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3D printing has been demonstrated as a mighty tool for fast prototyping in many fields.
The fast reconfigurability, high repeatability and low cost enables itself to be accepted by everyone
with general knowledge in engineering. That is, when the designs and process parameters are given,
anyone would be able to simply perform the manufacturing processes. However, resulting from
the immaturity of material tuning, tooling design and process control, when printing functional
parts with special electrical or mechanical requirements, the printed workpieces are still not

competitive comparing to the traditional works of manufacturing machines. In the desire of
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realizing printing as a production approach in professional applications, we propose this
dissertation with guidelines from the hardware improvement in printers to the specific rules in
modeling and printing toolpath designs in the fields of thin-film electronic devices, wearable haptic
devices, and soft robotics. In the first work, we deposited silver inks with an inkjet printer for high-
frequency inductive and capacitive components, which were combined into a pressure sensor to
track liquid pressure with wireless readout. Then we turned our focus to extrusion printing with
functional materials. For this exploration, a special hybrid printing system was build combining
fused deposition modeling (FDM) and pneumatic extrusion printing, as well as functions in force
tracking, shear force control and UV curing. The pneumatic printing apparatus was optimized to
process an organic actuator material, liquid crystal elastomer (LCE), in order to control the
mesogen alignment. As applications, incorporating with silver extrusion inks, two LCE haptic
interfaces were demonstrated—including a tactile number-display surface and a kinesthetic glove.
To demonstrate the application in robotics, soft LCE actuators and printed rigid exoskeleton parts
were integrated into a self-sustained moving robot, which performs autonomous motion under
constant light sources with a high payload-carrying ability. We also studied the actuation range of
LCE with respect to the quantitive shear control during printing processes, which proved that
printed LCE structures are advantageous in topological surface reconstruction. An example of
human face model reconstructed by LCE was displayed, showing higher fidelity than other
existing works. Details of all our works in the modifications to the printing setups and design rules
of the fabricated devices are given in this dissertation, which provide guidelines not only in the
flexible electro-mechanical devices we have been focusing on, but also inspirations to the

researches in all the digital manufacturing fields as we wish.
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Chapter 1
Introduction

1.1 Background and motivation of printing devices in haptics and robotics

Emerging additive manufacturing techniques such as digital printing provide the capability
to fabricate multi-scale and multi-material designs with high precision and throughput. Digital
printing is amenable for integrating multiple materials and architecting functionally gradient
materials to increase the design space for versatile motion, and can achieve free-form designs for
customization of interfaces. The versatility and reconfigurability of printing processes are
advantageous for fabricating integrated organic robots and haptic interfaces.

The desired feature resolution and material requirements will dictate the selection of
suitable printing methods, which are classified into three common broad categories—inkjet,
extrusion, and photo-patterning. Inkjet and extrusion are nozzle-based methods. Inkjet is a non-
contact printing process, where the nozzles do not touch the surface being printed on and is tolerant
of rough surfaces. In contrast, extrusion is a contact process with the nozzles directly depositing
materials over top surfaces and requires accurate control of the distance between nozzles and
surfaces. Lastly, photo-patterning uses light to crosslink polymers or sinter materials together.
Below the process principles, advantages, and drawbacks of each technique are presented.

Schematic drawings of the inkjet printing process are shown in Figure 1.1(a). These
techniques comprise both the conventional approach and the electrohydrodynamic (EHD)
extension. In conventional inkjet, a driving voltage waveform is applied to the piezoelectric stack
in the nozzle, which triggers an acoustic or pressure wave in the ink reservoir to eject a droplet

with a volume proportional to the nozzle orifice diameter, typically on the order of picoliter in



volume. The ink formulations can be tuned to incorporate electronic materials; for example,
semiconductors [1] and conductive electrodes [2] have been deposited by inkjet to fabricate
circuits [3], [4]. The resolution of the printed feature depends on the volume of ink droplets and
their interaction with the substrate, [5], [6] and the typical resolution is tens of micrometers. To
further improve feature resolution, inkjet printing can be modified into an EHD format, in which
a high voltage pulse is applied between the nozzle and substrate, generating a high electric field
that induces a cone-shaped meniscus at the nozzle and ejects droplets considerably smaller than
the nozzle orifice. The resolution can be below 10 um. Moreover, The fast evaporation of such

small droplets enables it to printed metallic pillars and 3D interconnects [7].
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Figure 1.1: Digital printing techniques. (a) Inkjet and electro-hydrodynamic (EHD)
printing. (b) Fused deposition modeling (FDM) and pneumatic extrusion printing.
(c) Digital light processing (DLP) and selective laser sintering (SLS).



Extrusion processes, as shown in Figure 1.1(b), can pattern materials from prepolymers or
melts in wide viscosity range (10 to 104 Pa-s). Printable materials include thermoplastic solids and
composite pastes. In a commonly used technique known as fused deposition modeling (FDM),
solid filaments are melted inside a heated nozzle, and the melt is extruded onto the substrate. When
the thermoplastic cools below its glass transition temperature, it solidifies to form slices that
constitute a 3D structure. For composite pastes or prepolymer gels, extrusion is regulated by
applying pneumatic pressure or mechanical force to push the material through the nozzle. The
desired flow characteristics is reached by adjusting the paste viscosity, concentration, shear moduli,
and nozzle temperature. The extrusion of polymeric materials usually requires heating inside the
nozzle to lower the viscosity and minimize the resistance to extrusion. Upon exiting the nozzle,
the material cools and its viscosity increases, which minimizes or prevents spreading. For paste
mixtures, the organic solvent dries shortly in air after extrusion, leaving the solid contents on the
stacked structure. The resolution of the features printable by extrusion is similar to the inner
diameter of the nozzle, or slightly larger due to lateral spread of the printed materials, and is
typically on the order of below one millimeter.

Extrusion is amenable to a diverse range of materials and is the most commonly used
method for printing different materials on the same platform. For conductive structures, the
possible material choices include polymer composites percolated with conductive particles, [8], [9]
or liquid metal alloys such as eutectic indium gallium [10]-[12] that can be patterned into
mesoscale structures due to a spontaneous surface oxide upon extrusion. Functional devices
ranging from energy storage [13] to optoelectronics [14] have been made by extrusion.

Broadly speaking, light-based patterning techniques are categorized as either light-induced

polymerization or light-power sintering, as depicted in Figure 1.1(c). Generally, each layer is



patterned by illumination that locally crosslinks a volume of photocurable material. [15], [16]
Following crosslinking of the previous layer, a new layer of liquid resin or powder is added and
photo-patterned, and the process is repeated to build up the structure layer by layer. In
stereolithography and selective laser sintering, [17] a digitally controlled galvo-mirror directs a
laser beam to solidify the resin, or to melt powder, respectively. The powder can be metallic or
polymeric. The schematic diagram on the bottom in Figure 1.1(c) shows a critical aspect of the
process, in which a thin layer of powder is pushed by a roller into the working tank. The laser then
selectively sinters the desired pattern on the surface. Subsequently, the roller spreads another thin
layer of powder for patterning the next layer.

Currently, photo-patterning is ideally suited for printing mechanical structures, inkjet is
likewise for printing thin-film electronics, and extrusion has been used for patterning both
electronic and mechanical structures, albeit at a lower resolution than the other two techniques. In
each type of printing, the patterning and solidification process define the resolution of printed
features and the type of materials to which it is amenable. [18], [19]

In our research, inkjet, electrohydrodynamic, FDM and pneumatic extrusion printing
techniques are used for different fabrications. Inkjet was used to print thin film electrical devices
such as transistors, inductors and capacitors. To achieve the best electrical performance, the
conductive ink, substrate and detailed printing process require adjustment. For example, in high
frequency applications, the surface of the printed conductor should be smooth, while the short
drying time of ink leads to unsmooth surface. Such issues can be improved by special process
design. Pneumatic extrusion was used to print a highly viscos functional actuator material, liquid
crystal elastomer (LCE). In order to collaborate with the material, the extrusion setup requires

modifications such as high-pressure air supply control in fast response and heating of the ink. Also,



the printing toolpath requires specific controls to effectively apply shear force on the printed
workpiece for mesogen alignment. Meanwhile, the continuity and smoothness at the end points of
paths need to be controlled. In a completed device, the yield and performance depend on the whole
fabrication line. Our motivation is to improve the setups and optimize the digitally controlled

processes for higher capability in manufacturing devices.

1.2 Design of printing systems and processes for devices

A PSjet inkjet printer was used to fabricate electrical devices. We evaluated different
conductive silver inks on different substrates, and tested different curing conditions for precise
patterns. MATLAB programs were written to design the patterns of wireless resonators, which
include an inductor coil and a thin-film porous capacitor. Different printing sequences were studied
to generate smooth surface for better high frequency performance. A comparison of different
toolpaths designed in MATLAB is shown in Figure 1.2, with corresponding printing results. The
patterns were printed with Novacentrix silver ink on glossy paper substrate, where the water
solvent dries fast after printing. By tuning the printing sequences of the infilled pattern, the drying
sequence of ink can be controlled, and the smoothness of the surface can be improved. Finally, a
printed wireless pressure sensor was tested in liquid environment, showing an ability to track heart

pulses in blood pressure range. This work is introduced in Chapter 2.



Figure 1.2: Different toolpath designs in MATLAB and printing results by inkjet.

(a) Parallel infill sequence. (b) Vertical infill sequence.

To print with LCE, we built a new printing setup. The printer was modified from a
commercial FDM printer, Raise3D N2. We added customized parts on the printing head assembly,
in order to hold two pneumatic extrusion syringes. The parts were printed from temperature-
resistant polycarbonate in high precision. The pneumatic power is supplied by an air compressor,
and regulated by two dispensers. We investigated the two choices of extrusion power sources—
pneumatic and mechanical piston, and found that pneumatic extrusion leads to less delay at start
points and minimized leakage after the end points. This is because the pneumatic pressure supply
is able to provide sharp step increase and decrease. In contrast, due to the elastic modulus of the
syringe and gel material, mechanical piston needs a period to accumulate or release the pressure
in viscos fluid for extrusion or stopping. The delayed period is in the order of seconds, which is
often shown as large amount of leakage after extrusion. Besides air supply equipment, the circuit
and firmware of the printer was modified to output extrusion signal to the two dispensers, to trigger

the extrusion through two syringe needles. On one of the extrusion syringes, there are two



customized heaters which control the temperature of the syringe and needle respectively [Figure
1.3 (a) and (b)], in order to reduce the viscosity of LCE for higher extrusion flow rate. Each heater
has a corresponding temperature sensor attached, and PID logic was used for precise temperature
control. In most 3D printers, the homing of Z axis level is usually a hard issue. To print actuators
with precise layer height control, we added a load cell on the print head assembly [Figure 1.3(c)],
which is able to track the vertical force on the printing nozzle. As a result, during lowering the Z
level of the print head, when the nozzle contacts the substrate, the force will be sensed by the load
cell, and a signal will be sent to the motion controller of the printer to mark the Z homing position.
To cure LCE after extrusion, 365 nm UV light is required. Four high power UV LEDs were
attached around the printing nozzle region [Figure 1.3(b)], with the cooling components for heat
dissipation [Figure 1.3(a)]. For all the added functions, we made a controller to process the signals

and calculations [Figure 1.3(d)].
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Figure 1.3: Pneumatic print head assembly and controller. (a) Syringe holders and heating jacket
on the assembly. (b) Detailed nozzle region, including two FDM and two pneumatic nozzles, UV
LEDs and a nozzle heater. (c) Load cell to assist leveling Z and positioner to adjust relative height
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Besides the hardware modification, MATLAB programs were also designed for the
generation of printing patterns and operation procedure. The programs are able to calculate desired
pattern with geometric parameters, and output corresponding G-code file for the whole process.
The printing procedure such as toolpath control, infill, shear direction and endpoints controls are
all optimized in the codes. Examples of pattern designs and printed results are shown in Figure 1.4.
The printed directions of the actuators were tuned for specific actuation directions in Figure 1.4(a),
and multiple materials were deposited on the same structure to form the heating components in (b).
The pneumatic printer was used for the works presented in Chapter 3-5 based on different

applications. A full operation manual of the printer is included as Appendix A.
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Figure 1.4: Designs of extrusion printed patterns by MATLAB and corresponding
printed results. (a) LCE actuators for tactile display. (b) Silver heaters for tactile display.

Chapter 3 presents two kinds of haptic actuators fabricated by combined FDM and
pneumatic extrusion printing. LCE in different domain controls was used in the actuator units and
base. Thermoplastic Polyurethane (TPU) was used as spacer to assist the actuators. A tactile
surface is designed to display numbers for touching sensation, and a kinesthetic actuator is able to
apply force on the joints of fingers. The stress-strain characteristics are provided, showing that
LCE is a suitable material in compact haptic applications.

To study the relationship between the shear stress during printing and the actuation strain



of LCE samples, we made a setup with corresponding date processing codes to track the shear
force as shown in Figure 1.5. The substrate is supported by a load cell, therefore, the horizonal
force applied on the printed trace from the nozzle is captured by the load cell in real time. In the
test, LCE samples were printed under different shear stresses, and the actuation strains of each
sample were measured after fabrication. The result shows that the control of horizontal shear
outside of printing nozzle and actuation strain of the sample are monotonically corelated, which
proved that the alignment strength can be controlled by printing. The detailed data and results are

discussed in Chapter 4.
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Figure 1.5: Shear force tracking setup. (a) Schematic. (b) Photograph
demonstration during printing.

Besides the printing shear control, Chapter 4 demonstrated a self-sustain moving robot
combining FDM printed exoskeleton and pneumatic printed LCE actuators. A printed LCE
actuator collaborated with a LCE spring component ensured the two-way actuation and recovery
movements. A special ratchet and a flapping shade fulfilled the automatic thermal-mechanical
work processes in repeated cycles, and further achieved continuous movement of the robot. The
robot is able to move under constant light input, and is able to carry a payload 22 times its

bodyweight. The engineering drawings of the robot are included as Appendix B.
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With the shear force tracking system, we have proved that the shear stress applied on the
printed LCE trace form the extrusion nozzle can monotonically control the alignment strength of
the sample. However, in the printed samples, the toolpath traces usually need to be in parallel
through the whole surface in order for close-packed infill, and the alignment of the material is
bound to the trace direction. These limitations prevent the printing process to generate freeform
alignment for complex actuation patterns. To decouple the alignment pattern from the constrains
of printing, we designed a digital shear system as shown in Figure 1.6, in which a shear post is
used to scratch an unaligned LCE film for freeform aligning directions and magnitudes. A water
load is attached on top of the post and a digital syringe pump is used to adjust the load. With the
load pressure and shear velocity controlled in real time, the magnitude of alignment can be varied
continuously. As a demonstration of this setup, we designed a multi-layered LCE film structure
with different shear patterns on each. When some of the layers perform linear contraction and the
others stay in original state, the film structure performs a bending actuation. The magnitude of the
bending curvature can be controlled by the aligning strength of the actuating layers. An algorithm

was designed to calculate the curvatures of a human face model, and the shear setup was used to
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reproduce this model on a LCE film, which as a result shows 84.5% similarity. The fidelity of this
surface reconstruction technique exceeds all the previous researches in the same type. Details of
this work is reported in Chapter 5.

Chapter 6 demonstrates other applications of printing and electrical controllers. One is a
shortwave infrared imaging array using 3D printed mechanical components for taking image and
programmable controllers to switch the pixels with control logic. The other application is a printed
passive haptic device using regular printing filament. The device has integrated heaters and
temperature sensors. The temperature can be controlled to generate different feelings of stiffness.
A special control logic was designed to carry out both the heating and measuring functions.

Appendix A is the operation manual of the pneumatic printing system we built.

Appendix B shows the engineering drawings of the self-sustained robot in Chapter 4.

Chapter 1, in part, is a reprint of the material as it appears in Advanced Materials, 2021,

Yichen Zhai, Zhijian Wang, Kye-Si Kwon, Shengqiang Cai, Darren Lipomi and Tse Nga Ng. The

dissertation author was the primary investigator and author of this paper.
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Chapter 2

A printed wireless fluidic pressure sensor

2.1 Abstract

An inkjet-printed inductor—capacitor (LC) resonator is demonstrated for wireless
monitoring of pressure in aqueous environments. The sensing mechanism is based on a
compressible capacitor that modulates the LC circuit resonant frequency depending on the applied
pressure. The trace conductivity and geometric designs of inductors are improved to increase
mutual inductive coupling between the sensor and the readout coil. The dielectric porosity in the
capacitive sensors are tuned to enhance pressure sensitivity. The encapsulated sensor showed a
linear response to pressure between 30 and 170 mmHg (4-23 kPa) with respect to atmospheric
pressure and a resolution of 3 mmHg. The sensor temporal response is up to 6 Hz and capable of

capturing typical heart-pulse waveforms as a proof-of-concept demonstration.

2.2 Introduction

Wireless monitoring of physiological pressure is highly desirable for preventing failure of
implanted prosthetic grafts. For example, prosthetic vascular shunts are prone to clogging in
patients undergoing renal hemodialysis, but monitoring procedures using ultrasound or x-ray
angiograms are costly and not suitable for frequent use to enable early detection of failing grafts
[1]. Wireless telemetry based on inductor—capacitor (LC) resonators [2]-[6] provides convenient
monitoring of the grafts, in which sensor signals are measured through inductive coupling with an
external reader. Passive LC resonator circuits are limited in transmission distances but can be used

for subcutaneous grafts [1], [7] that are typically less than 2 cm from the skin surface. The LC

14



resonators occupy a smaller footprint and are simpler to fabricate than active devices for
integration with mechanically flexible, space-constrained grafts.

In this work we demonstrate a printed LC resonator to measure hemodynamic pressure.
The pressure sensing component is a compressible capacitor, such that the capacitance increases
under pressure and in turn modulates the resonance frequency of the LC resonator. There are other
pressure sensing devices based on resistive [8]-[12] or piezoelectric mechanisms, [13] but wireless
detection of the corresponding resistance change or induced voltage requires a more complex
circuit than the LC resonator. Prior research on polymeric capacitive pressure sensors [14]-[19]
used micro-structures in dielectric materials to improve sensitivity. By using templates, the
dielectric structural geometry is tuned to change its elastic moduli for various pressure sensing
applications. However, the sensors were porous and not designed to work in liquid condition. Here
we incorporate encapsulation and develop an fabrication process with inkjet printing, which
reduces processing steps compared to conventional micro-electromechanical systems (MEMS)
fabrication and allows rapid, reliable prototyping on flexible substrates. We designed a new
method of integration that separately fabricated planar inductor pattern and porous foam capacitor
are simply combined by gluing between the dielectrics. We demonstrate printing toolpaths and an
empirical model used to optimize the wireless coupling between the sensor and the readout

inductor coils for maximal reading distance.
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2.3 Results and discussion

2.3.1 Fabrication process and optimization of printing

As shown in Figure 2.1, the LC resonator consists of an inductor and two capacitors with
microstructured dielectrics designed to enhance the pressure-induced change in capacitance. The
two capacitors are connected in series through a common electrode. This configuration eliminates
the need for an interconnect via between the top capacitor electrode layer to the inductor layer,
thus simplifying fabrication compared to a single capacitor design. The key processing parameters
that improve inductor and capacitor characteristics are discussed below, while details of the

fabrication procedure are provided in the experimental section.
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Figure 2.1: Structure and fabrication process of wireless pressure sensor. (a) Schematics of
the LC resonator. (b) Cross-sectional view of the capacitive pressure sensing structure. (c)
Schematics of the fabrication process.

The inductor is patterned by printing silver ink on a flexible paper substrate, and the
printhead toolpath affects ink reflow and the resulting conductor trace profile [20]-[22]. Based on

the geometric inductance expressions from [22], we make the inductor a four turn Archimedean
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Figure 2.2: Printer toolpath in different sequences, corresponding printed silver
features, and Q factors. (a) Parallel sequence. (b) Radial sequence. (¢) Comparison of
inductor quality factors when printing is done with radial or parallel toolpath.

spiral with an outer diameter of 8.1mm, trace width of 210 um, and thickness of 10 pm, expecting
an inductance of 196 nH in frequency range below 10 MHz. When inkjet printing on the paper
surface, each Ag droplet forms a dot with diameter about 50 pm and thickness around 1.5 pm.
Thus, multiple printing passes are required to fill out the spiral pattern and build up the trace
thickness. The printer toolpath starts with defining the edges of each trace. Then two different
sequences of ink deposition are characterized in Figure 2.2. For the parallel toolpath, when a new
line is being printed, the ink droplets land on the side of a previous line that has already dried,
leading to a stacked morphology. In contrast, for the radial toolpath, the line segments are short
and new ink is added before the previous line dries, allowing ink reflow that results in a smooth
surface. Figure 2.2(c) shows the measured inductor quality factor Q=wL/R, where o is the angular

frequency and R is the trace resistance at a specific frequency. The Q of the inductor made with
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radial sequence is better than the one with parallel sequence, because the radial toolpath enables a

smooth conductor surface that reduces electron scattering and trace resistance.

2.3.2 Calibration of pressure sensor
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Figure 2.3: Porous structure and response calibration of the pressure sensor. (a)Scanning
electron micrograph of the porous PDMS dielectric. (b) Photograph of the encapsulated LC
resonator. (c) Reflection coefficient versus resonance frequency at a reading distance of
3mmbetween the readout coil and encapsulated LC resonator. The applied pressure on the sensor
is increased from 0 mmHg, in increments of 20 mmHg, with respect to atmospheric pressure.
(d) Resonance frequency and capacitance versus applied pressure, extracted from part (c). (¢)
Relative capacitance versus pressure for sensors with different dielectrics or encapsulation.

The pressure sensing capacitors are made with a porous elastomer for measurement
between 30 and 170 mmHg, or 4 and 23 kPa, with respect to atmospheric pressure; this range spans
the blood pressure values for children and adults. The elastomer polydimethylsiloxane (PDMS)
solution is mixed with sacrificial polymethyl mathacrylate (PMMA) microspheres. After
annealing, the film is submerged in dichlorobenzene, which does not damage the crosslinked
PDMS but dissolve away the PMMA microspheres to leave behind pores in the dielectric (Figure
2.3). The estimated air-void volume is 55% of the film, based on the solid content ratio of PDMS

to PMMA. This approach [16], [18] to form micro-pores increases the capacitance change
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compared to a solid dielectric, because the elastic modulus is decreased in porous films. The
integrated LC resonator is encapsulated with PDMS to seal the edges of the capacitor and prevent
environmental liquids from flowing into the porous dielectric.

