mech-
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anisms of the parallel robot, primarily due to the small scale of the components
and the flexible regions. Misalignment when bonding the surfaces of the transmis-
sion and bimorph results in a decreased workspace of the parallel robot. Alternate
materials and printing methods can be investigated for multi-material printing of
flexible and rigid sections. Testing composite materials of varying hardness using
photopolymer blends would allow for the material properties of the flexible sections
to be tuned, leading to further optimization of the transmission mechanism. Using
soluble support material during fabrication would reduce the post-processing time
significantly, shortening the design cycle for the robot.

The robot presented in this work does not have a controller to improve per-
formance at higher frequencies or to account for hysteresis effects. Adding sensors
such as accelerometers to the end effector would allow for feedback control of the
system, ideally improving control of the end effector position at higher frequencies.
To account for the hysteresis behavior of the bimorphs and flexible material in the
transmission, it may be possible to use the expected and resultant positions for
various movements and trajectories for the end effector and use those results to
improve estimations of the end effector position.

The transmission mechanism used for the parallel robot can be expanded to
other designs, such as a 3RRR planar robot, allowing for control of the position

and orientation of an end effector, or spatial robots that can control the position
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and /or orientation of an end effector in three-dimensional space. Testing the flexible
transmission in conditions such as extreme heat, cold, or in a vacuum would help
narrow down future applications such as micro-assembly or micro-positioning tasks
either in terrestrial or space environments. As additive manufacturing methods
mature and expand into new material types, it could be possible to fabricate the
entire mechanism, including the actuators and transmission, in one step. These
robots could be immediately ready for use after fabrication, leading the way for an

easily modifiable mass manufacturing process for robots of various sizes.
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A Performance of experimental trajectories

To quantify the performance of the experimental results of the parallel robot for
different trajectories, the position error between the expected trajectory within the
experimental workspace and the actual performance was compared. Specifically,
the position of the end effector is compared to the expected performance along the

x-direction, y-direction, and the magnitude, for a given trajectory.
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A.1 Trajectory 1: Workspace Trace

Displacement in y (mm)

Expected

3T Actual (0.5 Hz)

al Actual (2 Hz)
Actual (5 Hz)

5+ Actual (10 Hz)

\ \ \ \ \ \ \
5 4 2 0 2 4 6
Displacement in x (mm)
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A.3 Trajectory 3: The letter Y
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