By inductive coupling, power is transmitted wirelessly from a readout coil to the sensor
coil and induces resonance in the sensor circuit. The sensor resonant frequency fs is related to the

sensor’s inductance L and capacitance C by [3]

1
- 2nVIC

The readout system records the power reflection over the input frequency spectrum. At the

fs (2.1)

readout-coil terminals, the input reflection coefficient S11 is lowest near the sensor resonant
frequency where the sensor absorbs the most power from the readout coil. The frequency at the

S11 minimum depends on sensor L, C by [23]

1 k?
fs11min = (1 + 8_Q2 + Z) fs (2.2)

where k is the geometry-dependent coupling coefficient between 0 (no coupling) and 1

2
(maximum coupling). [3], [4] Since 1 + # + kj <<1 in normal circumstances, we can justify

equating fsiimin to fs. Upon applying pressure to the sensor inside a water chamber, the resonant
frequency shifts to lower values [Figure 2.3(c)]. The corresponding capacitance versus applied
pressure is calculated from Equation 1 with a measured L=337 nH at 162 MHz, as shown in Figure
2.3(d). The initial capacitance Co is 2.86 pF for our pressure sensor with a total area of 8 x 8 mm?.
The calculated capacitance is the total capacitance of the LC circuit loop, including parasitic
capacitance between inductor turns and contributions from adhesion layers that are not sensitive
to pressure. Hence the capacitance sensitivity to pressure is lower in the integrated wireless LC

resonator than in discrete capacitive sensors.
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Figure 2.4: Repeatability test under 40 mmHg pressure over 12 cycles.

The sensitivity of a capacitive sensor is defined as S=d(4C/Cy)/0P, where AC=C(P)—Co is
the capacitance change at an applied pressure P, with respect to the initial capacitance. The
sensitivity values are denoted in Figure 2.3(e). To demonstrate the elastic property of the PDMS
porous foam, we measured the sensor response under 40 mmHg mechanical pressure over 12
cycles, and the repeatable response is shown in Figure 2.4. Previous works have also shown that
PDMS foam capacitors have high repeatability without hysteresis over 1000—15000 cycles [14],
[16], [17]. The sensors with porous PDMS show better sensitivity by at least an order of magnitude
than the one with un-structured dielectric. The LC resonator needs an encapsulation for stable
operation in liquids, but the encapsulation significantly reduces the sensitivity at low pressure
range <15 kPa (or <112 mmHg). Without encapsulation, the air inside the dielectric can readily
escape as pressure is applied, while in the encapsulated device the volume is less compressible due
to trapped air. Previous work [24] has improved sensitivity by using additional air reservoirs at the
expense of sensor dimensions.

For high pressure range >15 kPa or >112 mmHg, the unencapsulated sensor saturates as

the air voids are diminished, reducing the elasticity of the dielectric and in turn lowering sensitivity.
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The sensitivity of the capacitive pressure sensors here is low compared to other non-sealed sensors,
because air gap between dielectric and electrode in prior work [14]-[18] can increase sensitivity.
The response of the un-structured device matches well with the mechanical modulus as measured
in [25]. Several aspects, such as sealing under partial vacuum and reducing thicknesses of the top
electrode and encapsulation layers to increase electrode displacement, can potentially improve
performance in the future. Nonetheless, at the current sensitivity level of 0.011 MHz mmHg—1 and
a background noise of 0.03 MHz, the integrated LC resonators are capable of resolving 3 mmHg,

sufficient for blood pressure monitoring in prosthetic graft applications.

2.3.3 Wireless readout range

To determine the wireless readout range, the S11 response is measured as the reading
distance d between the sensor and the readout coil is raised (Figure 2.5). At very close distance
where the coupled power transfer between the readout and sensor coil is high, the S11 shows sharp
resonance response, with the readout-coil impedance at 1.608 +j25.888 Q at 177 MHz as measured
in air. The inductive coupling is decreased with increasing reading distance, and the readout coil
S11is-0.162 dB at d = 12 mm and reaches the reading distance limit. The real part of readout-coil
input impedance at resonance frequency is Re(Z;,) = 2nf;L,k*Q, where Lr is the readout-coil
inductance. The coupling factor k is distance dependent and approximated [4] by k =
12152 /((d? + 12)%/2[rsr;.) for the case 75 < ry, where 15 is the sensor-coil radius and rr is the
readout-coil radius. This expression indicates how longer reading distance changes the input
impedance Z;,, and in turn the magnitude of S11. The readout-coil resonant frequency fsiimin 1S
not significantly affected by reading distance, for k is typically small <0.35 and thereby fS11min ~ fs

(Equation 1.2).
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Figure 2.5: Wireless response at different distances. (a) Reflection coefficient versus
frequency, as the distance d between the sensor and the readout coil is varied from being in
contact to 12mmapart, in steps of 1 mm. The inset shows the measurement setup. (b)
Electromotive potential induced on the sensor versus reading distance, for a readout coil with
radius of 5.3 mm. The line is a fit to the electromotive force (EMF) function derived in the
Section 2.3.4. (¢) Electromotive potential EMF(d, rr) induced on the sensor coil with a radius
of 4mmversus readout coil radius 7. The set of curves shows the results as reading distance

is increased from 1mm(red) to 12mm(blue).

The S11 magnitude at resonant frequency is converted to an induced electromotive force

using EMF = \/Pyissipate X R = VProtar(1 — 10511/10) R, where Piorr =10 mW is the root-mean-

square output power of the vector network analyzer into the readout coil and R =129.1 Q atd =0
mm and R = 120.5 Q for d > 4.4 mm. In Section 2.3.4 a mathematical expression is derived from
magnetic flux relations to describe EMF(r+, d) as a function of the reading distance and the readout-
coil radius. The derived function fits well to the EMF data over the range of reading distances in
Figure 2.5(b). Using a sensor-coil radius of 4 mm, the EMF(rr, d) function is plotted in Figure
2.5(c) to show the inter-related effect of readout-coil radius and reading distance. As the readout-
coil radius increases, the induced EMF on the sensor reaches maximum at a longer reading distance.
This function indicates that if we intend the reading distance to be farther, the radius of the readout

coil should be wider; on the other hand, at close reading distances, a smaller readout-coil radius is

better for inducing higher EMF and stronger signals.
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Moreover, the environment around the sensor can affect its capacitance and resonance
frequency. For example, in Figure 2.5(a), the distance response measurement was taken in air
without a load, and the resonance frequency was about 178 MHz. In Figure 2.3(c), the pressure
measurement was taken with the same sensor in water. The resonance frequency lowered to 162
MHz without a load. As the sensor environment changed from air to water, the capacitance
increased in the space around the sensor, because water has a higher dielectric constant than air.
Thus, the frequency range can be shifted due to the sensor environment. Nonetheless, within
aqueous environments, the encapsulated sensor shows consistent signals in response to pressure

changes.

2.3.4 Wireless readout model fitting

dB, LC sensor coil

(/\RZ

—_—

I Ry

Figure 2.6: Geometric structure of wireless measurement.

The following model was derived to calculate the electromotive force (EMF) on the sensor

coil as the distance varies between the readout coil and the inductor-capacitor (LC) sensor coil.
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The magnetic flux with respect to the geometry of the coils is shown in Figure 2.6. The readout
coil is shown as circle R;.One turn of the LC sensor coil is shown as circle R,. The two coils are
parallel to each other, and they are aligned to the same central axis, with the origin being the center
of R;. The distance between the coils is D. A current [ flows through dl in R;. An area
element dxdy on surface of R, is randomly selected with coordinate (x,y,D). r is the
distance between dl and dxdy, which is determined by 2 = Dy +D*=x>+(y+R)*+
D?, where x and y are the coordinates of dxdy and y is negative in this coordinate system.
The blue vertical line D is from dxdy to the plane of R;. 8 is the projection angle between
vertical line D and r'. By Ampere’s right-hand rule, the direction of magnetic field at dxdy
generated by dl is perpendicular to the plane spanned by r' and di, pointing upward and
outward. It is also the direction of magnetic flux density dB at dxdy.

To calculate the magnetic flux, we need the z-axis component of dB perpendicular to
the surface dxdy. The z-axis component is dB, = dB sin 8. Biot-Savart law is used to calculate
the magnetic flux density due to a wire loop carrying current and written as

pol ¢ dix#
B = Lf —
4 YC |73

where C isthe wire loop, I is the current on the wire loop, and , isthe

vacuum permeability. If only the length element dl is considered rather the whole loop, the

differential form of the formula is

Uol dl
dB = —— 2.3
41 1r? (2:3)
The z-axis component of dB is
_ Mol dl
dB, = 27 p2 S0 0 (2.4)

and is the magnetic flux density at dxdy generated by dl along z-axis. The magnetic
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flux d3¢ through surface dxdy generated by dl is
d3¢ = dB,dxdy (2.5)
Therefore, the magnetic flux d¢ through the whole surface of R, generated by dl is

calculated by the double integral over the area of R,

I
dp = f de dxdy—ulf f — sin 6 dxdy (2.6)
Y

The magnetic flux ¢ through the surface of R, generated by the whole circular wire R;

is obtained with another integral over the perimeter of R,

I sin 6 2Ry JR2*=¥? sn9
“Offfl dxdydl = ff MY dxdy dl
_ R,% —y2
(y + R)tan™?t z
R o (v +Ry) > +D?
=y IRf d 2.7)
o -R, (y+R1)2+D2 Y

One of the integrals cannot be solved with analytical solution. In the above formula, I is
the alternating current on R; and is a function of time t. The time derivative of flux ¢ is the

electromotive force (EMF) induced on the sensor coil:

_ Rz—y2
+ R)tan™? 2
(y 1) \/(y+R1)2+D2

d dl
de ). (y+R)*+D?

In our experiment, the network analyzer measured the ratio of the effective values (root-
mean-square values). There the following model considers only effective values of EMF rather

than the real-time transient value. In the above formula, I is a sine function of time t, so the

.. dl di(t . .
derivative - can be expressed as %= wl (t—%), where w 1is the circular resonance
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frequency of the LC oscillator, p is the period at the resonance frequency, and t —% is an
independent variable of function I to indicate the phase shift of a quarter period. The effective

value of % is wlypr, where Io¢r is the effective value of current on R;. Therefore, the effective

value of EMF is
_ R, — y?
+ Rtan™?! :
R, O +R) \/(y+R1)2+D2
EMF,¢r = uoR i wl f dy (2.9)
eff = Hofalers | (v +R,) >+ D2
Based on this function, the relationship between EMF and distance D is
2 _ 2
(v + B)tan™ By —
X (B v+ B "+ (D +B)?
EMFD) = 56y ). | dy  (210)
no1’PBan O+ B+ (D + Ba)?

where f,, = f, —0.16 — 0.32n.

In this model, p;~p, are four parameters that can be checked by regression fitting to the
measured results in Figure 2.5(b). f; is the radius of the readout coil. [, is the outer radius of
the four-turn sensor coil in an Archimedean spiral. f3,, is the average radius of the nth turn coil,
in which the spacing between turns is 0.32 mm. 5 is the coefficient that corresponds to powlezy.
P, 1s an offset in the distance from the readout coil, because physically the thickness of the
encapsulation in the sensor leads to a small gap between the readout coil and the sensor coil, so
the gap needs to be corrected in the regression.

Using nonlinear fitting in MATLAB to fit the experiment results in Figure 2.5(b) to the
function EMF (D), the § parameters are estimated as follows,

B, = 5.73 mm (nominally 5.3 mm);

3, = 3.41 mm (nominally 4 mm);
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B =061V,
B, = 0.30 mm (nominally 0 mm);
The fit values of the sensor and readout inductor coils are slightly different (less than 15%)
from the nominal design values due to fabrication tolerances.
If we set parameter f; as an independent variable of the radius of readout coil R;, EMF

becomes a function of both R; and D. Substituting the other three [ parameters into the formula,

the EMF function is

N 2 _ 2
(y + R)tan™! \/ Pon =y

. (}’+R1)2+(D +,é4)2
EMF(R,,D) = 3R, 2
( )=h nZl ~Bzn (y +Ry) 2 + (D + 34)

Ban

dy  (211)

where f,, = B, — 0.16 — 0.32n.

The function EMF (R4, D) is plotted with D varying from 1 mm to 12 mm in Figure
2.5(c). For each curve there is a peak EMF value, when the signal-to-noise ratio of the
measurement will reach the maximum. Given a certain reading distance D, the value of R; that
corresponds to the EMF maximum is the optimal size for the readout coil, and we can use the

above function to design the size of readout coil depending on the desired reading distance.

2.3.5 Dynamic pressure measurements

Dynamic pressure measurements are taken to characterize the response time of the
encapsulated LC resonator inside a water-filled compartment (Figure 2.7). Pressure pulses are
applied by motor-driven plunger, to cycle the applied pressure between 80 mmHg and 120 mmHg.
This range is typical for blood pressure in healthy adults. Our printed sensor closely tracks the
pressure as reported by a commercial barometer. Under a step change in pressure [Figure 2.7(c)],

the rise and fall time of our LC resonator is 0.133 £+ 0.033 second, and thus the sensor is capable

27



to sample up to 6 Hz, which is more than enough for physiological monitoring since the maximum
heart rate should be below 200 beats per minute or 3.3 Hz. A pressure profile that is similar to a
heartbeat with systolic and diastolic blood pressure changes is applied and accurately recorded by
the printed sensor in Figure 2.7(d). The next step for this wireless telemetry development is to
characterize the printed sensor response in lossy environment such as inside biological tissues.
Moreover, with the small form factor and scalability, multiple sensors working operating at

different resonant frequencies can be used together to detect pressure changes or flow along a

fluidic path.
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Figure 2.7: Dynamic pressure measurement setup and results. (a) Schematic and (b)
Photograph of the dynamic pressure measurement where the encapsulated LC resonator
is inside a water-filled compartment. Temporal response of the sensors when (c) changing
pressure in abrupt steps and (d) applying a pressure profile that emulates heart pulses
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2.4 Summary

In summary, this work achieved an inkjet-printed wireless pressure sensor working in water
environment. We improved printing toolpaths and tuned the dielectric porosity in the capacitive
sensor to realize a LC resonator that can resolve 3 mmHg with respect to atmospheric pressure.
We also derived the optimal readout coil radius in relation to mutual inductive coupling at a certain
reading distance. The sensor showed a linear response to pressure between 30 mmHg to 170 mmHg,
with a sensitivity of 0.011 MHz/mmHg. The sensor temporal response is up to 6 Hz and capable

of capturing the details of typical heart-pulse pressure profile as a proof-of-concept demonstration.

2.5 Experimental section

2.5.1 Fabrication of LC sensor

Nanoparticle silver ink (Novacentrix Metalon JS-B40G) was printed using piezoelectric
inkjet [20], [21], [26], [27] (Fujifilm Dimatix DMP2800) on a paper substrate (Epson glossy photo
paper) to pattern the four-turn inductor coil and the capacitor electrodes. After the ink was dried,
polyvinylphenol (PVP, Aldrich) was spincoated to form a ~3 um film over the Ag pattern to
prevent delamination. The PVP solution consisted of 0.5 g PVP and 0.1 g of methylated
polymelamine cross-linker in 5.4 g of propylene glycol monomethyl ether acetate solvent. The
sample was annealed on a hot plate at 180 °C for 25 min. Parts of the PVP layer were mechanically
scraped away to open via holes, and a piece of gold wire was used as a crossover interconnect to
bridge one lead of the inductor coil to a capacitor electrode. The wire was connected to the
electrodes by filling the vias with Ag ink.

A stretchable electrode coated with porous polydimethylsiloxane (PDMS) dielectric was

prepared on a glass substrate prior to being transferred and bonded with the electrodes on the paper
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substrate. To fabricate the stretchable electrode [28], PDMS (Sylgard 184) was diluted with hexane
in 1:2 ratio by weight, and spincoated on glass substrate as a buffer layer. The PDMS buffer layer
was cured at 120 °C for 10 min. PDMS was mixed with silver paste (Ercon E2414 Ag/ AgCl ink)
in 1:7 weight ratio, and the mixture was blade coated onto the buffer layer of PDMS. The sample
was cured at 120 °C for 30 min to form a Ag electrode ~60 um in thickness. For the porous
dielectric layer, polymethyl methacrylate (PMMA) microspheres with a diameter distribution of
27-32 pum (Cospheric PMPMS-1.2) was mixed with PDMS and hexane in 3:2:2 ratio by weight.
The suspension was spincoated on the Ag electrode and heated at 100 °C for 1 h to obtain a
dielectric film ~75 pum in thickness. After the PDMS was fully cross-linked by the thermal curing,
the sample was placed in dichlorobenzene for 48 h to dissolve the PMMA microspheres, which
left behind voids and hence the PDMS became a porous dielectric.

A piece of the Ag electrode with PDMS porous dielectric was cut, in order to be bonded to
the paper substrate with the complementary capacitor electrodes and the inductor coil. The bonding
process used a diluted PDMS solution (1:2 PDMS:hexane by weight) as the glue, which was
spincoated at 2500 rpm for 2 min over the paper substrate. Subsequently the porous film was
attached to the paper substrate and cured at 100 °C for 1 h under the weight from a piece of glass
slide to facilitate even contact and securely bond the two parts together. Finally, a PDMS solution
(2:1 PDMS:hexane by weight) was spincoated at 800 rpm for 2 min to encapsulate the LC

resonator. The structure was annealed at 100 °C for 1 h to complete the encapsulation process.

2.5.2 Characterization procedure
The impedance of individual inductors and capacitors was measured using a microwave
probe (GGB Industries model 40A-GSG-250-DP) connected to a vector network analyzer (Agilent

8753ES). The S11 input reflection coefficient was measured using a one-turn readout coil with a
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diamater of 10.6 mm, with a resonance frequency of 162 MHz when sample was in water. The
inductance of the readout coil is 337 nH at 162 MHz. The root mean square output power of the
vector network analyzer was nominally 10 mW into the readout coil. The readout coil is placed
parallel to the inductor of the LC resonator, with the coil centers aligned to each other during
measurement. Pressure pulses are applied using a home-built motor-controlled system, where three
syringes were connected together (Figure 2.7). The LC resonator was placed inside a water-filled
syringe, and the compartment pressure was continuously monitored by a commercial barometer
(Infineon Technologies Analog Absolute Pressure Sensor KP236N6165). The other syringes were
filled with air to adjust pressure. The second syringe’s plunger compressed air in the system, and
upon reaching a baseline pressure the plunger was locked in position. The third syringe was used
as a pump such that the plunger was driven by a stepper motor to apply pressure pulses. The motor
and the commercial barometer were controlled and read by a microcontroller (Arduino Nano). The
LC resonator was read wirelessly by the same one-turned readout coil described above, with the
reading distance fixed at 3 mm. The vector network analyzer sampled at 16 Hz or 24 Hz. After
sweeping frequency to track the resonant frequency fsiimin, the network analyzer was set to
measure the S11 magnitude at 1 MHz higher than the resonant frequency. At a fixed frequency,
we assumed that relative changes in S11 magnitude were correlated to a lateral shift of the S11
characteristics and extrapolated the S11 values to resonant frequency and capacitance by equation
(1.1). Other telemetry methods [3] that directly measure resonant frequency are available, but here
we chose the relative measurement due to the limited sampling rate in our off-the-shelf analyzer.
Chapter 2, in full, is a reprint of the material as it appears in Flexible and Printed
Electronics, 2018, Yichen Zhai, Jiyeon Lee, Quyen Hoang, Dan Sievenpipper, Harinath Garudadri

and Tse Nga Ng. The dissertation author was the primary investigator and author of this paper.
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Chapter 3
Printing Multi-Material Organic Haptic Actuators

3.1 Abstract

Haptic actuators generate touch sensations and provide realism and depth in human-
machine interactions. A new generation of soft haptic interfaces is desired to produce the
distributed signals over large areas that are required to mimic natural touch interactions. One
promising approach is to combine the advantages of organic actuator materials and additive
printing technologies. This powerful combination can lead to devices that are ergonomic, readily
customizable, and economical for researchers to explore potential benefits and create new haptic
applications. In this chapter, we focus on the challenges and potential solutions associated with
integration of multi-material actuators, with an eye toward improving the fidelity and robustness
of the printing process. We then report our progress in achieving compact, light-weight haptic
actuators by using an open-source extrusion printer to integrate different polymers and composites
in freeform designs. We demonstrate two haptic interfaces—a tactile surface and a kinesthetic
glove—to show that printing with organic materials is a versatile approach for rapid prototyping

of various types of haptic devices.

3.2 Introduction

Haptic technologies interact with users through the sense of touch, generating sensations

to help people in manipulation tasks and provide information of their surroundings in virtual or
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augmented reality. [1]-[5] Haptic systems that can realistically recreate touch sensations will
greatly impact our professional and personal lives in many areas including teleoperation,
simulation training, communication, and immersive entertainment. Yet, the utility of haptics is
currently limited; moreover, it is challenging to produce the large-area, distributed signals required
to mimic natural touch.

It would be desirable for haptic actuators to generate large ranges of forces and
displacements over short time scales, in a compact form factor in the case of wearable haptics.
This dynamism is required because the structures such as the skin and elements of the
musculoskeletal system are highly stretchable. Moreover, they are teeming with mechanosensory
neurons that can perceive sub-micron surface features and macroscale displacements, with reaction
times in milliseconds. [3], [5] Thus, to accommodate this dynamism and sensitivity, an
exceptionally versatile suite of materials and tools is required to realize the entire range of haptic

perception.

(a) Components for haptic glove (b) Kinesthetic sensation

Support structure

-

Conductor

Kinesthetic actuator
(effector)

Strain sensor
(receptor)

Tactile actuator
(effector)

Figure 3.1: Concept of a compact haptic feedback glove. (a) Components for a
haptic glove. Depiction of (b) kinesthetic sensation and (c) tactile sensation.

Haptic perception can be divided into two parts: the tactile and kinesthetic senses. [6]-[8]
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A compact haptic glove with coordinated tactile and kinesthetic actuators is depicted in Figure 3.1.
The tactile sense involves the nerve endings in the skin to detect contact, texture, and vibration
[Figure 3.1(b)]. The kinesthetic sense is the awareness of the body position and involves structures
located in the musculoskeletal system to sense force and motion [Figure 3.1(c)]. For example, to
emulate the feeling of grasping a cup, a haptic system would need to trigger both tactile and
kinesthetic senses. That is, pressure would be applied on the fingers to indicate contact, and other
actuators located at the joints of the fingers would stiffen to produce resistance against moving
into the space occupied by the cup. In comparison to visual or auditory inputs aiming at localized
organs of eyes and ears, haptic systems require distributed inputs covering the body. The
complexity involved to simulate haptic signals over large area, with sufficient spatial and temporal
resolution and high dynamic range, has been a considerable challenge and thus presents exciting
research opportunities.

Emerging additive manufacturing techniques such as digital printing provide the
capability to fabricate multi-scale, multi-material designs with high precision and throughput. In
an actuator, multiple materials are required to connect mechanical and electronic function. For
instance, electrical conductors are incorporated with the mechanical structure, in order to apply
stimuli such as voltage or heat to trigger actuation. Digital printing is amenable for integrating
multiple materials and architecting functionally gradient materials to increase the design space for
versatile motion. [9], [10] The versatility and reconfigurability of printing processes are
advantageous for fabricating integrated organic haptic interfaces, as will be showcased in this
chapter.

In this chapter, a discussion on integration challenges and potential solutions with regard

to printing multi-material actuators is first presented in Section 3.3. In Section 3.4, we present our
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progress with two demonstrations: (i) a compact tactile surface and (ii) a light-weight kinesthetic
glove, both of which are electrically programmable, without the need of heavy auxiliary equipment
like air compressors required for pneumatic devices. These proof-of-concept devices were
fabricated by printing liquid crystal elastomer as the material used for actuation, along with soft
electrical conductors [11], [12] and other non-actuated structural components. We found that our
approach was able to afford a form factor that is more conformal and portable than prior
demonstrations. In Section 3.5, we conclude with our opinions on the future prospects of organic

haptic technologies.

3.3 Challenges and their potential solutions with regard to printing multi-

materials haptic actuators

The problem of achieving the desired functionalities is dependent on the ability to
heterogeneously integrate materials with different mechanical and electrical properties. For
example, soft, organic actuators may require structural materials with different rigidities (to
complement actuating elements with structural supports), or to harness snap-through instabilities
[13], [14] and increase the motion speed and output forces. As a mechatronic device, the haptic
actuators with electrical controls can leverage widely accessible integrated circuits, but this aspect
adds new integration challenges, such as how to form robust electrical connections and to maintain
stable electrical performance under mechanical stress. The complexity of a multi-material system
can make the fabrication process difficult, and new development to improve printing techniques
will be essential for rapid prototyping to test new concepts. Moreover, for any human-machine
interface, safety is a paramount consideration, and we will discuss designs to ensure operation
within safe limits. Below we group the aforementioned challenges into four topics and present

potential solutions, as listed in Table 3.1.
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Table 3.1: Design and fabrication challenges in printing multi-materials actuators

Design and Fabrication Challenges Potential Solutions

* Incorporate elasticity gradient between rigid
and flexible components to relieve stress
Delamination or buckling due to * Incorporate cuts, kirigami designs, or hooked
mismatch in materials moduli structures between interfaces
 Use bonding materials at interfaces, e.g., a
mixture of the component materials

» Use composites, such as elastomers mixed
with conductors to mitigate conductor cracks
* Place sensors, actuators, and controller chips
on different substrates, then laminate or use
photo-cross-linkers to bond components

Integration of electronic and
mechanical functionalities

* Optimize deposition by adjusting the flow rate,
layer height, line-overlap ratio, and printing

speed and trajectory
Fidelity of printed structures in * Adjust time delay at printing start-points to
replicating digital design ensure adequate filling; control flow at end-

points to prevent materials leakage
* Track printed features and tune printing
parameters in real-time

* Operate with real-time feedback control to cut
Safety of human-actuator power when safety limits are exceeded
interactions * Encapsulate with insulating materials to avoid
electrical and thermal contacts

3.3.1 Mismatch in moduli

In actuators comprising multiple materials, the adhesion and mechanical moduli between
material interfaces are important factors affecting structural integrity. When there is a large
mismatch of mechanical moduli, the material stacks do not deform homogeneously upon actuation,
resulting in interfacial stress. The stress may cause delamination or buckling of materials, or result
in cracks when the stress exceeds the strength. Instead of abrupt, high-stress interfaces, the design

of the structure can be adjusted to incorporate an elasticity gradient to alleviate interfacial stress,
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e.g., by using auxetic architectures [15] or tuning the ratios of base to cross-linker in materials to
gradually change the mechanical moduli at interfaces.

Alternatively, the challenge of maintaining structural integrity upon deformation can be
addressed by geometric designs. For example, designs inspired by kirigami [16] use cuts in
bendable but not stretchable films to fold and form 3D actuators. Serpentine patterns [17] are often
used to enhance the stretchability of interconnects. A simple bonder could be a mixture or
suspension of the materials at the interface. With more advanced material design, an adhesive that
can form crosslinking bonds to both materials at an interface can be applied to joint materials. [31]

In addition, to bond materials without the need of adhesives, an effective solution is to
design hooked structures. Similar to riveting in metalwork, the structural components have
portions that intersect or interlock to hold the pieces together. We used this interlocking mechanism
in the demonstration of a haptic surface shown in Figure 3.3. Specifically, in the actuator segments,
we incorporate open slots in one material [indicated as green parts in Layer 2 of Figure 3.3(a)]
such that the second material (blue parts) would penetrate through the slots to connect the layers
above and beneath the through-hole and fasten the first material in place. The geometric designs

to relieve structural issues may also be applicable for electrical components as discussed below.

3.3.2 Integration of electronic and mechanical functionalities

In haptic devices, flexible conductors are needed as conductive interconnects, or to serve
as resistive sensors (e.g., for sensing temperature or strain) or triggers for actuation (e.g., for joule
heating or electrical bias). Silver nanoparticle paste is often used for its high flexibility,
conductivity and compatibility with printing. However, conductive traces made of silver
nanoparticles can crack and delaminate when stretched. To combat this issue, a simple solution is

to mix a small amount (usually less than 20%) of the structural organic material into the conductive
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paste. The organic content in the conductive mixture will bond to the surrounding polymer
structures, to prevent crack in the conductive traces and still provide high conductivity.

In addition to interconnects, electronic integrated circuits are important for realizing haptic
feedback. However, many electronic components, such as programmable silicon controllers,
cannot be fabricated by direct printing and require additional integration steps. These electronic
components are usually rigid, and during actuation they can be displaced due to poor adhesion. A
common method to tackle this integration challenge is to assemble the electronic components on
a separate flexible substrate, and then embed the flexible electronic substrate into the neutral plane
or on an un-movable part of the structure. [20] Another approach is to print a buffer elastomer to
encapsulate the rigid chips and gradually release stress between rigid and soft materials to mitigate

high-stress interfaces. [21]

3.3.3 Fidelity of printing process

The ability to digitally design and rapidly print integrated actuators is powerful for haptic
research and applications. The most common technique for printing soft actuators is based on
extrusion of organic materials and composites. While extrusion of pastes is versatile and
compatible with many types of materials, it requires precise control of the extrusion flow rate in
coordination with a well-designed tool-path (often written in G-code for computer-aided
manufacturing), in order to faithfully construct the digital sketch. Optimizing the printing tool-
path, along with post-processing treatments, can significantly improve the workpiece fidelity to
the intended design. Common approaches to achieve overhanging structures involve the use of
sacrificial supporting structures that can be cut or dissolved away after fabrication, and chemical
or mechanical polishing can be used to reduce surface roughness of the workpiece.

Here, we provide some suggestions to achieve better results in processes based on extrusion.
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Specifically for pneumatic printing, the extrusion flow rate is affected by multiple parameters
including air supply pressure, nozzle dimension, and ink viscosity. To calibrate the flow rate,
extrusion is run for a time period, and the weight of extruded material is measured. Then, the
nozzle tool-path motion, i.e., the movement velocity of the printing nozzle, should be tuned
depending on the extrusion flow rate. We use the following formula to adjust the traveling velocity
of the nozzle:

_m_ 1
VS0t (A —Mh

(3.1)
where v is the nozzle velocity, m is the measured weight and ¢ is the time period of the extrusion
calibration, p is the density of the material being extruded, ¢ is the inner diameter of the nozzle,
A 1is overlap ratio between neighboring traces, and h is the desired height of the printed layer.
This calculation is used to ensure that the right amount of material is deposited to fill the designed
volume without over- or under-extrusion, as either would create defects manifested as bulges or
voids, respectively, in the printed structures. If the extrusion flow rate changes over time, the
nozzle velocity needs to be adjusted. In the future, it would be desirable to incorporate automated
feedback control [22] that tracks the printed features and tunes the printing velocity in real-time.
Another aspect of tool-path optimization is to compensate for under-filling at the start and
over-filling at the end of a printing path. Because of the high viscosity of extrusion inks, the flow
of ink is delayed in time with respect to the starting time of the air pressure supply. Thus, after
initiating air supply, a delay in hundreds of milliseconds should be implemented before moving
the nozzle away from the starting point, to ensure enough material is deposited at the starting point.
At the end point, as the air pressure is removed, there should also be a similar delay period to

stabilize the flow. We also move the nozzle to areas outside of the workpiece for several

millimeters at high speed (>80 mm/s) and high acceleration (1000 mm/s?). The high shear rate
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during this sudden motion will cut off the continuity of the extruded strand, and avoid undesired
residual ink being deposited on the workpiece surface.

Lastly, the printing tool-path can be divided according to the desired resolution; for
example, in regions where there are no complicated features, the tool path of the printhead can be
in coarse resolution and speed up the printing. The tool-path design is an active area of research,
and we expect more advances in printing algorithms in the near future to improve the fidelity of

printed devices to their digital designs.

3.3.4 Safety in haptic applications

Soft polymeric materials are great candidates for human-machine interfaces as they have
similar mechanical properties as biological tissues. Nevertheless, there are safety issues to be
considered in haptic applications, in case of malfunction. In actuators with electrical controls, such
as dielectric actuator (DEA) and LCE devices, the voltage or current supply to the actuator must
be isolated from human contact. Moreover, it must have control logic to shut off power when the
safety threshold is exceeded.

In particular for thermally driven actuators like shape memory polymers (SMP) and LCE,
it is recommended that the surface temperature of the device <60°C, which is the temperature that
a human can touch for up to 5 s without sustaining a burn (ASTM C1055, the Standard Guide for
Heated System Surface Conditions that Produce Contact Burn Injuries). Increasing the thickness
of the thermal insulation layer is an option to provide protection from thermal runaway. For
actuators with an integrated heater, there can be problems arising from over-heating due to cracks
in the heater. The resistance around the cracks will be much higher than in other conductive regions,
and the voltage drop will be highest around the cracks, causing concentrated heat density and

potentially burn the local area. To mitigate this risk, there can be real-time tracking of heater
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resistance to identify cracks and shut off the power supply when necessary.

For a common closed-loop system using proportional-integral-derivative (PID) controller,
if an extreme event occurs like a sudden change in temperature or malfunctioning of the
temperature sensor, the PID control may over-shoot or stay constantly on, leading to the possibility
of overheating. To avoid accidental overheating, the safety control logic should be designed as the
highest priority to cut off power to the heater, if a sensor temperature exceeds a preset safety value.
If the sensor itself malfunctions, it will show up as either an open or short circuit at the sampling
node; identifying such events will be critical, so that power can be terminated for safety. The above
discussion is not comprehensive, but at least they are easy steps to ensure safe operation of

thermally driven actuators within research settings.

3.4 Printed Organic Haptic Devices

Additive printing methods have been used to fabricate individual parts to be assembled
into a haptic system. Many of the printed haptic devices were based on pneumatic actuation,
including pneumatic haptic gloves [23], [24] and a tactile array [25] that combines pneumatic
chambers with a SMP membrane to form a large, flexible reconfigurable surface. Below we
demonstrate haptic devices using another actuation mechanism based on thermally driven
polymers that enable a compact form factor. The prototypes are printed by extrusion, which allows
us to directly deposit multiple materials and build entire haptic structures on automated printer
platforms.

We demonstrate two examples of haptic interfaces, targeting tactile or kinesthetic senses.
The main actuating material is LCE, and the actuation mechanism is based on temperature control

through integrated resistive heaters. The haptic device designs incorporate non-actuating structural
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elements that convert the linear deformation of LCE to morph in curvilinear motion. The electronic
and structural materials are patterned through a modified extrusion printer, with two pneumatic
nozzles (one for LCE, another for conductive paste), two fused filament nozzles (for thermoplastic
polyurethane structures), and a built-in UV light for polymer crosslinking. The fabrication method
is an automated process flow customizable by digital controls; therefore, the procedures can be

easily repeated and scaled with affordable 3D printers.
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Figure 3.2: Blocking stress-strain of LCE compared to other actuator materials. (a) Range of
blocking stress and actuation strain for various actuator materials. The values are from Refs.
[39]-[41]. (b) Thermal actuation mechanism of LCE.

We choose LCE as the actuator material for our haptic devices, because LCE shows
similar mechanical characteristics as human muscles as seen in Figure 3.2(a). The process of
aligning the liquid crystals, namely mesogen domains, in LCE is critical to its actuation
performance. In LCE slabs in the aligned state, when heat is applied as a stimulus, the slab will
change into the isotropic phase and shrink along the aligned direction, generating force and
mechanical work, as illustrated in Figure 3.2(b). There are multiple methods to align liquid-

crystalline materials. Common alignment techniques are plate shearing or surface rubbing, [26]
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which are widely adopted in liquid crystal display industries, or mechanical stretching followed
by UV-activated cross-linking to fix the orientation of the mesogens. [27]

In extrusion printing, the shearing force at the nozzle temporarily aligns the LCE in the
liquid-crystal phase. [28] Then, in this mono-domain state, the LCE is cross-linked by UV light to
permanently set the alignment of the mesogen. Without UV crosslinking, the mono-domain
alignment would gradually disappear after 1 to 2 hr, with the LCE turning into poly-domain by
environmental thermal energy. In our research, we often purposely deposit LCE without alignment
as non-actuating elements of the structure. To do this, the extruded LCE is heated to 80°C, which
disrupts the alignment of the mesogen and puts the material into isotropic phase. They turn into a
poly-domain state after cooling to the ambient temperature. When crosslinked in the poly-domain
state, the LCE will not actuate, since the randomly oriented mesogens do not move coherently.
Thus, with the same LCE material, there is the option to process LCE either as an actuating
component or an anchoring structural element, and the following demonstrations leverage the LCE

tunability to meet both functions.

3.4.1 Compact tactile surface

Morphable tactile surfaces have been demonstrated for applications such as Braille
display [29] and smart skins. [30] However, prior tactile surfaces have been limited to small
coverage due to the complexities of fabrication and the need for bulky auxiliary components,
particularly with fluidic actuators. Here we prototype a compact, flexible tactile surface that is
scalable to large area by printing. This tactile surface is based on the concept of a 7-segment display.
[31] The surface morphology is changed by varying the raised height of electronically

programmable segments to form patterns for tactile perception.
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Structural design and electronic control of the printed LCE tactile surface

Figure 3.3(a) is an exploded view of the printed tactile surface, and Figure 3.3(b) is a
photograph of the integrated device. The material combinations and geometric layouts for each
layer are depicted in Figures 3.3(a) and 3.3(c). The detailed fabrication procedure is described in
the Section 3.6.2. Layer 1 is a poly-domain LCE film that serves as a surface smoothing layer to
encapsulate the device. In Layer 2, thermoplastic polyurethane (TPU) is deposited in the areas for
the 7-segment actuator bars, while the remaining areas are filled in with poly-domain LCE. Layer
3 is the only layer with the active actuation material; mono-domain LCE is printed on top of the
TPU areas, surrounded by poly-domain LCE. The alignment of mono-domain LCE is parallel to
the width, i.e., the short edge, of each rectangular actuating bar. When actuated, the bar width will
shrink and affect deformation of the surface. In Layer 4, conductive silver composite is patterned
to be serpentine resistive heaters, to thermally activate the actuation of selected segments. There
are six contact nodes to connect the heaters to external driver circuits. Layer 5 is another poly-
domain LCE film that supports the heater wires and is the bottom encapsulation for the whole

device.
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To power the tactile surface, electrical wires are connected to the six contact electrodes
on Layer 4, and the wire inputs are controlled by discrete transistor switches. When a certain
segment is selected to actuate, two wire switches are turned on, to supply dc power to the
corresponding heater. The heater resistance is about 2 Q, and the voltage is adjusted to achieve 3
Watts power on each heater, which can heat an actuator to more than 150°C. When multiple
segments are required to actuate together, the transistors switch on in sequence to ensure the same

heating duty cycle for all the selected heaters.

Tactile surface operation

Figure 3.3(d) illustrates the actuation mechanism of tactile surface, shown as a cross-
sectional view across the width of an actuator segment. The heater at the bottom does not move,
whereas the actuator on top is free. The actuator layer is bonded to the bottom heater layer, but
only in areas (not depicted in the cross-sectional diagram) away from the 7-segment actuators to
leave space to accommodate the changes in shape. Inside each actuator bar, the layers of TPU and
mono-domain LCE are tightly bonded together. The upper TPU layer is a bendable but
incompressible structure. When the mono-domain LCE is heated, it shrinks in the horizontal
direction with contraction stress. However, because the top TPU material is incompressible, there
is a vertical stress gradient, with the top of the actuator bar restrained to its original length while
the LCE contracting at the bottom. Therefore, the TPU-LCE actuator bar deform to an arch shape,
raised up in the middle and bent downward at the sides. This design is similar to another work
using DEA [32] that leveraged stress gradient to form bumps, and here the operational voltage is
3 V, which is much lower than DEAs. The TPU-LCE combination converts LCE’s linear
contraction to surface morphological changes, and the 7-segment interface is electronically

programmable to output different numbers as relief patterns in the Supplemental Video 1

49



(https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.202002541).

Figure 3.3(e) shows an example of the tactile surface actuated to raise a number “3”
pattern. When the heaters are powered on, in about 1 minute, the segments are heated from room
temperature to 120°C, as measured by an infrared camera monitoring the top surface. The change
in peak height at the actuator segment with respect to surrounding non-actuated regions is
measured against the surface temperature in Figure 3.3(f). A maximum height of 1.3 mm is
observed at 150°C. Figure 3.3(g) exhibits the blocking force of one unit constrained at 0 mm height.
A maximum blocking force of 0.83 N is reached at 100°C. However, obviously for safety, we
would not operate at such high temperature. It was shown that people can differentiate surface
heights on the order of micrometers. [3] The surface temperature should be limited to below 60°C,
which would raise the tactile surface by a few hundred micrometers, enough morphological
changes for a user to sense, based on the perception thresholds of users. Moreover, to operate well
within the temperature range for skin contact, the tactile surface can be adjusted by using LCE that

actuates at lower temperature and/or adding thicker heat isolation layer in the future.

In our tactile surface which is relatively large in area, thermal interference between
different units is not observed. However, the spatial resolution in an array may eventually be
limited by the heat gradient distribution. Heat from an actuated unit can spread to neighboring
units and may interfere with their operation. The manipulation and concentration of heat flux using
metamaterial cells [33] may be needed in order to direct thermal conduction and in turn improve

the resolution of tactile arrays.

3.4.2  Light-weight kinesthetic glove

Kinesthetic gloves driven by fluidic pressure actuators [23], [34] have shown high output
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force and fast response, but the bulky exoskeletons reduce user movement and comfort. Recent
works aim to improve the form factor of kinesthetic gloves, to make them compact by using slim
electrostatic brakes [35] or materials with tunable stiffness. [36] These devices apply damping
resistance to finger joints and operate only reactively. That is, a person must initiate movement to
feel the dampening effect, as the device cannot actively move the finger joint but only adjust the
countering resistance. To enable a kinesthetic glove that actively applies force on the user’s body,
here we demonstrate a light-weight actuator based on LCE, to take advantage of the flexbility and

compactness of printed LCE integrated structures.

Structural design of the LCE actuator for kinesthetic feedback

Figure 3.4(a) shows the kinesthetic actuator consisting of three printed layers. The top and
bottom layers are extruded as mono-domain LCE. For the middle layer, conductive silver
composite is extruded to pattern the heater traces, and the areas around the heater are filled by
LCE. Two pieces of copper wires are embedded in the middle layer to connect the heater loop to
an external power supply. In Figure 3.4(a), the LCE in the light blue regions is aligned parallel to
the long edge of the actuator, whereas in the dark blue regions, the LCE is aligned parallel to the
short edge. The perpendicular alignment directions between the dark and light blue regions reduce
the axial movement of the copper wires with respect to the heater traces, to avoid disconnection in
the electrical path upon actuation. ADC power supply is used to power on the integrated heater to

raise the actuator temperature and control actuation.

Characterization of the printed LCE actuator

The actuator characteristics is determined in terms of temperature, stress, and strain, as

shown in Figure 3.4(b). Figure 3.4(c) show photographs of the integrated LCE actuator contracted
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to different lengths at various temperatures. The characterization procedure is described in Section
3.6.5. The actuator strain is defined as (Lo-L)/Lo, where Lo is the original length at room
temperature and L is the length at a certain temperature and applied stress, and L= Lo-L. In Figure
3.4(b), the stress-strain measurements at a constant temperature are indicated in one color. Raising
the device temperature increases the output stress and strain. The y-intercept is the blocking stress,
which is the maximum force per unit area that the actuator is able to generate. At 120°C, the
actuator in Figure 3.4(b) shows a blocking stress of 255 kPa (equivalent to 7 N force). The actuator
dimensions are 70 mm in length, 12 mm in width, and 2.2 mm in thickness. The stored stress is
released and reduced when the actuator is allowed to contract in length, reaching the maximum
strain at the x-intercept where no load is applied to the actuator. This actuator at 120°C is capable
of outputting 18 mJ of work (force ' multiplied by displacement d), which corresponds to lifting

up against gravity a load of 370 grams by a distance of 5 mm.
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Figure 3.4: Structure and fabrication process of kinesthetic actuator. (a) Exploded view of the
printed kinesthetic actuator. (b) Output stress-strain characteristics of the printed kinesthetic
actuator at different temperatures, in steps of 10°C. The maximum work output is marked as a
black point on each curve. (c) Photographs of the kinesthetic actuator when heated to different
temperatures with no load. The ruler’s numbers are in centimeter unit. The actuator dimensions
are 70 mm in length, 12 mm in width, and 2.2 mm in thickness. (d) Demonstration of actuation
on a finger model. A 50 g weight is lifted by the actuator to different distances, depending on the
control temperatures. (e) Tensile force on the finger is applied by the actuator to generate a

kinesthetic sensation, to mimic the impact from an object in virtual reality.
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To demonstrate the work that the LCE actuator can do, we attach the actuator onto a model
finger as shown in Figure 3.4(d). A 50-gram weight is hung on the fingertip. As the actuator is
heated, the LCE contracts and lifts up the fingertip. A video of this demonstration is included as
Supplemental Video 2 (https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.202002541). At
70°C, the actuator lifts the finger with the 50-gram weight by 9.2 mm, corresponding to a work

output of 4.5 mJ. This level of work output is generally sufficient for haptic interfaces.

The response time of thermally driven LCE actuator is limited by the heat flux exchange
speed. The energy required to heat the actuator from room temperature to the actuation temperature
can be estimated by O = c*m* T, where c is the specific heat capacity of the LCE (~1 J g' K1),
m 1is the mass of the LCE actuator (2 grams), and 7 is the temperature difference between the
unheated and heated states. Therefore, the required thermal energy is estimated to be 150 J for
heating the actuator from 25°C to 100°C. When the power passing through the printed silver heater
is limited to <5 Watts as done in the above example, the heating and actuation process takes at
least 30 s. This calculation assumes no heat loss and homogeneous heating. A potential method to
accelerate the LCE response time is to use a high-power heater; for instance, with a 50 W heater,
the temperature can be raised in 3 s if heat dissipation into the environment is minimized. In such
design, the heater controller must be responsive to precisely control the temperature and input
energy to avoid overheating. Conversely, the cooling process also restricts the actuator response
speed. As natural cooling is slow, convection or thermoelectric cooler might be used to accelerate
cooling. Overall, device geometries that maximize heat transfer would be beneficial to improve

the actuator speed.
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Mechanism to emulate kinesthetic sensation on a finger

To use the LCE actuator to offer kinesthetic feedback, we attach the actuator to the dorsal
side of a fabric glove, with a 3 mm thick PDMS buffer pad to provide thermal insulation between
the LCE actuator and the glove and ensure that the fabric temperature is always below 60°C. With
the LCE at room temperature, the actuator is at original length. A person wearing the kinesthetic
glove can move one’s finger freely, as shown in the left column of Figure 3.4(e). In virtual reality,
this scenario corresponds to the feeling that the finger is not in contact with any virtual object, and
so the finger joints would feel no resistance to movement. To change the kinesthetic perception,
the LCE actuator is heated to shrink its length, which pulls the finger to straighten up and restricts
its free movement, as depicted in the right column of Figure 3.4(e). This output force creates a
sensation in the finger that it is pressed down by a virtual object. This actuation mechanism is able
to simulate the impact of a virtual object on the user, because the LCE actuator can actively apply
force in addition to passive damping of joint motion. For example, when a virtual ball is dropped
onto the finger, the physical dynamics can be imitated by a rapid force pulling back the finger. We
envision that the active force from the LCE glove can recreate the sensation of holding an object
that moves, such as the feel of a wiggling virtual pet for entertainment or the impression of softness

and resistance of the various tissues in virtual surgical training.
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3.5 Conclusion

To advance a new generation of soft haptic interfaces, one promising approach as presented
in this progress report is to combine the advantages of organic actuator materials and additive
printing technologies. This powerful combination can lead to devices that are ergonomic, readily
customizable, and economical for everyone to explore potential benefits and create new haptic
applications. Here we discuss our progress in achieving compact, light-weight haptic actuators by
using an open-source extrusion printer to integrate different polymers and composites in freeform
designs. We demonstrated two examples, a tactile surface and a kinesthetic glove, to show that
printing with organic materials is a versatile approach to rapidly prototype various types of
programmable haptic interfaces.

In the development of organic haptic actuators, we encountered fabrication challenges in
the printing process and in materials compatibility. In particular, improvements in printing tool-
path control, such as optimizing the extrusion height and the travel speed of nozzles to compensate
for over- or under-extrusion, were implemented to raise the fidelity of printed structures to their
digital blueprints. With regard to the issue of materials compatibility, delamination and cracking
at materials interfaces were key problems. We compensated for poor adhesion by using mechanical
hooking designs. And, specifically for electronic materials, we mixed the conductive silver ink
with a small amount of the structural material. The conductive ink would bond with the
surrounding structural material, and thus the conductive traces remained robustly bonded during
actuation. Potentially our solutions to the above printing challenges would be relevant for other
similar works on additive manufacturing of multi-material structures.

In applying organic materials to haptic applications, we note there are properties that need

further improvement. Specifically for thermally actuated materials such as LCE and SMP, the key
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bottlenecks are the response speed and the operational temperature. Regarding the response speed,
the actuation transition currently takes several to tens of seconds to complete, because the heat
flow is slow and restricted by the efficiency of the integrated heater/cooler in the actuator. More
effective heat transfer structures are needed for these thermally driven materials to reach better
response speed, targeting millisecond transitions to be comparable to motor-driven haptic devices.
The combination of rigid supports with soft actuators can also be designed to harness snap-through
instabilities [13], [14] in order to increase the motion speed.

Regarding the operational temperature, currently most LCE materials require
temperatures much higher than 60°C to shift from liquid-crystal to isotropic phase. Usually a thick
thermal insulation layer is used so that the surface temperature is lowered to a safe level for skin
contact. However, a better approach will be to adjust the formulations of LCE so that the phase
transition temperature can be lowered. [37] A recent study has successfully reduced the LCE phase
transition temperature by more than 30 °C through tuning the mesogen and spacer moieties. [38]
With a low transition temperature, the heat required for LCE actuation is greatly reduced, ensuring
thermal safety. In addition, as the phase transition requires less energy transfer, the LCE actuators
will show faster response speed and consume less power. With the blooming communities of
ingenious researchers working on high-performance organic actuators and printing technologies,
we believe that the aforementioned issues are solvable, and the use of organic haptic interfaces,
maybe extending to a whole-body suit, will be technologically possible to offer immersive haptic

experiences in the future.
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3.6 Experimental section

3.6.1 Formulation of extrusion inks

Liquid crystal elastomer (LCE) ink: LCE ink was synthesized from monomers, using
0.02 mole of 1,4-bis-[4-(3-acryloyloxypropyloxy) benzoyloxy]-2-methylbenzene (RM257, 98.8%,
Wilshire technologies) and 0.0175 mole of 2,2'-(ethylenedioxy) diethanethiol (95%, Sigma-
Aldrich) were dissolved in 50 mL dichloromethane. A polymerization catalyst, 0.2 g
dipropylamine, was also added into the solution. The feed ratio of the two monomers was 8:7, and
the degree of polymerization was expected to be 8. The solution was stirred for 16 hours at room
temperature, to allow the monomers to polymerize into oligomers by Michael addition reaction.
The overnight stirring time ensured sufficient reaction. Afterwards, 0.06 g 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone, which was a photo initiator with 365 nm UV response,
was added to the solution. Then the solution was heated with stirring to 90 °C in a heating mantle
(Mtops DMS632) to evaporate the solvent. In about 30 minutes, the viscosity become high, and
the magnetic stir bar was removed. The ink was in a round bottom flask connected to a vacuum
pump and heated to 110 °C for 16 hours to remove the residual solvent. During heating, the flask
was covered by aluminum foil to avoid photo-induced cross-linking by lights in the room. After
solvent evaporation, the LCE ink was loaded into a 10 mL dispensing syringe. A hot air gun was
used to heat the flask (around 220 °C) to reduce the ink viscosity in order for it to flow out. Then
the dispensing syringe was held vertically and heated in an oven to 80 °C for 16 hours, to settle
and de-gas the LCE ink.

Silver conductive ink for the tactile surface: 10 g Ag/AgCl ink (Ercon E2414) was
centrifuged at 700*g for 80 minutes. Then about 50% by volume or 20% by weight of the solvent

was separated and removed from the original ink. The centrifuged silver ink was mixed with
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PDMS (Sylgard 184, with the curing agent added in 10:1 ratio) in a ratio of 4:1 by weight. The
mixture was put in vacuum for 5 minutes to de-gas. Then the paste was loaded into a dispensing
syringe, followed by centrifuge spinning at 700*g for 15 seconds to settle the ink.

Silver conductive ink for the kinesthetic actuator: 10 g Ag/AgCl ink (Ercon E2414) was
centrifuged using the same process above. Then 300 mg LCE ink was dissolved in acetone in 1:1
ratio by weight. The LCE solution was mixed with the centrifuged silver ink in 1:2 ratio by weight.
The mixture was put in high vacuum for 10 minutes to evaporate the acetone. Then the mixture

was loaded into a dispensing syringe followed by centrifuging.

3.6.2 Fabrication process for the tactile surface

We have modified a commercial 3D printer (Raise3D N2) to include 2 fused deposition
modeling (FDM) and 2 pneumatic extrusion heads. The Metcal DX-350 digital dispensers were
used to regulate and switch compressed air supply for extrusion. To reduce the viscosity of LCE
for proper extrusion, the dispensing syringe was heated to 57 °C and the needle nozzle was heated
to 60 °C. The air supply was tuned to 90 psi for extrusion of LCE. Eighteen-gauge dispensing
needles were used as extrusion nozzles.

To form the tactile surface as shown in Figure 3.3(a) of the main text, Layers 1—3 (actuator
part) were printed in one stack, while Layers 4 and 5 (heater part) were separately printed as
another stack, and then the two stacks were laminated together. The total area of the surface is
60mm by 40 mm, and each actuator segment is 15 mm by 5 mm.

For Layer 1, the LCE ink was extruded to form a 0.2 mm thick film, followed by 100 °C
hot air blowing for 1 minute to convert LCE into poly-domain phase. Then LCE ink was cured by
a 3 Watts, 365 nm UV light for 10 minutes. On top of Layer 1, 0.2 mm thermoplastic polyurethane

(TPU) pattern was printed by FDM nozzle, shown as green parts in Layer 2. The left photograph
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of Figure 3.3(c) showed the printed LCE in Layer 1 and TPU in Layer 2. There were five narrow
slots on each TPU unit. LCE was printed into these slots to bond the LCE layers above and beneath
TPU, to prevent the delamination between LCE and TPU. Then LCE was printed in a
complementary pattern around TPU to fill Layer 2, followed by hot air blowing for 1 minute and
UV curing for 10 min. To complete Layer 3, three passes of LCE was printed; the total thickness
is 0.6 mm, with 0.2 mm film for each pass. In Figure 3.3(a), the blue areas were heated by 100 °C
hot air for 1 minute and cured by UV light for 20 minutes. Then mono-domain LCE was printed
in the pattern shown in dark blue. The printing was divided into 6 passes, each pass forming a film
at 0.1 mm thick. The direction of printing is parallel to the short edge (width) of each rectangular
bar. During the printing of mono-domain LCE, 200 mW UV light was constantly on to fix the
alignment of LCE. Finally, the LCE stack was further cured by 3W UV light for 10 min, shown as
the middle photograph of Figure 3.3(c).

In Layer 4, there were seven resistive heaters in thin serpentine pattern, at the positions of
the 7-segment actuator bars. Each heater can be independently selected to activate the
corresponding actuator. There were six endpoint nodes between all the heaters. Wide conductor
strips were printed to fan out to external wires connected to the power supply. The fan-out
electrodes were much wider than the trace of serpentine heaters, such that the resistance was
highest at the heater traces. When an applied current passed through the close loop, the resistive
heaters would heat up while the leading strips were much less heated.

The heater part was fabricated separately from Layers 1—3. To form the heater shown as
right photograph in Figure 3.3(c), Layer 5 was printed first, as the base with a 0.2 mm thick poly-
domain LCE. On top of Layer 5, the LCE pattern of Layer 4 was printed in two individual passes,

each forming a film at 0.2mm thick. The first pass was treated with heat and UV light, while the
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second pass was treated by heat only and remained uncross-linked, to be used as a bonding
interface to attach the top actuator and the bottom heater together in the later lamination step. The
heaters and fan-out electrodes were printed with silver ink in two layers, to reach a total thickness
of 0.4 mm. The air pressure to extrude silver ink was 25 psi. The structure was heated to 70 °C
for 30 minutes to dry the solvent in the silver ink. Then a small amount of PDMS was dropped on
each of the serpentine heaters for encapsulation and electrical isolation. The annealing temperature
was maintained at 70 °C for 16 hours to fully evaporate the solvent and cure the PDMS.

The top actuator part (Layers 1—3) and bottom heater part (Layers 4 & 5) were laminated
together in the sequence shown in Figure 3.3(a). The stack was treated by UV light (36 Watts 365
nm) for 30 minutes, which was for cross-linking the uncured LCE in Layer 4 to bond the top and
bottom parts. Finally, electrical wires were attached onto the silver fan-out electrodes using
conductive epoxy (CircuitWorks CW2400). LCE was dropped on the attachment points and cured

by UV light to strengthen the connection to the electrical wires.

3.6.3 Characterization methods for the tactile surface

To measure the raised height as a function of temperature, the tactile surface was placed on
a flat surface, alongside a ruler fixed perpendicular to the surface. To control the heater temperature,
a DC voltage source was used to power on one actuator unit. The applied voltage was adjusted to
maintain the desired temperature, which was tracked by a thermal imager (PerfectPrime IR0005).
The raised height was measured by taking photographs of the actuated unit and the ruler inside the
same photo frame. The pixels of the raised surface were counted, in comparison with the pixels of

the ruler as a scale, to obtain a calibrated distance for the raised height metric.
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3.6.4 Fabrication process for the kinesthetic actuator

To fabricate the kinesthetic actuator shown in Figure 3.4(a), the bottom layer and the
middle layer were printed as one piece, and the top layer was printed as a separated piece. The two
pieces were attached by lamination. The bottom layer was printed with four passes (each forming
a film of 0.2 mm thickness) on a glass slide. Thus the total thickness was 0.8 mm. The mono-
domain LCE in the middle layer was printed in three passes, each forming 0.2 mm thick films.
During printing of LCE, 200 mW UV light was used to illuminate the workpiece in the whole
process. After printing, the stack was treated under 5 Watts UV light for 10 minutes to fully
crosslink the LCE. Then conductive silver ink was printed to pattern the heater. The Ag printing
was divided into three passes, with a total thickness of 0.6 mm.

To print the top layer, 200 mW UV light was on during printing of the first three passes.
When printing the fourth pass, UV light was turned off. This surface remained uncross-linked to
serve as a bonding interface for lamination of the pieces. The whole structure was then cured under
10 Watts UV light for 20 minutes.

To cure the printed silver heater, the substrate was heated to 50 °C. The printed heater was
connected to a power supply through two copper wires. The current was adjusted to maintain about
1.5 Watts heating power. The thermal cure took 16 hours. This self-heating process ensured full
and even annealing of the silver ink. During the first 1 hour of heating, 10 Watts UV light was
turned on to cure and bond the LCE content inside the silver ink to the outer LCE structure. This

step prevented the cracking and delamination of the silver heater during actuation.
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3.6.5 Characterization methods for the kinesthetic actuator

Figure 3.5: Customized programmable tensile force tester.

We modified a 3D printer frame (prusa i3) into a tensile force tester as shown in Figure S2.
An S-type load cell (DY 106-3kg) was attached to the tester frame, and a metal fixture was fixed
to the top of the load cell. Another metal fixture was mounted on the lifting beam of the frame.
The resistance value of load cell was sampled by a HX-711 AD convertor interfaced with an
Arduino microprocessor. A MATLAB code was used to control the movement of tester and collect
the force data as recorded by the Arduino interface.

The kinesthetic actuator was clamped between the top and bottom fixtures. A DC power
supply was used to power on the integrated heater, and a thermal imager (PerfectPrime IR0005)
was used to track the temperature. In the measurements, the actuator was first fixed at the original
length. Then it was heated and allowed to stabilize at the desired temperature. At this time, the
stress on actuator was measured as the blocking stress, shown as the y-intercept in Figure 5(b).
Subsequently, the tester was controlled to allow the actuator length to contract at a speed of 0.5

mm/s. Meanwhile, the force on the load cell was recorded corresponding to each position. When
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the tracked force reached 0 N, it meant that the actuator reached the maximum actuation strain.
This procedure provided stress-strain and work output data at a fixed temperature. The work output
is the force output multiplied by the displacement distance DL. For another round of measurements
at another temperature, the tester moved to stretch the actuator to its original length. The actuator

was heated to the next selected temperature, and the above procedure was repeated.

Chapter 3, in full, is a reprint of the material as it appears in Advanced Materials, 2021,

Yichen Zhai, Zhijian Wang, Kye-Si Kwon, Shengqiang Cai, Darren Lipomi and Tse Nga Ng. The

dissertation author was the primary investigator and author of this paper.
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Chapter 4

Self-Sustained Robots Based on Functionally Graded
Elastomeric Actuators Carrying up to 22 Times their Body
Weight

4.1 Abstract

A biomimetic strategy of combining soft actuators with an exoskeleton was applied to
create untethered, self-sustained robots with high load capacity, applicable for transportation in
unsupervised environments. The soft actuation components were based on liquid crystal
elastomers formed into functionally graded structures by extrusion printing, which enabled a high
free strain of 45.5%. The robot design included a self-sustained oscillation mechanism
incorporating a novel, highly elastic spring for energy storage and impulse release. The arthropod-
inspired exoskeleton structures were printed from polycarbonate with high strength to increase
load-carrying capacity, or to increase moving speed by a lever mechanism that amplifies stepping
distance up to 8 times. The robot achieved self-sustained locomotion, harvesting constant infrared
radiation for continual power. Leveraging the strength of exoskeleton and the high stress of the
actuator, the robot transported a load 22 times of its body weight. It was capable of climbing up a
slope of 40 degrees and moving up to a quarter of its body length per minute with peripheral lever
legs. The robot operation did not require external signaling controls or complex electronics,
demonstrating the potential of this battery-free, scalable, environment-powered design with an

unlimited range free from tethering constraints.
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4.2 Introduction

Untethered robots that acquire energy from the ambient to produce self-sustained
movement can open new avenues for realizing autonomous transporters with unlimited range.
Currently many untethered robots rely on batteries [1]-[4] with limited capacities; others are
wirelessly controlled by a nearby magnetic field [5]-[9] or light stimuli [10]-[16], but the robots
must stay within the range of controlling signals in order to be powered. There are emerging
research to generate sustained motion that does not depend on intermittent switching of external
stimuli, so that the robots can harness constant environmental energy and convert it to generate
locomotion free of distance constraints. Stimuli-responsive polymers such as hydrogels [17], [18]
and liquid crystal elastomers [12] have been used in designs with oscillatory feedback loops, such
as self-shadowing [18]-[20] or ratchet [17] mechanisms, to produce bursts of kinetic energy for
propulsion. While these ingenious designs have led to self-sustained movement, the polymer
robots are limited in their load-carrying capability. The soft robots are deformed by the load, and
so far they can only carry loads within the same order as their own body weights [1], [14], [21]—
[25], restricting their applications as transporters.

In this report, a biomimetic strategy of combining soft actuators with an exoskeleton is
applied to create self-sustained robots with high load capacity. In the natural world, arthropods
like leaf-cutter ants develop exoskeletons that enable them to carry loads exceeding their body
weights by hundreds of times [26]. The exoskeleton provides strong supporting structures for the
soft muscles to withstand the extra pressure from heavy loads. The actuating muscles are not
encumbered by the weight of an internal skeletal system and can apply most of their output forces
to lifting external objects. This work used heat-responsive liquid crystal elastomers (LCE) as

actuating components [27]-[29]. The thermal actuation mechanism of LCE is advantageous for

70



developing heat harvesting schemes to mimic another aspect of arthropods, in that cold-blooded
insects absorb sunlight and leverage the heat to warm up for activities. Here we present design
principles that harness thermal changes in LCE materials to drive an oscillating ratchet, to
continually power exoskeleton robots without range limitations and demonstrate an autonomous
transporter capable of carrying payloads much heavier than its own weight.

We fabricated the robots by extrusion printing [30]-[33], in which the hard components
are made of polycarbonate with high strength, and the soft actuators are based on LCE with
properties tuned by printing parameters. The direct printing process enables the fabrication of
functionally graded structures, in particular to engineer new system-level functions beyond the
bulk mechanics of component materials. Previous works have adjusted the shear stress during
printing to tailor LCE mesogen alignment [30]-[32] and demonstrate free-form deformations.
However, the power output of LCE actuators is hampered by the long transition time between
actuation and relaxation. To accelerate LCE movement, we introduce a novel design of printed
LCE springs to store and release energy in cooperation with the LCE actuator. The printed spring
offers tunable elastic modulus, larger tensile breaking strength, and higher restoring force than
poly-domain elastomers. This new spring component greatly expands the design space for LCE
actuation, so we can realize self-oscillation in LCE systems and facilitate continuous operation
similar to engine cycles. In addition to the spring and ratchet mechanism, we include a lever
amplifier to increase the stepping distance in a robot stride. The robot is characterized on various
hill grades, tested for its load-carrying limits, and demonstrated self-sustained locomotion under
sunlight, to show the potential of this battery-free, scalable design for environment-powered

actuators.
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4.3 Results

4.3.1 Programming LCE mechanical properties by adjusting toolpath and shear stress
For our bioinspired robot, the artificial muscle is based on a LCE structure with two
segments, one being a conventional mono-domain actuator and the other functioning as a spring.
In the LCE actuator, the liquid crystal mesogens are set in alignment at room temperature. When
the actuator slab is heated, the alignment is disrupted by thermal motion. The slab becomes
isotropic and contracts in length as illustrated in Figure 4.1(a). The contraction is reversible; when

cooled, the LCE recovers to its original shape at room temperature.
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Figure 4.1: Actuation mechanism of LCE and printing setup. (a) Thermal actuation
mechanism of LCE. (b) Extrusion printing to align LCE mesogens. The inset shows the
area where the nozzle applied shearing force to the extruding LCE.

A common technique for aligning the mesogens is by applying a shear force on the ink
during the extrusion process. Prior works showed that inside a printing nozzle, due to the difference
in flow velocities at the center and around the rim, the LCE ink was sheared in a tubular distribution,
resulting in better mesogen alignment in the outer shell while the inner core remained isotropic
[30], [31]. To avoid uneven alignment in a filament, we modified our printing process to reduce

the distance between the nozzle tip and the deposition surface, keeping the distance less than half
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of the inner diameter of the nozzle. As such, the extruded material was squashed by the nozzle
edge as indicated by Figure 4.1(b). The moving nozzle applied a shear force parallel to the printing
direction, and the shear stress generated in the LCE materials was adjusted by tuning the ink flow

rate and deposition layer height. In general, faster flow rates and thinner layer heights led to a

higher shear stress.
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Figure 4.2: The relationships of shear stress as a function of printing parameters. (a) Free
strain of LCE actuators when heated from 30°C to 130°C, as a function of shear stress at the
nozzle. (b) Setup to track shear force. (c) Shear stress illustration. (d) Average shear stress

during printing and (e) the resulting free strain at 100°C (right) of the LCE samples with
different thicknesses and flow rates in each printing pass.

The setup in Figure 4.2(b) was used to measure the force during printing. When the nozzle
printed a trace on y direction, the horizontal force applied on the trace from the nozzle was tracked
by the load cell that supported the substrate. We carried out the following procedure to characterize

the effect of printing parameters on the extrusion shear stress and on the LCE strain.
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The supplied air pressure was tuned to 90 psi, 70 psi and 50 psi to achieve three different
extrusion flow rates 0.31, 0.24 and 0.18 mm?>/s. With each flow rate, four LCE slabs were printed
with single layer thicknesses of 0.1, 0.2, 0.3 and 0.4 mm respectively. The samples were printed
with multiple passes to prevent a slab from curling and warping itself when it was too thin. During

printing, a load cell was used to track the shear force. Then the shear stress T was calculated by

Shear force

the relationship 7 = as shown in Figure 4.2(c), where the shear area was explained in

Shear area

Figure 4.1(b). The resulted shear stresses of the 12 samples were plotted in Figure 4.2(d). The free
strain of each sample was characterized by taking photographs of the sample with a ruler on the
side, and the lengths measured in pixels were converted to millimeters on the ruler scale. The
results were shown in Figure 4.2(e). With the acquired data of shear stress during printing process
and free strain of the samples, the relationship was plotted in Figure 4.2(a).

The actuators printed under increasing shear stress showed larger free strain (deformation
with no load). Free strain is defined as o = (Ly — L)/L,, where Lo is the original length at room
temperature and L is the final length at the actuation temperature. The dependence of free strain
on printing shear stress can be empirically fitted to a logarithmic function, indicated by the dashed
line in Figure 4.2(a). The function is ¢ = 0.044 In(t/ty) + 0.197, where 7 is the shear stress
and 7y= 1 Pa is a reference value to balance the unit. With our extrusion technique, the actuator
reached a maximum free strain of 45.5%, which is higher than the state-of-the-art performance for
LCE [2], [30], [31].

The actuator was printed with a toolpath of parallel in-fills and designed to exhibit high
contraction force and strain. However, it was limited by a slow cooling process to return to its
original length. Thus, we created a spring segment which applied tension on the actuator to

accelerate its recovery. There were two requirements for the LCE spring: 1) the spring dimensions
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should be less affected by temperature when compared to the actuator; 2) considering that the
spring would be subjected to large stretching strain, it must tolerate high tensile strains before
reaching the breaking point and also a high elastic modulus to store and release potential energy.
We note that a poly-domain LCE, in which mesogens are not aligned, would meet the first
condition, but it shows low elastic modulus and high dissipation, resulting in low elastic force and
low energy storage efficiency, insufficient for our purpose of cycling the actuator back to its
original position. Another option is to look for different elastomers with the desired elasticity, but
here we use engineering strategies [30]-[32], [34]-[38] to tune the mechanical properties and

increase the material versatility.
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Figure 4.3: Schematics and characteristics of printed LCE actuator and spring. (a) Schematics
of the printed LCE actuator and spring segments. (b)The photographs contrast the dimensional
changes at different temperatures, in which the spring showed minimal strain while the actuator
contracted to 45% strain. (c¢) Photograph of the LCE spring metastructure, and a diagram of
force vectors to explain how contraction and extension were canceled out. (d) Stress-strain
measurements taken at 100°C, comparing the actuator versus springs with different infill
angles. The strain of 0% corresponds to the original length at room temperature.
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To make a high-performance spring from LCE, we changed the printing toolpath and
directed mesogen alignment to follow the incline pattern as illustrated in Figure 4.3(a). While the
incline direction was the same in each layer, the direction alternated between odd and even layers,
with a symmetric incline angle 6. With this meta-structure, the dimensional changes in response
to heat was suppressed in the spring. When the spring was heated, the tendency for one layer to
contract was offset by the pulling forces from the neighboring layers and vice versa, as visualized
by the force vector diagram in Figure 4.3(c). The result was that this new spring design decoupled
the thermal actuation behavior from being an inherent characteristic in mono-domain LCE
structures. The printed spring was made less sensitive to heat and showed much lower contraction
strain than the actuator, evident in the photographs of Figure 4.3(b), while keeping the advantage
of high elasticity in mono-domain LCE.

Figure 4.1(d) compares the stress-strain characteristics of an actuator and two different
springs with incline angles of 35° and 45°. The x-intercepts (negative values) indicate the free
strain values measured at 100°C. Thermal actuation was reduced with an increasing incline angle
in the spring, suppressed to a minimum of 10% strain at © = 45°. In Figure 4.1(d), the black dots
right before abrupt drops in stress denote the breaking stress and strain. The breaking stress of LCE
actuator and springs were similar, in the range of 400 kPa. Yet the actuator broke at low tensile
strain (23%), because of its thermally activated contraction which placed additional countering
force to the applied tensile strain. In contrast, the spring did not have this countering force and was
able to tolerate more stretching. The springs could be stretched at least 3 times longer than the
actuator before breaking, and this elastic property would be an important characteristic to achieve

the oscillatory mechanism for self-sustained locomotion in the following work.
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4.3.2 Mechanisms to enable self-sustained locomotion

L)

%, sliding ™
~ bar $
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track

Figure 4.4: Assembly schematics and an exploded view of the printed
robot. The black circle marks one of the four identical movement tracks,
and the blue circle indicates the two shade hinges.

In this work, the goal was to demonstrate a self-oscillatory design that generates continual
locomotion under infrared light. Figure 4.4 shows the robot structure consisting of soft LCE
actuator+spring (artificial muscle) and hard polycarbonate components (exoskeleton). The key
dimensions of the robot are listed in Appendix Table B.1. There were three hard components: a
leg box, a body box and a flipping shade fixed at the center of the leg box through a hinge. The
shade was intended to rotate between the work and return stroke, so that it would switch shading
for either the spring or the actuator. At the four corners of the leg box, there were four protruding
cylindrical sliding bars, drawn as a circle attached to the leg in Figure 2(b). The sliding bars on the
leg box were inserted into the parallelogram tracks in the body box. Therefore, the leg box was

constrained to slide around the parallelogram. The LCE actuator+spring connected the leg box to
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the body box. The contractive force from either the actuator or the spring would drive the relative

movement between the leg box and body box.
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Figure 4.5: Flow charts of motion processes. (a) Flow chart of the steps in one

motion cycle. (b) Flow chart of the shade flipping mechanism.

A flow chart of the movement cycle is shown in Figure 4.5(a), which zooms in on the
operation at one of the four identical parallelogram tracks. Step (i) shows the standby state of the
robot, in which there was minimal tension in both the actuator and the spring. The shade hovered
over the spring segment, and the actuator was uncovered. If light was shone on the entire robot,
the robot would proceed to step (ii) in which the actuator absorbed heat, consequently contracting
and pulling to lift the body box from the ground and concurrently move the body horizontally.
Between steps (i) and (ii), the horizontal moving distance of the body box was d1, defined by the

parallelogram dimensions. The exposed actuator kept absorbing light energy and contracted
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further, pulling the sliding bar across the bottom edge of the parallelogram track. Between steps
(i1) and (iii), the body box was translated farther to the right by a distance d2. The shade flipping
mechanism was triggered by the movement sequence and automatically turn the shade to cover
the actuator. In step (iii), the body box would drop down to contact the ground again, since the
sliding bar has moved to the top edge of the parallelogram track. Steps (i) to (iii) constitute the
work stroke, in which the actuator converted the absorbed heat to mechanical energy to move the
body box. Meanwhile, a portion of mechanical energy is stored in the stretched spring.

Following the work stroke, steps (iv) to (vi) were carried out to complete the return stroke.
The movement around the parallelogram track is similar to a ratchet. As the shaded actuator cooled
down, the tension in the stretched spring pulled on the actuator to return it to its initial length.
Under the spring force, the sliding bar of the leg box was guided to move right and up the
parallelogram track, and the leg box is lifted above the ground in step (iv). In step (v), the sliding
bar traveled across the top edge of the parallelogram, and the leg box moved to the right as driven
by the spring. The shade automatically switched to the cover the spring. In step (vi), the sliding
bar moved to the position where it was no longer supported by the parallelogram ledge, and the
leg box dropped down onto the ground by gravity. At this moment, the robot finished one whole
movement cycle and would be ready for another cycle. The total locomotion distance in one cycle
was di + dz, traveled during the work stroke.

At the end of steps (ii) and (v), the shade should automatically flip to the opposite side in
order to modulate the heating and cooling of the LCE, so that despite constant irradiation there
would be oscillating actuations to transition between strokes and enable self-sustained,
unsupervised movement cycles. We implemented hinges that switched the shade position

according to the relative movement between the body and leg boxes, as detailed in Figure 4.5(b).
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The shade hinge was attached to the center of the leg box, and there were two crank bars, one on
each side of the shade. In the schematic only one side was shown, but the other side worked in a
similar fashion to flip the shade in the opposite direction. The crank bar was trimmed to have a flat
edge, and its position was dictated by the leg box. The crank bar would work in conjunction with
the rectangular stopper attached to the body box. As the leg box carried the crank bar towards the
stopper, the two structures came into contact, but the interface friction stopped movement (step I).
Then, the LCE contraction continued and built up elastic energy, which eventually exceeded the
threshold to overcome friction and pushed the shade and crank bar to rotate (step II). Since the
friction on the arc of the crank bar was much smaller than on the flat edge, the stored elastic energy
was released instantaneously, inducing an impulse force to rapidly erect the shade arm (step III).
Following through due to its own rotary inertia and gravity, the shade would complete the 180°

rotation, as shown in step I'V.

(@)

Initial 4
13 g
@
=
2 L
@
‘»
14 &

e — 7
S 4 g = X . o
Qi o m g, 0.1 0.2 04
| R Contraction strain (AL/LO)

Figure 4.6: Motion cycle and energy transfer. (a) Photographs of one motion cycle. (b)
Output stress—strain characteristics of the LCE actuator at different temperatures, in steps
of 10 °C. The initial and actuated states of the actuator are marked as Soand Si, respectively.
When the robot carried a load, the actuated state changed to S’.

The photographs in Figure 4.6(a) captured the robot locomotion in one movement cycle.

Under a broadband light at an intensity around 220 mW/cm?, the robot moved about 10 mm during
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the work stroke, and the shade was flipped from the spring side to cover the actuator. For the 10
mm travel distance, the robot step was 8.6 mm, while an additional 1.4 mm slide was observed
due to the forward launching momentum. During the return stroke, while the body box did not
move, the leg box returned to the original position with respect to the body box, and the shade
turned back to the spring side.

Figure 4.6(b) shows the stress-strain characteristics of the LCE actuator at different
temperatures. The measurements were taken in the active output region of the actuator, thus
showing only contraction strain. The blocked stress is 200 kPa at 100°C, and the blocked force of
this actuator is 3.6 N. In a movement cycle, the starting state was marked as S0, corresponding to
65°C temperature and 0% strain. At the end of a work stroke, the actuator was fully actuated,
marked as state S1 in the plot, corresponding to 90°C and 12.6% strain, as recorded by infrared
camera and length measurements. The state of the actuator transitioned between SO and S1, and
the temperature changed between 65°C and 90°C. In the return stroke, the actuator under the shade
did not need to be cooled down to room temperature. When the robot was loaded with cargo, the
actuator force output must increase to lift and translate the extra payload. As a result, the actuated
state shifted upwards to state S’, in which the strain was still 12.6%, but the required actuation

temperature and stress were increased.

4.3.3 Slope climbing test

Our robot exhibited high traction force due to the high output stress of LCE, and the LCE-
exoskeleton combination offered unique capabilities for climbing steep slopes and carrying heavy
payloads. Figure 4.7 demonstrates our robot climbing up a slope of 40°. After 10 successive cycles,
the robot moved a distance of 70 mm, with an average step of 7 mm. This distance was shorter

than the stepping distance on a flat surface, because instead of dropping straight down, the body
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box fell slightly backward due to the pitch angle during step (iii) of the movement cycle in Figure
4.5(a). In the example in Figure 4.7(a), the surface of the slope was coated with
polydimethylsiloxane (PDMS) to prevent sliding. Nonetheless, similar climbing performance can
be achieved by putting sandpaper or PDMS on the bottom surface of the robot to increase contact
friction with the ground. We observed that 40° was the maximum angle that the robot could climb.
For the current design, the shade rotation mechanism worked against gravity and was stuck at step
(v) when the pitch angle was higher than 40°. This limit of 40° slope corresponds to a percentage
grade of 83.9%. As a comparison, most common wheeled vehicles are not able to climb a slope of

this grade, and the steepest paved roads are below 20°.
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Figure 4.7: Demonstration of robot climbing a 40-degree slope.
4.3.4 Load-carrying test
The robot is already shown to be capable of carrying the solar reflector (32 g), and we
further characterized its load-carrying capacity in Figure 4.8(a). The robot was able to transport a

maximum mass of 311.7 g, while its body mass was 13.95 g, which accounted for the entire
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structure of LCE (2.51 g) and exoskeleton (11.44 g). The load-carrying ratio was 22.3 times. Under
the maximum load, it traveled 10 mm per movement cycle. The load-carrying ratios of various
robot designs based on soft actuators are displayed in Figure 4.8(b). The comparison included
driving mechanisms using LCE [14], [15], dielectric elastomers [1], [25], magnetic elastomers [6],
piezoelectric polymers [23], and pneumatically powered polymeric structures [3], [21], [22]. Here
our LCE self-sustained robot showed higher load-carrying capacity than the other robots with
similar body weights, demonstrating the potential of hybrid LCE-exoskeleton structures in

overcoming prior load limits of LCE robots.
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Figure 4.8: Load-carrying demonstration and comparison with other works. (a)Robot
transporting a load 22 times of its body weight. (d) Comparison of load-carrying ratio versus
body weight for various robot designs based on soft actuators. DE: dielectric elastomer. The
numbers correspond to the listings in the Reference section.

4.3.5 Sunlight-powered locomotion
As our robot harvested infrared radiation to power the actuation cycles, we aimed to make
it move with energy input only from natural sunlight, so to demonstrate the feasibility of running

the robot autonomously for outdoor transportation. For indoor environments, high light power
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could be directed over the robot’s track, but for the outdoors, our local sunlight irradiance was
measured as only ~45 mW/ cm? on the ground level and not powerful enough to drive the robot.
Hence, we attached a set of solar reflectors on the robot to concentrate more light on the LCE
region. The schematic design and photograph are shown in Figure 4.9 (a) and (b) respectively. The
reflector set was designed for a solar elevation angle of 35° and concentrated the sunlight power

shone on the LCE area by seven times, leading to an irradiance ~315 mW/cm? on the robot.
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Figure 4.9: Sunlight-powered locomotion test. (a) Cross-sectional schematic of the solar
reflectors. (b) Demonstration of the robot moving under outdoor sunlight. (¢) Temperature
changes of the actuator segment over five successive movement cycles.

With an infrared camera, the temperature of the LCE actuator was measured at the start
and end time points of every stroke, as plotted in Figure 4.9(c) taken under an irradiance of 330
mW/cm?. Starting at room temperature in the first cycle, the actuator temperature increased to
100 °C when the work stroke was completed. Then it dropped to 80 °C in the return stroke under
the shade. The cycles of heating and cooling continued automatically by the shade-switching
mechanism; from the third movement cycle onwards, the operating temperatures were between

100°C and 120°C. The time duration for one cycle was stabilized to 116 seconds on average. The
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moving speed of the robot was dependent on the light intensity. As a comparison to measurements
in Figure 4.6(b) under an input power of 220 mW/cm?, the time for one cycle was 161 seconds on
average, and the temperature changed in the range of 65°C to 90°C. Higher irradiance could power
the robot to work at a faster speed, but it also increased the operational temperatures. Since the
LCE actuator tended to break due to high blocked stress when temperature was above 120 °C, we
limited the light irradiance to below 330 mW/cm? to keep the operational temperature below the

LCE breaking point.

4.3.6 Insect-inspired modification to amplify the step length

With the above design, the robot stepping distance was just 6% of its body length (or 12.6%
of actuator length) in each movement cycle. This travel distance was constrained by the length of
the parallelogram track; if the track was made longer with respect to the actuator length, the LCE
contraction was insufficient to complete a stroke, and the robot was stuck. However, the LCE
actuator had shown high work output to lift and transport very heavy loads compared to its body
weight, indicating that there was a large portion of the actuation energy not spent on horizontal
locomotion in this design. Therefore, there was room to channel more of the actuation output
towards increasing the horizontal travel distance. Below we re-directed part of the actuation energy
to drive a lever mechanism that extended the stepping distance, so the robot could travel farther in
each movement cycle.

Inspired by insects that use long legs to move their light and small bodies, we designed an
attachment with four lever legs to fit onto the robot for extending its step length. The schematics
and photograph of the attachment structure are shown in Figures 4.10(a) and 4.10(b), respectively.
The four lever legs were connected to the robot leg box through hinges and extended out through

slots in the attachment body box, with its ledges serving as fulcrums of the lever legs. In the work
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stroke, as the actuator pulled the leg box towards the body box, the actuation motion
simultaneously lifted up the robot body and propelled it forward, similar to the motion step (i)
shown in Figure 4.5(a). Here the endpoints of lever legs provided the four contact points to the
ground as seen in Figures 4.10(a). In the return stoke, the robot rested on the attachment box, and
then the lever legs were lifted to return to a starting position, ready for a new cycle. This return

motion avoided dragging the body backward.
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Figure 4.10: Insect-inspired locomotion. (a) Schematics of the robot equipped with
lever legs to amplify the stepping distance. Top view and side view. (b) Photograph of
the lever attachment. (¢) Photograph of the movement sequence.
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For each lever leg, the length ratio of the segments on the two sides of the fulcrum was
1:8.2, with the short segment inside and the long segment outside of the body box. By lever action,
a displacement of the short segment would result in an amplified displacement of the long segment
proportional to the length-ratio factor. Hence, the small 8.6 mm step in the original robot design
was amplified by 8.2 times by the lever legs, for the modified robot to traverse 70 mm per step.
Figure 4.10(c) shows the locomotion of the modified robot, carrying a load equal to its body mass

while advancing roughly a quarter of its body length per minute.

4.4 Discussions

This work demonstrated three new concepts for LCE actuation: 1. the design of a self-
sustained oscillation mechanism to store and release energy from a constant input; 2. the
decoupling of mechanical properties from thermal response by tuning print toolpaths to fabricate
novel, highly elastic spring components for energy storage; and 3. the use of exoskeleton structures
to increase load-carrying capacity or stepping distance. The improvements in printing toolpaths
enabled freeform tuning of the LCE characteristics; the printing process realized an state-of-the-
art actuator, reaching a maximum free strain of 45.5% and a blocked stress of 200 kPa at 100°C.
By adapting the toolpaths, the same LCE material was fabricated into a highly elastic spring with
a breaking strain of 91%.

In the robot design, the exoskeleton enables both self-oscillating movements and load-
supporting functions. Our robot operation did not require external signaling controls or complex
electronics. Under a constant light input, the robot achieved self-sustained cycles like a heat engine,
absorbing heat from light energy to do work. The features of self-sustained locomotion and high

load-carrying capability show the potential for this robot design to be used for transportation in
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unsupervised environments. The robot is scalable in size and can be modified to increase the load
capacity or moving speed by using peripheral structures such as the lever legs.

To enable repetitive oscillations, our robot used an energy storage spring to restore the
actuator position after contraction, and the crank design allowed the generation of impulse energy
for rapid rotation of the flipping shade. The straight chord on the hinge crank bar served as a
frictional barrier to build up tension stress and store more energy before the rotation mechanism
was triggered. When the activation threshold was overcome by the tension, the impulse energy
released led to rapid complete rotation, so the work stroke would not be stuck when the shade is
in a mid-way perpendicular state.

One key aspect of our robot was that the two-phase contraction and extension of the LCE
actuator were expanded into a six-phase movement cycle through the incorporation of
parallelogram tracks. The track divided the cyclic movements of the sliding bar into two different
paths in the work and return strokes, so that the locomotion was in uni-directional. Such cyclic
designs are commonly found in retractable pens and self-lock buttons, in which the sequential
pressing and releasing of a button moved in divided paths. While such structures ensured
automated cycles, part of the energy was traded off between lifting movement and forward
movement of our robot.

In a movement cycle, the work of the LCE actuator was consumed in two parts, by (i) the
frictional heat between components and (ii) gravitational potential energy of lifting body or leg
box. Especially when the robot was heavily loaded, a large amount of potential energy was
required to lift the body box. This component of energy was consumed in up and down
displacement and not used for forward movement. Therefore, reducing the lift distance would be

a design consideration to reduce unnecessary energy consumption and increase the load-carrying
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ability. The lift distance Ah was determined from Ah = (H + D)/2, where in our demonstration,
H=3 mm was the height of the parallelogram stub, D=2.5 mm was the diameter of the sliding bar,
and therefore Ah=2.75 mm was the lift distance in each cycle. To reduce the energy spent on lift
movement, both H and D should be reduced. However, in the current proof-of-concept design,
the feature size was limited by the resolution of FDM printing; also the strength of smaller stubs
for the parallelogram and sliding bar was not enough to support heavy loads. Hence to advance
performance in the future, other high-precision printing methods such as stereolithography and
high-strength materials for the exoskeleton can be used to scale down robots and enable very high
load-carrying ratios.

In addition, it is possible to increase the robot speed. Currently the locomotion speed is
limited by the heat absorption and dissipation time. As the heating and cooling processes are both
related to surface areas, one design strategy is to reduce the total thickness of the LCE layers while
increase their widths. As this change will maintain the same cross-sectional area, the robot will
keep the same load-carrying ability. With the same heat capacity but a larger surface area, the heat
transfer will be faster and the robot movement will be accelerated. Overall, the bioinspired robot
in this work offers new elements of self-oscillation and structural modifications to amplify load

and step size, and the strategies can be generally applicable to future locomotion robot designs.

4.5 Experimental section

4.5.1 Printing setup
A schematic of our printer is shown in Figure 1(b). It was modified from a Raise3D N2
platform, with the option to use a fused deposition modeling (FDM) nozzle and a pneumatic

extrusion nozzle with compressed air supply in the range of 0~90 psi. The air supply was controlled
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by a dispenser with a pressure regulator and a solenoid valve. The LCE ink was stored in a
dispensing syringe and extruded through an 18-gauge needle nozzle. There were heaters for the
syringe and the nozzle to increase the temperature of LCE ink, in order to reduce the ink viscosity
for smooth extrusion. During printing, a load cell (SEN-14728, 0.5 kgf, Digi-Key) with HX-711
ADC module was used to track the shear force. There were UV light emitting diodes mounted next

to the nozzle for cross-linking the workpiece.

4.5.2 Stress-strain characterization

We attached an S-type load cell (DY 106-3kg) on a 3D printer frame (prusa 13) to modify
it into a programmable tensile force tester. A pair of metal fixtures was used in the tester to hold
the samples. The analog feedback value from the load cell was sampled by a HX-711 AD convertor,
and the data was read by an Arduino chip. A MATLAB program was used to control the movement
of tester and record the force value from Arduino.

The LCE actuator or spring was clamped between the top and bottom fixtures. A 205-Watt
infrared heat lamp (Bon Home Culinary Heat Lamp) was used to heat up the sample. The distance
between the lamp and sample was tuned to adjust the temperature, which was tracked by a thermal
imager (PerfectPrime IR0005). In the measurements, the sample was fixed at the original length.
Then the temperature of the sample was controlled to the desired temperatures between 40 °C and
100 °C. When the temperature was stabilized, the readout force was the blocking force. Then the
printer frame was controlled to reduce the length of the sample, meanwhile the contraction force
was recorded at each length. When the contraction force reduced to zero, it means the sample
reached the maximum free strain at that temperature, and one complete curve was measured. The
sample was stretched by the frame to its original length, and was heated to another temperature to

repeat the process for measurement of the next curve.
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4.5.3 Fabrication of the robot

The dimensions of robot components are listed in Appendix Table B.1. The body box, leg
box and frame of the flipping shade were printed with 1.75 mm polycarbonate filament (PC-Max)
in the FDM mode. The layer thickness was set to 0.2 mm, and the global printing speed was 15
mm/s. The nozzle temperature was 270 ~ 285 °C, and the platform was heated to 110 °C. “Bottom
raft” and “support everywhere” settings were used to increase the yield. To avoid wrapping of
polycarbonate, the printer was enclosed to minimize air flow. The cooling fans were disabled, and
aluminum foils were wrapped around the nozzle to prevent any air blown towards the printed
workpiece. After printing, the raft and support structures were removed by pliers. Then the surface
was polished by precision files, 320-grit sand papers, and 1000-grit sand papers. Aluminum foils
were mounted for the flipping shade to block infrared radiation.

The LCE actuator and spring were printed at 90 psi, with the syringe at 55 °C, the nozzle
at 60 °C, and a flow rate of 0.5 mm3/s. In each printing pass, the layer thickness was 0.1 mm, and
there were 12 layers in total. The area of the actuator was 68*15 mm2, and the spring was 60*12
mm?2 with traces printed in 35° incline angle. The actuator and spring were printed and connected
in one piece, but the toolpaths were different in each segment. A 200 mW UV light was used to
cross-link LCE during printing. After printing, the sample was cured by 10 W UV light for 5
minutes to fully cross-link. The surface of LCE components was painted black with a marker pen
to increase light absorption.

The polycarbonate exoskeleton components were assembled with the LCE actuator+spring
into one structure. Using instant adhesive (Loctite 495), the middle of the LCE piece was glued to
the center point on the leg box, while the ends of the LCE structure were glued to the ends of the

body box.
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4.5.4 Light source for powering the robot

A 205-Watt infrared heat lamp (Bon Home Culinary Heat Lamp) was used as light source.
The black-body temperature is 530°C, leading to a peak wavelength of ~3.6 um. The distance
between the lamp and the robot was tuned in the range of 8 ~ 13 c¢m to achieve a light power of
220 ~ 330 mW/cm2. The light power was measured on a piece of brass that was painted black, and
we tracked the increase of temperature with a thermal imaging camera (PerfectPrime IR0005).

When testing the robot, the temperature of LCE was also measured by the thermal imaging camera.

4.5.5 Slope-climbing test

In the slope climbing test, an adjustable ramp was printed with polycarbonate by FDM.
The top surface was covered with a plastic mirror sheet to avoid overheating the plastic pad. The
surface of the mirror was coated with polydimethylsiloxane (PDMS, Sylgard 184) to increase
traction with the robot. During testing, the slope angle was increased by 5° increments, to find the

limit when the robot could not complete a whole movement cycle.

4.5.6 Load-carrying test
Two cargo support plates were printed with polycarbonate and attached to the two sides of
the robot with instant adhesive. Metal nuts were added on the cargo plates as loads. The weight of

each nut was 9.7 g.

4.5.7 Sunlight reflector attachment

The supporting frame of the reflectors was printed with polylactic acid filaments by FDM.
Plastic mirrors were attached on the frame with instant adhesive. The frame and a balancing weight
were attached on two sides of the robot. The demonstration of robot locomotion powered by

sunlight was carried out at noon, and the solar elevation angle was about 35°.
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4.5.8 Lever leg attachment

The long lever legs and corresponding supporting components were printed with
polycarbonate and attached onto the robot with instant adhesive. The rotation hinges of the legs
were connected by 18-gauge rods. The mechanism of the lever legs was shown in more details in

Appendix B.

Chapter 4, in full, has been accepted for publication of the material as it may appear in

Advanced Intelligent Systems, 2021, Yichen Zhai and Tse Nga Ng. The dissertation author was the

primary investigator and author of this paper.
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Chapter 5

Digital Programming of Liquid Crystal Elastomers to
Achieve High-Fidelity Surface Morphing

5.1 Abstract

Morphable surfaces will enable adaptive systems, but their resolution and freeform
tunability have been limited by fabrication methods. This work presents a freeform patterning
platform and its toolpath algorithms to enable high-resolution surface morphing of liquid crystal
elastomers (LCE). A scratch post applying adjustable pressure and shear velocity was
demonstrated to align LCE nematic domains in programmable gradients, offering the ability to
locally tune the workpiece actuation strain and bending curvature radii from 1.8 mm to 14.4 mm.
Two algorithms to calculate the patterning toolpaths for multi-layer structures are compared to
determine the optimization criteria in examples of printed dome and human face models. The
actuated human face model reached a maximum of 84.5% in structural similarity index measure
when compared to the original design, showcasing the high fidelity and reconfigurability of this

platform for fabricating complex morphable LCE structures.

5.2 Introduction

Shape morphing structures provide additional degrees of freedom in the geometries and
functionalities of adaptive optics and electronics [1]-[3], robotic systems and camouflages [4], [5],
and human-computer interfaces [6], [7]. Liquid crystal elastomers (LCE) are one type of soft
materials demonstrated to achieve topological transformations via contracting, bending, twisting,

and periodical deformations upon photonic or thermal actuation [8]-[16] changing from a flat state
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into a three-dimensional (3D) shape and vice versa in reverse deformations [17], [18]. For example,
the complex contours of a human face model had been reconstructed in a continuous LCE film
[19] and in enveloping surfaces of open meshes using kirigami and origami designs [3], [20]-[22].
However, better fidelity of the actuated LCE surface to the original design is desired, but the
current design algorithms and fabrication procedures are limiting the pattern resolution and
actuation response in morphable LCE surfaces.

To enable thermal actuation and shape shifts, LCE mesogens must be aligned to form
monodomains that would change their orientations upon heating, thereby tuning strain and stress
within the structure. Common methods to align LCE use molds or guides to direct the mesogen
orientation based on photo-alignment [8]-[11] or catalyst-directed processes [23]-[25], but these
techniques are restricted to patterning single layers and cannot adjust strain magnitudes within a
multilayer structure. Alternatively, digital extrusion printing applies shear stress to align LCE
mesogens by adjusting the nozzle travel velocity and height with respect to the substrate [16], [26],
[27]. Since the alignment process is coupled with the material dispensing step, the extrusion rate
must be dynamically tuned at high precision, which is challenging with high viscosity materials
like LCE and thus the patterning resolution is limited.

In this report, we present a novel approach to align LCE mesogens in multilayer structures
with freeform tunability and demonstrate high-resolution morphable surfaces. We have developed
a patterning platform that decouples materials deposition and alignment processes, affording
digital controls through a scratch post that applies variable pressure and shear velocity to locally
tune mesogen domains. As this alignment process enables precise adjustment of strain gradients
in LCE structures, we have concurrently improved the algorithms that translate the target actuation

forms into patterning toolpaths. Prior works on morphable surfaces calculated the contraction areas
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in different regions to induce out-of-plane deformations leading to three-dimensional (3D)
topography [10], [13], [19]. In contrast, the work below shows that using the criterion of surface
curvature is more accurate than mapping contraction areas to reproduce complex features. We
compared two methods of curvature calculations to optimize toolpath algorithms, and we
fabricated examples of printed dome and human face models to demonstrate the reconfigurability

and resolution of this platform for freeform patterning of morphable LCE.

5.3 Results

5.3.1 Controlling actuation curvatures of LCE

Figures 5.1(a) and (b) show the setup for local alignment of LCE domains using a scratch
post mounted on a three-axis stage. The scratch post was a metal cylinder placed under a water
chamber, and a programmable syringe pump would move water in or out of the chamber to adjust
the load on the post, which in turn changed the pressure applied on the LCE workpiece. For the
experiments in this report, individual layers of 0.2 mm thick LCE were deposited by a pneumatic
extrusion printer, and any alignment from the extrusion process was erased by heating the layer to
~120°C with a hot air gun. This step initialized each layer to a polydomain state. Then the scratch
post was put in contact with the LCE surface, and as the post was dragged on the uncured LCE,
the horizontal shear force directed LCE mesogens to reorient from polydomains to the
monodomain state. The mesogens maintained its alignment for a couple of hours, a sufficiently
long time for the entire surface layer to be patterned and subsequently crosslinked by a UV light
to permanently set the alignment. This process was repeated for multi-layer structures, with the

option to incorporate different alignment patterns for each layer.
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Figure 5.1: Post shear setup. (a) A schematic of the LCE alignment platform. (b) Photograph
of the scratch post connected to a water chamber that varies the scratch load (left). Zoom-in
side view (top right) and bottom view (bottom right) photographs of the scratch post.

The schematics in Figure 5.2(a) illustrate the thermal actuation of LCE samples with the
bottom two layers in weak or strong alignment, covered by two layers of polydomain films. Upon
heating, the aligned layers contract while the dimensions of polydomain layers remain unchanged.
As aresult, the actuated structure bends into an arc and curls to a smaller radius (higher curvature)
with stronger mesogen alignment. This bending mode is enabled by the multilayer design and
extends the actuation of LCE beyond in-plane deformations. The photographs in Figure 5.2(b)
display the bending radii of three actuated samples sheared at the same velocity but under different
loads. The actuation curvature increased as the alignment process was carried out under larger

loads.
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Figure 5.2: Calibration of curvature as a function of shear velocity and post load. (a) [llustrations

of LCE domains processed under different scratch loads to control bending curvatures upon

thermal actuation. (b) Photographs of thermally actuated LCE samples scratched under various

loads at a post velocity of 1.5 mm/s. The actuation temperature was 150°C. (c) Actuation
curvature as a function of the scratch load and the scratch post velocity. The inset shows
actuation curvatures versus post velocities at a fixed load of 2.4 grams. The colored shadowed

areas indicate the control regions we selected to use in surface reconstruction designs.

The extent of mesogen alignment and the corresponding actuation strain were adjusted by
varying the shear velocity and pressure applied by the scratch post. Figure 5.2(c) shows the
bending radius of actuated samples as a function of post load and shear velocity during the

alignment process. The bending radii were tunable to encompass a wide range from 1.8 mm to
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14.4 mm. When the load on the scratch post was increased to higher than 6.5 g, the bending radius
reached saturation. When the shear velocity was varied between 0.5 mm/s to 2 mm/s at a fixed
load, there was a monotonic correlation that higher velocity led to an increasing radius. As the
scratch post moved faster, it induced weaker mesogen alignment; and if the post velocity exceeded
2 mm/s, the post intermittently lost contact with the LCE surface, resulting in poor alignment as
manifested in the irregular trend for velocity >2 mm/s as observed in the Figure 5.2(c) inset. To
ensure well-controlled alignment, we set the control parameters within the shadowed regions in
Figure 5.2(c). For a target actuation curvature within the control boundaries, our tooling algorithm

would select the corresponding shear velocity and load based on the calibration in Figure 5.2(c).

5.3.2 Comparing toolpath designs based on curvature directions

In our patterning approach, the alignment direction of LCE mesogens was oriented along
the moving direction of the scratch post. Hence there is one main axis of alignment (namely, a
single curvature tangent) for each location on a monodomain LCE surface. Meanwhile, on three-
dimensional (3D) structures such as spheres and domes, the surface curvatures at each location
may differ depending on directions. To determine the optimal curvature directions for patterning
the LCE alignment axis, we compare two approaches as illustrated in Figure 5.3(a). The schematics
include examples at different sampling locations. The bars drawn at each location indicate the
magnitudes of local curvature in their respective directions. The curvature is defined as the
reciprocal of the bending radius; therefore, a longer bar represents a smaller radius on account of
a higher bending force upon LCE actuation. The red bar denotes the maximum curvature at a
sampling location, while the blue bar represents the curvature perpendicular to the inclined

direction (azimuth on horizontal plane) of the local surface.
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Figure 5.3: Toolpath based on different curvature directions. (a) An illustration of curvatures at
different sampling locations on a dome surface (the display grid not drawn to scale). At each
sample point (yellow dot), the bar lengths indicate the magnitudes of curvature in specific
directions. The red bar show the direction of maximum curvature, and the blue bar points in the
direction perpendicular to the inclined direction of local surface. (b) For the dome example, local
maximum curvatures (red) and curvatures perpendicular to surface inclined directions (blue). The
black lines indicate the calculated toolpaths for the scratch post. (¢) Photographs of LCE samples
sheared with toolpaths based on the local maximum (left) or the perpendicular approach (right).

We started with a simple target to pattern a LCE stack that would transform into a dome
upon thermal actuation. We computed two sets of toolpaths for the scratch alignment process, one

based on the maximum curvature direction and another one according to the perpendicular
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counterpart. In the maximum curvature approach, the toolpaths were mostly in radial directions,
while in the perpendicular approach, they were consisted of arc segments [Figure 5.3(b)]. Note
that this significant separation of patterns in the two different approaches only happen to the cases
that the dome is more oblate (e.g., vertically compressed) than a perfect spherical dome. If the
dome is vertically sharper than a spherical dome, both approaches lead to circular toolpaths.
Samples were patterned with the two toolpath designs, and upon thermal actuation at 150 °C in
Figure 5.3(c), only the sample patterned with the perpendicular approach was able to form a dome,
while the other sample based on the maximum curvature direction formed an unexpected saddle
shape. This result pointed out that, to form a dome, there should be material contraction along
circular contours in addition to curvature formation, and the perpendicular approach for toolpath
computation offered this contraction control better than the maximum curvature method.

To demonstrate the ability of our alignment platform to pattern complex freeform surfaces,
we targeted the fabrication of LCE stacks that would morph into a human face, which is
fundamentally a combination of multiple domes. For example, the face contour is a large dome,
and facial features such as the lips are two stretched domes, the nose is a triangular dome, and the
eye sockets are two concave domes. As such, a toolpath design based on the perpendicular
approach is promising for this face model demonstration. On account of the complexities of a face
model, we developed the following algorithm to generate patterning toolpaths that optimize the

fidelity of actuated samples to the intended design.

5.3.3 Tool path generation
To generate freeform toolpaths for our LCE alignment platform, the computation algorithm
involved three main steps as shown in Figure 5.4(a). The first step was to calculate the local

curvature direction and magnitude at sampling points on the target shape. The second step was to
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map the positions of the sampling points from the 3D shape to a flat surface using a method that
compensates for area distortions. In the last step, the calculations from the first two steps were
brought together to determine the toolpath for the scratch post, translating the local curvatures into

scratch trajectory, velocity, and load to be implemented on the alignment platform.

Step 1: Calculating local curvature direction and magnitude

For an arbitrary 3D surface to be reconstructed from an actuated LCE stack, for example
the face model in our demonstration, we started with the target shape and created a point cloud to
represent that 3D surface. The target surface was filled with points such that no more than 0.1 mm
was between any two adjacent points, for our design intended to be in the few cm?2 range. The 0.1
mm point distance was determined by the resolution of our process considering the size of the
scratch post, and it is independent from the scale of the model. We deleted the edges of the 3D
model and only used the point cloud for calculations, as shown in Figure 5.4(b). Starting from a
sampling point P1, on the selected curvature direction, we estimated the corresponding curvature
magnitude using two neighboring points, labeled as P2 and P3, about 2 mm away from P1. As
shown in Figure 5.4(b), the radius of curvature at point P1 was determined from the circumcircle
of the triangle formed by the three points. The actual distances between the three points were
calculated from their coordinates and labeled [;, [, and [;3. The radius of curvature was
calculated by the following formulas:

Semi-perimeter of A P;P,P;:

_Lthtl

: (5.1)

Area of A P;P,P;:

S=JIU-1)U-1L)U-1y) (5.2)

Radius of circumcircle:
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Figure 5.4: Procedure of tool path generation. (a) Process to generate toolpath for patterning the
desired 3D surface. In Step 1 and 2, the blue and red colors indicate convex and concave
curvatures, respectively. The magnitude of curvature is indicated by the length of each bar. In the
toolpath diagram in Step 3, the solid and dashed lines represent convex and concave regions,
respectively. (b) Diagram used in calculating the curvature radius at location Pi. (¢) A schematic
showing the clustering criterion from a group of local points to determine the start and the end of
a toolpath pass.

In this method, the distance to the two neighboring points (l; and [l,) is approximately 2
mm, which was determined by the curvature scales on the human face 3D model. Other values
from 1 mm to 4 mm were also tested and 2 mm was the optimal scale value to reproduce the

curvature features. To find the maximum curvature direction, this calculation is repeated with 180

bidirectional directions around P1 in 1° interval, while in the perpendicular approach, the process
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is executed only once on the pre-selected direction. For our toolpath algorithm, we used the
curvature direction based on the perpendicular approach, namely taking the direction
perpendicular to inclined azimuth direction of the local surface. In Figure 5.4(a) Step 1, the bars
were vectors pointing in the curvature directions calculated form the perpendicular approach, and
the bar length represented the magnitude of curvature (1/r) at each sampling point. The blue bars

marked the convex surfaces, and the red bars marked the concave regions.

Step 2. Mapping a 3D surface onto a 2D plane and compensating for distortions

In projecting the desired 3D model onto a 2D plane, the relative positions of patterning
segments should be shifted as illustrated in Figure 5.5(a). In 3D, the segmentation grid of x-y axes
were set in equal spacings. Yet when we flattened the model contours, the segmentation lengths
along the x-y axes would no longer be equal but rather depend on slope integrals along the z-axis.
For example, a segment with a sharp z-slope would be projected to a long segment (i), and a
shallow z-slope to a corresponding short segment at (ii) in Figure 5.5(a). The traditional method
to correct such changes is through finite element analysis (FEA). Instead of using computationally
intensive FEA, below we present a simple and accessible algorithm to correct the area distortions
which can be processed by general mathematical programming tools such as MATLAB.

Our process of segment mapping and distortion compensation is shown in Figures 5.5(b)
to 4(f). In the first step, the target 3D model in the form of point cloud was set to a x-y grid. Within
the boundaries of each grid, all the cloud points were fit to a plane with the least square regression.
The intersection of the fit plane with the grid axes was a parallelogram. These parallelogram blocks
are shown in Figure 5.5(b). In the second step, the incline angle of each parallelogram block was
computed, and the blocks were rotated to remove the incline with respect to the x-y plane. The

side view and the top view after rotation are shown in Figures 5.5(c) and (d), respectively. Because
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the sizes of the parallelogram blocks were the same as or larger than the original grid blocks, there
were overlaps between the blocks as seen in Figure 5.5(d). In the third step, the blocks were
translated to eliminate the overlaps which extended the area coverage. For a corner block, the
translation involved aligning the shared vertices between this block and the neighboring center
block. Meanwhile for an edge block, the translation was implemented to align the mid-point of the
edge shared with its neighboring block.

After translation of all the blocks surrounding the central one, the result is shown as the
left diagram in Figure 5.5(e). In the fourth step, to fill the gaps between the blocks, the vertices in
blocks sharing the grid intersection were merged together by calculating the geometric mean
positions, as indicated by the blue circles in Figure 5.5(e). Lastly, steps 3 and 4 were repeated from
the block at the global peak to the edges of the whole mesh in loops. The central block at the global
peak was found by locating the block highest on the z axis. In each repetition loop, the blocks were
first translated based on the inner loop, followed by stitching all the shared vertices. The final result
after compensating for area distortions is shown in the right diagram of Figure 5.5(f), which shows
the extended areas in the x-y plane compared to the outline of the initial 3D mesh (blue line). Our
process here accounted for the additional LCE materials needed to raise the surface and create
contours in the z-axis. Finally, the positions of points in the 3D cloud were mapped to the
corresponding coordinates projected on the x-y plane, and the local curvature is displayed with

distortion compensation in the Step 2 diagram of Figure 5.5(a).
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Figure 5.5: Distortion compensation process that maps a 3D surface to a flattened plane. In part
(a), The cross-sectional views correlate the 3D grid to expanded plane segments at the location
denoted by the two yellow dashed lines. In part (f), the outline of the original mesh of the 3D face
surface is shown in blue, and the final mesh projected onto a 2D plane is shown in black.

Step 3. Translating curvature information into scratch post toolpath
The algorithm to translate the local curvatures into toolpath trajectories is illustrated in
Figure 5.4(c). To generate a path, the starting location was a randomly selected point in the point

cloud. Then using the local curvature vectors from Step 2 of Figure 5.4(a), the algorithm
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transversed according to the vector direction from the starting point to both ends of the vector in a
step size of 0.8 mm, which was chosen to match the diameter of the scratch post. Upon completing
the transverse steps, two cloud points located closest to the stepping endpoints were selected. The
curvature directions of these newly selected points were retrieved and compared with that of the
first point. If the curvature directions differed by < 30°, the new point location would be added
into the path. Otherwise, the new point location would be dismissed, and the toolpath trajectory
would terminate at this location. In Figure 5.4(c), the point to the left of the first point was not
included, while the point to the right was selected as the second point for this path. The selection
of trajectory points was repeated according to this method until the process is terminated on both
ends. That is, when the differences in curvature direction between the trajectory endpoints and the
next preliminary points were greater than 30°, the trajectory of this particular toolpath was
completed. Each toolpath would have a linewidth of 0.8 mm which was the scratch post diameter,
as marked by the dashed contour in Figure 5.4(c). To prevent other trajectories from overlapping
and overwriting the same areas, the algorithm would delete all the cloud points within the linewidth
contour upon the completion of a trajectory, so that new paths would be generated only from points
outside of existing paths.

In generating toolpath trajectories, the algorithm first accounted for the curvature direction
at each sampling point as discussed above. Subsequently, the algorithm incorporated the target
curvature magnitudes by controlling the velocity and load of the scratch post, according to the
calibration in Figure 5.2(c). The resulting toolpath map for our face model is shown in Figure
5.4(c). For each trajectory, the spatial changes in the curvature magnitude are denoted by the color
scale. In addition, the solid lines indicate paths to form convex surfaces, while the dashed lines

show concave regions. To control the LCE actuation to either a convex or concave shape, the
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algorithm would align the bottom two layers of the 4-layer LCE structures to achieve convex
curvatures, or conversely scratch the top two layers for concave surfaces, while leaving the other

remaining layers in an unaligned polydomain state.

5.3.4 Actuation results

We processed LCE samples with the toolpath algorithm in Figure 5.4, and photographs of
the workpieces at room temperature and at 150 °C are shown in Figure 5.6. Upon heat actuation,
the LCE samples transformed from a flat film to a 3D surface reproducing the human face model.
We examined our two strategies to generate toolpaths, by comparing the patterning results based
on the perpendicular approach and the local maximum curvature approach in Figure 5.6(a) (sample
1) and 5(b) (sample 2), respectively. The actuated sample in Figure 5.6(a) showed more distinctive
features than the one in Figure 5.6(b). Also, the latter sample mainly bent along the x-direction
while the bending along the y-direction was limited, which was similar to the saddle outcome in
Figure 5.3(c).

To quantify the degree in similarity of the actuated samples to the target model, the
topography of actuated samples were captured via a 3D scanner as shown in the upper row of
Figure 5.6(c). Then the topography measurements were transferred to grayscale images (104*168
pixels) based on the z-axis value at each pixel, shown in the lower row of Figure 5.6(c). The
similarities between the images were calculated by structural similarity index measure (SSIM),
which assessed the fidelity of image and video processing [28]. On the reference target and sample
images, a pair of 9x9 windows were generated at corresponding positions, which were marked as

r and s, respectively. The SSIM value between the two windowed images was calculated by

(2pxpy + 1) (20, + C;)
(u2 +u2 + Cy) (0% + 02 + C,)

SSIM(x,y) = (5.4)
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Figure 5.6: Toolpath diagrams and photographs of LCE samples patterned according to (a) the
perpendicular approach and (b) the local maximum curvature approach. The flat films at room
temperature morphed into 3D face structures upon actuation by heating at 150 °C. (¢) Comparison
of the reference 3D surface and the two actuated samples. The first row shows 3D scan results,
and the second are grayscale images with their corresponding structural similarity indices.
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where w, and u, were the means of the two windows, o, and o, were the variances of the
windows, a,; was the covariance, and C;, C, were constants and both set to zero in our work.
The windows were shifted through the whole images and the overall SSIM value was determined
by the mean value from all the window pairs. In this calculation, we only counted the common
areas—if in one window there were non-zero values, yet the corresponding window had all zeros,
the SSIM from this pair of windows was not counted in the mean. Finally, the SSIM was 84.5%
for sample 1 and only 69.7% for sample 2, confirming that the perpendicular approach improved

fidelity for face model reconstruction.

5.4 Discussions

Our LCE mesogen alignment method and the toolpath algorithm offer freeform
reconfigurability to program voxels in millimeter resolution. By programming the scratch post
load and velocity, we realized a gradient of actuation strains; this ability to achieve grayscale
mesogen alignment enabled a continuum of bending and linear deformations, providing more
control than prior works where the LCE alignment was only in bi-states (either maximally aligned
or not). In addition, our method allowed facile layer-by-layer patterning to implement precise out-
of-plane bending actuation. Previously linear contraction was the main actuation mode in LCE
structures. While contraction around a perimeter had been able to squeeze a LCE film into 3D
shapes, such structure was not directly programmed in curvature and actuated arbitrarily between
convex or concave forms. In our platform, we provided both linear contraction and bending
curvature controls. The LCE structure was designed in multiple layers with different extents of
mesogen alignment, in order for the workpiece to actuate in bending mode with well-defined

curvatures. One clear evidence was that the lips on our face model were reproduced in the actuation
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state in Figure 5.6(a), which were not obvious in earlier morphing demonstrations [3], [19],
showcasing that our method met the difficult challenge of patterning convex and concave regions
in close proximity.

In our toolpath algorithms, we used the curvature perpendicular to the local incline for
trajectory calculations. As tested, this perpendicular approach was more suited than the maximum
curvature approach in forming dome-like surfaces in human faces. While the target surface was
complex, capturing the curvatures with the perpendicular approach was sufficient to reconstruct
the surface with fast prototyping processes, which greatly reduced the calculation iterations spent
on toolpath generation. However, as shown in Figure 5.6(c), our best reconstruction SSIM was
84.5%, which still showed a loss of fidelity compared to the intended shape.

One reason for this divergence was that the actuation radius only covered the range from
1.8 mm to 14.4 mm, while among all the curvatures calculated on the 3D face model, 3% of the
cloud points were lower and 41% were higher than this range. The 41% of points with a radius of
curvature larger than 14.4 mm meant that the points were on a nearly flat plane. We rounded the
outliers to the boundary limits and resulted in lower fidelity. A solution is to modify the scratch
post load and velocity to cover a wider range of radius. Alternately, in the fabrication process, all
four layers of LCE can be aligned in different patterns to enhance bending or linear actuation. For
example, if the first to third layers are aligned and the rest of upper layers remain polydomain, the
whole film would bend beyond the current limits. And if all four layers are scratched with the same
parameters, the aligned region would undergo linear in-plane contraction. Another contribution to
the fidelity loss was that some minor information of surface bending and area mapping was lost
when we used the perpendicular approach to calculate toolpath trajectories. A possible

improvement is to use finite element analysis to calculate all the surface bending and area mapping
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with a mesh denser than implemented here. Such algorithms require large amount of calculation,
but theoretically they could improve the SSIM to nearly 100%.

In summary, we demonstrated a freeform LCE alignment system which transferred high-
fidelity patterns with large strain gradients. The toolpath algorithm reconstructed 3D shapes by
bending curvature control in multi-layered structures, expanding beyond conventional linear
contraction control and the limits of single films. With the low-cost setup and easy implementation,
this versatile fabrication approach opened an avenue to create high-precision, reconfigurable LCE

structures in future applications.

5.5 Materials and Methods

5.5.1 Preparation of LCE ink

The LCE ink was synthesized from monomer 1,4-bis-[4-(3-acryloyloxypropyloxy)
benzoyloxy]-2-methylbenzene (RM257, 98.8%, Wilshire technologies) and 2,2'-(ethylenedioxy)
diethanethiol (EDDET, 90~95%, Sigma-Aldrich). The degree of polymerization of the ink was
targeted to be 7~8. First, 0.04 mole of RM257 and 0.035 mole of EDDET were dissolved in 100
mL dichloromethane. Then 0.54 mL dipropylamine was added into the solution as the
polymerization catalyst. The solution was stirred for 24 hours at room temperature. Subsequently,
0.11 g 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone was added to the solution as a
photo initiator. In a round bottom flask, the solution was stirred and heated to 70 °C on a heating
mantle (Mtops DMS632) to evaporate the solvent. In 30 minutes, most of the solvent was removed,
and then the flask was connected to vacuum and heated to 90 °C for one day to remove residual
solvent and catalyst. During heating, the flask was covered by aluminum foils to avoid crosslinking

induced by florescent lights in the room. After solvent evaporation, the LCE ink was loaded into a
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10 mL dispensing syringe. A hot air gun set to 200 °C was used to heat the flask to reduce the ink
viscosity in order for it to flow out. Then the dispensing syringe was held vertically and heated in

an oven to 80 °C for 24 hours, for the ink to settle and de-gas.

5.5.2 Fabrication process

Each sample consisted of four LCE layers printed on glass substrates, with each layer
extruded to be 0.2 mm in thickness. To remove alignment due to the shear force from the extrusion
nozzle, each layer was heated for 1 min with a hot air gun at 120 °C to reset LCE mesogens to
isotropic polydomains. Then the film was patterned by the scratch post to align mesogens
according to the selected toolpath. After the alignment process, the film was cured under 10 Watts
365 nm UV light for 3 minutes to crosslink the LCE. The deposition and alignment steps were

repeated for each layer.

5.5.3 3D scanning of actuated samples

The samples were heated on a hot plat at 150 °C to actuate shape morphing. The TrueDepth
camera on an iPhone 11 Pro was used to scan the actuated workpiece as recorded by the “Capture”
App. The scan result was a point cloud in obj format. The point cloud was then transferred to a

continuous 3D mesh by the “MeshLab” program and saved as a stl file.

Chapter 5, in full, is currently being prepared for submission for publication of the material,

Yichen Zhai, Michael Tolley and Tse Nga Ng. The dissertation author was the primary investigator

and author of this paper.
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Chapter 6

Other Applications of 3D Printing and Control Processes in

Electro-mechanical System Integration

6.1 Introduction

In our research works, we integrated multiple different components into experimental
systems for fabrication and characterization. For example, the printing system consists of a
commercial printer platform, 3D printed mechanical components, an outer Arduino controller,
heaters, UV lights, multiple power supplies, nozzle force sensing components and pneumatic air
supply components. Moreover, the heart pulse simulation pump and wireless readout system in
Chapter 2, the tensile/compressive force tester for the LCE haptic devices in Chapter 3, the shear
force tracking device in Chapter 4, and the post shear system in Chapter 5 were all in customized
designs as a part of our research, which used 3D printed components and electronic controller
circuits. In this chapter, we further present other system integration works using printed parts and
electrical controls. An organic shortwave infrared (SWIR) photodiode array was manufactured
with individual photodiodes, multiplexer control circuit and printed mechanical parts for imaging.
Another application is a kinesthetic haptic device printed from regular polylactic acid (PLA) with
integrated silver heater and temperature sensor. A feedback control circuit was designed to

maintain the temperatures, in order to tune the stiffness of the device for haptic feelings.

6.2 Organic SWIR photodiode array for spectroscopic imaging

6.2.1 Results

SWIR imaging benefits from enhanced penetration depths[1], [2] and accuracy[3], [4] with
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regard to minimally invasive tissue analyses. For example, since blood and fat tissues have strong
absorption features in the SWIR, ischemia[5] (inadequate blood flow) or atherosclerosis[6] (fatty
deposits clogging arteries) can be readily diagnosed by SWIR spectroscopy. Figure 6.1(a) shows
clear differences in transmittance between muscle and fat, especially at A = 1210 nm. The ability
to distinguish fat and muscle tissues may assist laparoscopic procedures to enhance contrast
between crucial organs and surrounding tissues. As such, SWIR imaging is highly desirable, but
current technologies are costly and not affordable for wide deployment. Here we demonstrate the
feasibility to easily incorporate the organic photodiodes into a low-cost, scalable active-matrix

array that enables spatial mapping and compositional analysis of biological tissue.
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Figure 6.1: Schematic of imaging setup and results showing the contents of fat. (a) Normalized
transmittance spectra of muscle (black) and fatty tissues (red). The inset schematic illustrates the
scenario of fatty deposits clogging an artery. (b) Measurement setup using the organic array for
SWIR spectral imaging. (c) Percentage of fatty tissue at each pixel location. The inset photograph
shows the sample as seen in the visible.

Figure 6.1(b) illustrates our measurement setup for spectral imaging. To enable spatial
mapping, a 4x4 active-matrix array is integrated where each pixel is comprised of an organic
photodiode connected to a silicon switching diode which reduces signal cross-talk between

neighboring pixels. The circuit diagram and pixel characterization are shown in Figure 6.2. To

enable compositional analysis, the incident light is tuned to a narrow spectral range (10 nm of full
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width at half maximum) by using bandpass filters. To differentiate fatty tissues from muscle, we
acquire measurements with two wavelengths, centered at A = 1152 nm or 1200 nm. Fatty tissues
display much stronger absorption at A = 1200 nm compared to lean muscle. Meanwhile, both types
of tissues show similar absorption at A = 1152 nm, and thus signals will be normalized to this
baseline at A = 1152 nm, by calculating the transmittance ratio TR = %T 12001m/%T 11520m. This
normalization also adjusts for the background due to water, because the transmittance of water is
nearly constant in the A range of 1150 nm to 1250 nm

For the sample in Figure 6.1(c) inset, we stack three ~1 mm thick beef slices together, to
image the fat distribution under a lean muscle layer. Faint outlines of the region with high fat
content on the top quarter section is observable in the visible spectrum; the fat buried in the bottom
quarter region is harder to see in the visible but can be distinguished by the SWIR TR values in
Figure 6.1(c). We convert the TR values to estimate the fat percentage at each pixel location by
fat% = (TRsampte — TRmuscie)/(TRfat — TRimuscte), where the values of TRuuscie and TRyar are measured
with 3 mm thick calibration standards that are visibly only lean muscle or only fat, respectively.
The measurement uncertainty is ~30% due to light scattering artifacts and variations in calibration
tissues. Nonetheless, the organic array is capable of providing contrast between fat and muscle

tissues and shows promise for biomedical spectral imaging applications.

6.2.2 Design and operation procedure

The circuit diagram of 4x4 array with SWIR photodiodes is shown in Figure 6.2(a). Each
photodiode is individually connected to a IN4007 switching diode in back-to-back structure. The
positive poles of the two diodes are attached together. Then 16 pairs of diodes are connected to
four vertical lines marked as A1~A4 and four horizontal lines marked as B1~B4. There is an

electronic switch on each line to select the row and column to be connected in the loop. The
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switches are performed by CD4053BE analog multiplexer IC chips, and the switching logic of the
chips and controlled by an Arduino nano controller. The photographs of the imaging array and the
multiplexer circuit are shown in Figure 6.2 (b) and (c), respectively. The vertical and horizontal

lines are connected in an outer loop through a picoammeter and a voltage source in Keithley 6487.
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Figure 6.2: Circuit diagram, photograph, and pixel characterization of the 4 x 4 active-matrix
imaging array. (a) Circuit diagram. (b) Photograph of the imaging array. (c¢) Photograph of the
multiplexer. (d) Current-voltage characteristics of a single pixel in the array, showing minimized
cross-talking current.

During measurement, each time only one switch in the vertical lines and one switch in the
horizontal lines are turned on, and the single photodiode at the intersection is connected into the
outer loop. The voltage source outputs 1.2 V bias totally. About 0.3 V bias is applied on the
switching diode as positive bias to turn it on. The rest 0.9 V is applied on the photodiode as negative
bias to increase the EQE of the device. The photo current from the photodiode is measured by

Keithley 6487 picoammeter. The advantage of back-to-back diode structure in this array is that the
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four photodiodes sharing the same vertical or horizontal line are isolated by the switching diodes
so that the crosstalk between pixels can be reduced. If there is no switching diode, when one device
is being measured, the photo current generated by a neighboring photodiode could flow back
through other photodiodes on the same lines and bypasses the device being measured. This extra
part of current causes the interference between the measured device and the neighboring devices.
The added switching diodes are able to stop the back-flow current and block the bypass.

In the current versus voltage characteristics shown in Figure 6.2(d), the red solid lines
indicate the (1) minimum pixel current when all the pixels are in the dark. The green solid lines
show the (2) maximum pixel current when every pixel is illuminated evenly by white light at 1.48
mW/cm2 . The black dashed line in the top panel shows the case where the pixel being measured
is in the dark, while all other neighboring pixels are illuminated. The pixel current still shows
similar current as the dark current (1), indicating that the switching diodes have blocked the
photocurrent from neighboring pixels from flowing to the pixel under measurement. The bottom

panel shows the pixel current (black dashed line) of the illuminated neighboring pixels.
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Figure 6.3: Imaging setup and operation procedure. (a) Photograph of imaging setup with 3D
printed mechanical components. (b) Sequence of shifting filters during imaging process.
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A photograph of the imaging setup is shown in Figure 6.3(a). Two bandpass filters at 1152
nm and 1200 nm are mounted in a rotation disc. Filtered light in narrow spectra range can pass
through the filters while the light in other regions is blocked by the disc. As shown in Figure 6.2(b),
our 16 pixels are separated in four regions, and the size of a single filter could cover the four pixels
in one region. When the disc rotates, the filtered single wavelength light can be shifted between
different regions. The stacking sequence of the filters, sample tissues and imaging array is shown
in Figure 6.1(b), in which the samples are inserted between the filters and the array. The operation
sequence of the imaging process is shown in Figure 6.3(b). When a sample or calibration standards
was installed, all the four steps were performed to measure the transmitting photocurrent through
the sample at the two wavelengths. In step 1, the 1152 nm filter covered pixels 1~4 while the 1200
nm filter covered pixels 13~16. A MATLAB program was used to command the multiplexer to
connect each of these eight pixels to the outer circuit loop. Then the program controlled Keithley
multimeter to apply bias voltage and measure the current through the loop. Eight current values
were acquired in the program process and recorded as the photocurrents at 1152 nm or 1200 nm
of the corresponding pixels. To measure the photocurrents of all the pixels in the array, the disc

was rotated by 90° each time, and the program switched the multiplexer to measure the current of

other eight corresponding pixels. After going through the four steps, the photocurrent at 1152 nm
and 1200 nm of all the 16 pixels were measured. The values were used to calculate the

transmittance ratio for imaging.
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6.3 Printed haptic device in feedback control

6.3.1 Design and characterization

When thermoplastic polymers are heated, the stiffness changes significantly due to the
transition from glass state to rubber state, while the polymer is still in solid form. Because of this
feature, some polymers can be made into passive haptics devices with temperature control for
kinesthetic feedback to human users.[7] In this work, we designed a printed haptic device with
common polylactic acid (PLA) printing filament and integrated heating components. The
temperature of the device is tracked by an integrated thermistor for precise feedback control. With
the characterization of flexural modulus versus temperature, the feelings of stiffness can be

controlled as desired.
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Figure 6.4: Design and control logic of printed PLA haptic device. (a) Photograph and
schematic of PLA haptic device with integrated heater and thermistor. (b) Electrical diagram
and control logic of heating and measuring states.
Photographs and a schematic of the printed haptic device are shown in Figure 6.4(a). In the
fabrication process, first, the bottom half of the stack was printed, with pre-defined channels for

two heaters. Then a NTC thermistor was inserted between the two heater channels, and four pieces

of leading wires were attached to the four ports of the heaters. The heaters were fabricated by
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screen printing elastic silver paste into the channels. The formula of the silver paste is described
in section 2.5.1 of this dissertation. After heating to dry the solvent in the silver paste, the top
sealing was printed to complete the PLA device. As a novel point of this design, the temperature
sensor was integrated between the two heater units, and the heaters also served as leading wires of
the sensor. Therefore, without extra leading wires for the sensor, the heaters are homogenous
through the whole haptic device and the heat can be evenly distributed.

To achieve precise temperature control, PID control with pulse width modulation (PWM)
was used to drive the haptic device. The electrical diagram and control logic are shown in Figure
6.4(b). The device is switched by three MOS transistors to connect to the power source. The
positive port of one of the heaters is regulated by a PMOS transistor, and the positive port of the
other is connected to the power source directly. The negative ports of both heaters are regulated by
two NMOS transistors. A 5k divider resistor is used to short one NMOS, and the source
electrode of the NMOS is connected to an inner analog-digital convertor (ADC) of an Arduino
processor. All the gate electrodes of MOS transistors are controlled by the Arduino. The ADC was
used in 16 times over sampling for 12-bit precision. In the heating state (on state of PWM), all
three transistors are turned on to heat up the device, and the current path is marked with blue
dashed lines. The thermistor and divider resistor are in much higher resistance compared to the
heaters, so they will not affect the heating current. In the measuring state (off state of PWM), all
the transistors are turned off. There is a small current through the thermistor and divider, and the
voltage between them is measured by the ADC and the temperature is calculated from the voltage.
In the measuring state, the current is in very low level compared to the heating state, so the
negligible heat generated by this current does not affect the heat distribution.

A test of temperature control of this system is shown in Figure 6.5(a). The real-time
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temperature is shown in blue lines and the output PWM duty cycle is shown in green lines. At 5
second, the desired temperature was set to 55 °C. The PWM was tuned to maximum duty cycle of
90%, and the rest 10% off cycle was used to take temperature measurements. It took 15 seconds
for the device to reach and stabilize at 55 °C. The PID control kept tuning the output power
dynamically to maintain the temperature. At 35 second, the temperature was set to 45 °C, and it
took another 20 seconds to cool down to the desired temperature and then maintain. The test proved

fully functional and precise temperature control of the haptic device.
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Figure 6.5: Characterization of haptic device. (a) Temperature control with desired
temperature settings. (b) Flexural modulus measured at different temperature.

To characterize the stiffness at different temperatures, we measured the flexural modulus
with the method given in Ref [8], in order to quantitively represent the feeling of stiffness. As
shown in Figure 6.5(b), when the device was heated from 30 °C to 93 °C, the flexural modulus
changed from 1.8 GPa to 0.2 GPa, showing the capability to use in haptic applications for a wide
range of feelings. The change of modulus can be divided into two regions by the glass transition
temperature of about 60 °C, and the changing rate is different on the two sides. When the
temperature is over 80 °C, the change of flexural modulus nearly saturated in the rubber state. With

the characterized mapping between temperature and flexural modulus, the device can be used for
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stiffness control.

6.3.2 Haptic glove and human test

We designed a haptic glove to apply the damping resistance from the haptic device on
human fingers. A human finger can bend in a wide range from 0° to nearly 180°, however, the
bending of the device is limited. If the bending exceeds the maximum strain, the device could
crack. To achieve haptic feeling on the whole bending range of finger, we designed a pair of
unparallel four-bar linkages to connect the device to a glove. The photographs of the setup and the
schematic are shown in Figure 6.6 (a) and (b), respectively. The unparallel linkage system reduces

the bending angle of finger by a half, to maintain the bending deformation of the device in safe

range.
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Figure 6.6: Haptic glove and human test. (a) Photographs and (b) schematic of four-
bar linkages connecting the haptic device to finger. (c) Human test results with
perceived stiffness states.
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In the human test, we asked each of four testers to put on the haptic glove. The temperature
of the device was increased from room temperature to 80 °C with an increment of 5 °C. Each time
when a new temperature was reached, the tester was asked to bend the finger for several times and
tell if there was a feeling of less stiffness compared to the last state. If the tester felt less stiffness,
the tested state was marked as perceived, otherwise marked as not perceived. The results from the
four testers are shown in Figure 6.6(c), in which the temperature scale was converted to flexural
modulus scale based on the results in Figure 6.5(b). As shown in the figure, most testers can
perceive at least four different stiffness states, and the commonly perceived states can be divided
into five regions. The results can be a reference when operating this device in real applications for

different haptic feelings.

Chapter 6, in part, is a reprint of the material as it appears in Advanced Functional
Materials, 2018, Zhenghui Wu, Yichen Zhai, Weichuan Yao, Naresh Eedugurala, Song Zhang,
Xiaodan Gu, Jason D. Azoulay and Tse Nga Ng. The dissertation author was the secondary

investigator and author of this paper.
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Chapter A.1 — Primary operations

The Advanced Printing System (APS) is a hybrid printing system with combined printing
methods, including two FDM nozzles and two pneumatic extrusion nozzles. The system is
modified based on a Raise3D N2 printer. The FDM printing process follows the traditional printing
methods. For the operations, refer to the manuals on the website of Raise3D:

https://support.raise3d.com/list.html?cid=3&pid=218.

This manual mainly gives the process to operate with pneumatic printing. The two types
of printing can be combined in one continuous printing flow. However, this is not recommended,
as there will be complex calibration of the relative positions of all the nozzles and calculation of

clearance. Improper work flow could potentially cause issues.

A.1.1 Compressed Air Supply

o

Pressure meters

Figure A.1: Control of air compressor.

The extrusion is powered by high-pressure air supply from the air compressor, which is

located at the corner on the left of the fume hood in 1512. The switch is shown as the red button
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in Figure A.1. Pulling out is to power on and pressing in is to power off. Regularly check the
pressure meters to make sure:
The left meter is in the range of 120~150 psi (this is the inner setting of the equipment).

The right meter is in the range of 100~120 psi (this can be turned by the central regulator).

If the left value is lower than 120 psi for a long time and the pump still does not cut-in,
check the switch. If the switch is already on but it still does not work, replace the compressor.

Attention: If the left value is obviously higher than 150 psi, which is in the red region,
unplug immediately. DO NOT switch off and DO NOT depressurize manually. Leave the
compressor free for several days to depressurize naturally, then replace it.

Attention: Always treat the compressor as a potential explosive. Always avoid heating and

impact.

Figure A.2: Filter of compressor air.

The compressor can be regularly on. If the pneumatic printing mode is not used for months,
the compressor can be powered off. However, avoid switching on and off too frequently.

The high-pressure air tube goes through a filter which is attached on wall to the left of the
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printer, as shown in Figure A.2. Regularly press the bottom switch to release the collected dust and

moisture.
A.1.2 Powering on the Printer

The main power of the printer is controlled by the emergency stop located to the right of
the printer. The added extra functions are powered through the outlets in the back, including two
ports for the two dispensers, one for the pneumatic nozzle heater, one for the pneumatic syringe

heater, and one for the UV light power supply. The switches are shown in Figure A.3.

Figure A.3: Switches of the printing system.

If only FDM printing mode is used, turn on main power only by rotating the emergency
stop button. To turn off, press down the stop button.

If the pneumatic printing mode is used, turn on both the main power and the outlets switch.
Then turn on both the two dispensers on the left of the printer by pressing the power buttons, as

shown in Figure A 4.
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» Dispenser A
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Figure A.4: Power button of dispensers.

Attention: In any cases, DO NOT keep the outlets switch on unattended especially
overnight.

The dispensers contain valves and pressure regulators inside to control the air supplied to
the extrusion syringe. Other operations of the dispensers are shown in Figure A.5. There are four
modes, only “purge” and “timed” are used in all printing usages. Press the middle button twice to
shift between the two modes. Except calibration (explained in section A.2.5), always keep the
mode in “purge”. By turning the pressure adjusting knob, the pressure can be changed. After
changing pressure, press the purge button A or B on the APS controller (shown in section A.1.3)

to stabilize the pressure, otherwise the displayed pressure is not the real current pressure.
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Dispenser A Dispenser B

Current mode  cyrrent pressure

Figure A.5: Operations of dispensers.

Attention: DO NOT set any pressure higher than 90 psi.

A.1.3 APS Controller Operations

Enable
switch

Figure A.6: Sketch of APS controller.

The APS controller is the white box shown in Figure A.6, which controls all the functions
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related to pneumatic extrusion, including syringe heater, nozzle heater, Z level calibration, UV
light and fan, and extrusion signal to A and B dispensers.

There are four buttons with four LED indicators. The functions of the buttons from left to
right are purge dispenser A, purge dispenser B, turn on/off syringe/nozzle heaters together, turn
on/off UV light.

When the dispenser is set to “purge” mode, by holding the purge buttons on APS controller,
the dispenser keeps purging to supply air to the syringe. When the dispenser is set to “timed”, by
pressing the purge button once, the dispenser will purge for the preset time period (preset to 30
sec). Note that besides pressing the physical buttons to extrude, the extrusion can also be controlled
in the G-code. When commands “A1” or “B1” is executed in the G-code, the A or B dispenser will
keep purging, which will be stopped by executing commands “A0” or “B0”. On the left of the APS
controller, there is a red enable switch button. When the button is pressed to pop-up position, the
extrusion of both dispensers will be disabled. At this time, neither the purge buttons nor G-code is
able to control the extrusion. This design is for the emergency situations that the nozzle leaks too
much so the extrusion must be stopped immediately.

By pressing the heater button once, the heater can be shifted between on and off states.
When in on state, the LED blinks when the current syringe temperature has not reached the target
temperature. When it reaches, the LED will keep solid on.

By pressing the UV button once, the UV light with the fan can be shifted between on and
off states. The LED keeps solid on. Note that if either the front or side door of the printer is opened,
the UV light will be cut off for safety. When the door is closed, the UV light will come back again.

The values in the APS controller are set and monitored by a computer via COM serial

communication. The baud rate is 250,000 bps. Before setting, check the USB connection on both
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sides of the APS controller and the computer. Then start the serial monitor in the sequence shown

in Figure A.7.

@ sketch_feb06a | Arduino 1.8.9

File Edit Sketch Tools Help

Auto Format CtrleT
Archive Sketch

FixEncoding & Relosd 2.In Tools, start
Serial Monitor

Manage Libraries... .
Serial Monitor Crl+Shift+M
Serial Plotter Ctrl+Shift+L
WIFi101 / WiFININA Firmware Updater

Board: "Arduino/Genuino Uno”

Port: "COMS"

. 1. Open Arduino interface

on the desktop

Get Board Info

Programmer: "AVRISP mkll"
Burn Bootloader

pump_10ti..

Arduino
Arduino/Genuina Una on COME.

Figure A.7: Initializing serial connection.

The interface of the communication with APS controller is shown in Figure A.8.

-
Send

Heater off: 20.0/60.0 0  24.0/57.0 0 OV off: 0.0% / 100.0% &

Heater off: 24.0/60.0 0  24.0/57.0 O UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.1/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.1/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.1/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.1/60.0 0  24.1/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.1/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.0/57.0 O UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.1/57.0 0 UV off: 0.0% / 100.0%

Heater off: 24.0/60.0 0  24.1/57.0 0 UV off: 0.0% / 100.0% . -

Heater off: 24.0/60.0 0  24.0/57.0 0 UV off: 0.0% / 100.0%4———_‘I Latest information

[ Autoscroll [] Show timestamp Newline ~  250000baud Clear output

7:19PM
]

* 2172021

Figure A.8: Sketch of serial communication interface.
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The communication is always in ASCII char format. The instructions for APS controller
are limited to only numbers, which means a user only need to typed numbers in the input box to
set any values and functions, but no letter is needed. The monitored information from the APS
controller keeps refreshing automatically, so only the last row shows the real-time information.
The details of the displayed values are explained in Figure A.9.

The explanations of all the values are shown in the next figure. When the physical buttons
for heater or UV is pressed to turn on the functions, besides the LED indicators on the controller,
the displayed information will also change to “Heater ON” and “UV ON”, and the PWM power

values will become positive integers higher than 0. The displayed states are shown in Figure A.10.

1
i Heater off: 24.0/60.0 0 24.0/57.0 0 UV off: 0.0% / 100.0% |
i Heater off: 24.1/60.0 0 24.0/57.0 0O UV off: 0.0% / 100.0% i
! Heater off: 24.1/60.0 O 24.0/57:0 0 UV off: 0.0% / 100.0% '
! Heater off: 24.0/60.0 0 24.0/57.0 0 UV off: 0.0% / 100.0% |
i Heater off: 24.0/60.0 0 24.0/57.0 0 UV off: 0.0% / 100.0% i
! Heater off: 24.1/60.0 0 24.0/57.0 0 UV off: 0.0% / 100.0% !
! Heater off: 24.1/60.0 0 24.1/57.0 0 UV off: 0.0% / 100.0% |
: Heater off: 24.0/60.0 0 24.1/57.0 0 UV off: 0.0% / 100.0% i
i Heater off: 24.0/60.0 0 24.0/57.0 0 UV off: 0.0% / 100.0% !
! Heater off: 24.0/60.0 0 24.0/57.0 0 UV off: 0.0% / 100.0% !
! Heater off: 24.0/60.0 0 24.1/57.0 0 UV off: 0.0% / 100.0% |
| Heater off: 24.0/60.0 0 24.1/57.0 0 UV off: 0.0% / 100.0% i
i Heater off: 24.0/60.0 0 24.0/57.0 0 UV off: 0.0% / 100.0% !
i 4 4 4 4 L+ X Y L L ' !
: \ .
! |
1| Heater state for UV state |
' | both syringe and i
i | nozzle !
| Current UV :
i Current nozzle Current syringe output power |
i temperature temperature i
! : Target UV '
! Target nozzle Target syringe output power | |
! temperature temperature i
' i
! Realtime PWM Realtime PWM i
i power 0~255 power 0~255 :
! |

Figure A.9: Detailed explanations of serial communication interface.

141



________________________________________________________________________________________

Heater ON : 25.3/60.0 255 24.1/57.0 255 UV ON : 100.0% / 100.0%

Heater ON : 25.3/60.0 255 24.2/57.0 255 UV ON : 100.0% / 100.0%

Heater ON : 25.5/60.0 255 24.2/57.0 255 UV ON : 100.0% / 100.0%

Heater ON : 25.5/60.0 2b% 24.2/57.0 255 UV ON : 100.0% / 100.0%

Heater ON : 25.6/60.0 255 24.2/57.0 255 UV ON : 100.0% / 100.0%
0 255 24.2/57.0 255 UV ON : 100.0% /

\ L\

After turning on the heater and UV

1 1
1 1
1 1
1 1
1 [}
1 I
1 1
1 1
1 1
1 1
1 1
1 1
1 [}
1 I
: Heater ON : 25.6/60. 100.0% |
1 1
1 1
1 1
1 1
1 [}
1 I
1 1
1 1
1 1
1 1
1 1
1 1
1 [}
1 I
1 1

Figure A.10: Serial communication interface after turning on the heaters and UV lights.

To set any target values, type the numbers in the input box followed by the enter key. The

control values are shown in Table A.1.

Table A.1: Instruction table of input values. Different ranges of input value controls different
functions. Normally only the first three rows are used in most printing operations.

0~60 integer or decimal | Set syringe heater target temperature, range 0~60 °C
100 ~ 160 integer or decimal = Set nozzle heater target temperature, range 0~60 °C
-0.1 ~-100 integer or decimal = Set UV PWM output power, range 0%~100%

1000 ~ 1999.99 integer or decimal = Syringe heater PID, set P in 0~999.99, do not change
2000 ~2999.99 integer or decimal | Syringe heater PID, set I in 0~999.99, do not change
3000 ~ 3999.99 integer or decimal = Syringe heater PID, set D in 0~999.99, do not change
11000 ~ 11999.99 | integer or decimal @ Nozzle heater PID, set P in 0~999.99, do not change
12000 ~ 12999.99 | integer or decimal | Nozzle heater PID, set I in 0~999.99, do not change

13000 ~ 13999.99 ' integer or decimal = Nozzle heater PID, set D in 0~999.99, do not change
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-101 and -102 integer Turn on and off showing force from nozzle load cell

5000 and 5001 integer Turn on and off UV, the same as UV button

6000

integer Display current PID values

Note:

Do not set temperatures higher than 60 °C for either nozzle or syringe heater.

The PWM values for UV light are in 255 levels, so the increment is about 0.4%. In this
case, if the target is set to 0.3%, the output value will be rounded to 0.4%. If the target is
set to 0.1%, the output value will be rounded to 0%. It is recommended to follow the
increment for small values, such as 0.4%, 0.8%, 1.2%, 1.6% and 2.0%. For larger values
like 5% or 10%, no need to follow.

The full power of the nozzle heater is 8 W, of the syringe heater is 10 W. The total
consumption power of UV lights is 10 W, with a 30% ~ 40% light conversion efficiency.
The target temperatures and PID values are written in the EEPROM, which can be stored

even the APS controller is powered off.
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Chapter A.2 — Preparation for Printing

This chapter introduces how to load materials (viscos inks) into the dispensing syringe,
attach syringe and substrate, initial settings in the systems before printing, and calibration of
extrusion flow rate. The operations will be inside the printer. The touchable and untouchable
positions in the printer will be introduced first to avoid potential damages and injuries.

A.2.1 Touchable and Untouchable Positions
Attention: Always wear gloves when operating in printing processes.
In preparation for the printing, the front door and top cover can be opened in the way shown

in Figure A.11. However, during printing they should remain closed.

Figure A.11: Opening door and cover of printer.

For more convenient operations around the print head, the print head assembly can be
manually moved along XY directions. However, the stepper motors have breaking torque even
when they are not rotating and the head is not being moved by g-code. At this time, forced dragging
will result in serious problems. The motors should be disabled first before any manual motion. The

operations are demonstrated by Figure A.12 above with the following sequence.
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¥ Uutilities

— Move Aves ——

The motoYs have béen disabled

2. Tap motor off sign

— Filament Loader

VAN

4. Only hold this black
part to manually move
# the head assembly

Figure A.12: Turning off stepper motors and moving print head manually.

I. On the touch screen, tap “Utilities” tab.

2. Tap the sign of motor with cross.

3. Tap “OK”.

4. Manually move the head slowly by holding the position shown in the figure. Do not hold
anywhere else. Avoid moving fast, since the motors will generate high voltage and

damage the electric controller.

Attention: The untouchable parts in the printer are shown in Figure A.13.
1. Do not touch the two brass clips on the side door with bare hands. The electric static

discharge will damage the inner circuit.

2. Do not touch the smooth rods and screw rods during printing progress, which may cause
injury.

3. Do not touch the timing belts, which will affect the accuracy of printing.

4. Do not touch or drag any wires on the right side of the head assembly. The broken of any

wire will cause serious malfunction or irreversible damage.
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5. Do not touch the UV LED lights around the nozzle. Do not touch the nozzle heater wires.

Do NEVER sense the temperatures of the FDM and pneumatic nozzles by touching.

~ | -

Head
assembly
wiring

UV lights

Nozzle

heater
FDM Pneumatic § wires
nozzles nozzle

Figure A.13: Untouchable positions.

A.2.2 Loading Materials

Figure A.14 shows the parts related to dispensing syringe. Before loading any material,
screw in the orange seal cap on the front side. Then pour the material into the syringe from the
back opening. Try to fill the material directly into the bottom part of the syringe, and avoid stick

to the inner wall in the upper part. A glass or aluminum foil funnel may help. After filling, do not
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put the piston wiper in. The material must be settled and degassed first. For thermal melting
materials like LCE which are in extremely high viscosity (over 1 MPa-s), hold the syringe
vertically in the oven for 1~3 days at 80 °C. For other gel materials with lower viscosity like PDMS,

use the centrifuge.

Big L-wrench

Drange Dispensing syringe REE piston
seal cap P g syrnng wiper

— o — €

Figure A.14: Sequence to assemble dispensing syringe for storage.

Note: Single substance like PDMS can be centrifuged for long time, while centrifuging
mixtures like silver paste will result in phase-separation. For mixtures, degas in vacuum first. After
filled into the syringe, limit the centrifuge time within 15 sec at 2400 rpm to settle.

After settling, put the piston wiper in. The manufacturer has two kinds of piston wipers,
the red one can be used for any materials especially high-viscos LCE. The white one can only be
used for low-viscos materials. Use the L-ranch shown above to push it in. Squeeze all the air
between the material and piston out. This requires some practice of hand operations.

Attention: The air gap must be fully squeezed out. It does not damage the hardware, but
will result in flow rates completely out of control, and will ruin the printed workpiece. For
materials like LCE which may contain residuals of solvent, during heating and printing, the solvent
will vaporize and generate a large air gap. To avoid this, the original material has to be heated in

vacuum for one day or more, then after loaded into syringe, heat again for more days to fully
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remove the solvent.

A.2.3 Installing Syringe

2¥ B

Syringe ! Syringe
I holder A holder B

RN 74
Figure A.15: Syringe holders and caps on print head assembly.

Figure A.15 above shows the print head assembly. There are two syringe caps, which are
connected to the dispenser A and B respectively, and deliver the compressed air to two
corresponding syringes. Cap B is marked with blue tape on the tube. In the lower part there are
two syringe holders. It is recommended to always use cap A for syringe A, and cap B for syringe
B. The sequence can be swapped sometimes in special situations, but not recommended. There are
syringe heaters and nozzle heater on the syringe holder B, but no heater on holder A. During
operation, the nozzle of syringe B is always regard as the main nozzle for coordinate calculations,
and nozzle A is the extra nozzle. For the main materials like LCE and PDMS, use holder B. For
other assistant materials and pollutive materials like silver paste, use holder A. If both two holders

and nozzles are used together, remember to align the nozzle tips to the same Z axis level when
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installing the syringe.

The sequence of installing extrusion syringe is shown in Figure A.16.

1. Screw the syringe needle into the syringe and tighten. The system is designed for 18-gauge
syringe needles only. Do not use any other sizes. To identify, the color of the needle hub is
in green. The outer diameter is 1.27 mm and inner is 0.838 mm.

2. Fasten the corresponding syringe cap by pushing in and rotate for half-circle.

3. Check and loosen the screws which are mentioned in step 4. Then insert the syringe into
the corresponding holder. Use one hand to hold the syringe cap and push down, use another
hand to hold the ring of the holder or the white heater block. Do not hold the bottom UV
light part. During pushing down, the resistance may be large, then rotate the syringe back
and forth and push down.

4. Check if the needle is exposed by about 4 mm at the bottom. A variation of £1 mm is
acceptable. Then tighten the screws with corresponding L-wrench shown in the figure next.
If the syringe heater will be used, tighten only the two M3 screws on the heater and keep
the M4 screw loosened on the holder ring. If the heater will not be used, it is in opposite

way. Tighten only the M4 screw.
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Metric hex-head
screw L-wrenches

s gy

1. Screw the
needle

\
3. Insert syringe 4. Check needle exposed

ol | /A length, tighten certain
One hand M ) | screws (not all screws)

press here
down

R - ) 4
4 Another holder

hand hold | screw

here

Figure A.16: Operation sequence to install syringe on print head and with different L-wrenches.

After installing the syringe, adjust the relative height between the FDM nozzles and
pneumatic extrusion nozzles by rotating the positioner knob shown in Figure A.17. In this figure
only nozzle B is installed, while the position A is blank. If only pneumatic printing is used, make
sure the pneumatic nozzles are at least 3 mm lower than the FDM nozzles. If only the FDM nozzles

are used, do not install the syringe and needle, and make sure the extrusion nozzle holder parts (the
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white cylinder nozzle holder) are at least 5 mm higher than the FDM nozzles. If both are used in a

single printing progress (G-code file), adjust them to the same Z level.

Positioner

Pneumatic
nozzle

Figure A.17: Positioner to adjust the relative height position of nozzles.

A.2.4 Attaching substrate

Cover less
, than 2mm ,
1
A —
1

Tape the
<« straight edge
Glass substrate

Platform |

ik This is
Screw at @8 1A « ineffective
the center & A Glass substrate

of platform Cover less
than 2mm Platform ﬁ
R Wrong

Figure A.18: Attaching glass substrate on platform.
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75%50 mm glass slides are recommended as the substrate for printing. As shown in Figure
A.18, there is a screw at the center of the platform, which is painted black. Align the center of glass
slide to the screw, and use 3M blue mounting tape to tape all 4 edges of the glass. Do not only tape
less than 3 edges, and do not only tape the corners, which are both useless to fix the substrate under
the strong shear force of printing. When taping, cover less than 2 mm of the top edge of the glass.
Remember to also tape the straight edge of the glass as shown in the side view schematic above,
otherwise it does not provide enough force. The direction of the glass slide can be both landscape

or portrait, which is based on the certain pattern design.

A.2.5 Setting printing conditions and testing flow rate

For pneumatic extrusion, the flow rate is constant and cannot be digitally controlled during
printing. The flow rate is different with different materials, batches, temperature, suppling pressure
and degradation of material. Before generating the printing G-code file, the flow rate has to be
experimentally measured, and the value will be used in the file.

First, set the temperatures of extrusion nozzle and syringe if the material needs to be heated,
the method is in Section A.1.3.

For LCE with DP=8, set the nozzle temperature to 55~60 °C, and set the syringe
temperature to 50~55 °C. For example, in the input box of the serial monitor, type “155” followed
by ENTER key to set nozzle, type “50” followed by ENTER key to set syringe.

For LCE with DP=7, set both the nozzle and syringe temperatures to 35~40 °C.

After setting temperatures, press the button “heat” on the APS controller once to turn on
the heating. The LED will blink.

Attention: As shown in Figure A.19, after turning on heaters, keep looking at the two

152



current temperatures for 10~20 seconds to see if they are increasing. The nozzle temperature
increases about 20 times faster than the syringe temperature. Normally both should increase. If
any of them is not increasing, check the outlets switch and check if all 5 items are plugged in. If
the outlet is normal and the temperature still remains the same, it means the feedback signal from

the temperature sensor is abnormal. Turn OFF the heater and switch OFF the outlets immediately!

Follow these two values

i ———— = i
| Heater ON :  124.3§60.0 255 124.1)57.0 255 UV ON : 100.0% / 100.0%
| Heater ON : :24.4560.0 255 :24.1i57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  124.4§60.0 255 124.1)57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  |24.6{60.0 255 |24.1{57.0 255 UV ON : 100.0% / 100.0%
! Heater ON : 124.6§60.0 255 124,1f57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  |24.8{60.0 255 }24.1{57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  124.8060.0 255 124.1f57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  }24.8{60.0 255 |24.1{57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  124.8060.0 255 124.1f57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  J25.1f60.0 255 J24.1{57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  125.1060.0 255 124.2f57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  125.2/60.0 255 J24.2{57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  125.2060.0 255 124.1)57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  }25.3{60.0 255 |24.1[57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  125.3060.0 255 124.2J57.0 255 UV ON : 100.0% / 100.0%
| heater ON :  |25.5{60.0 255 |24.2{57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  125.5060.0 255 124.2J57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  }25.6{60.0 255 }24.2{57.0 255 UV ON : 100.0% / 100.0%
| Heater ON :  125.6§60.0 255 124.2J57.0 255 UV ON : 100.0% / 100.0%
| |
' !

Figure A.19: Current temperatures of nozzle and syringe heaters.

After heating started, wait for 5~10 minutes to reach the target temperature. Then adjust
the output pressure of the dispensers (Figure A.5). For LCE with DP=8, keep the pressure at 90
psi. For LCE with DP=7, adjust the pressure to 50 psi or lower. For non-flowing PDMS, it is also
below 50 psi. Flowing PDMS (Sylgard 184) is not suitable for printing. The viscosity is too low,
so the extrusion rate is too high to control.

Note that after adjusting the pressure knob, the displayed pressure does not change
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automatically. Short press the extrude button A or B on the APS controller once, then the displayed
pressure will be updated.

The flow rate is determined by measuring the weight of extruded material in 30 seconds.
Before this step, repeatedly press the extrusion button A or B on the APS controller for many times,
and several seconds for each time. Use wiper to wipe away the extruded material. This is to

stabilize the extrusion flow rate. Then follow the following steps and Figure A.20:

P i
3

3. Short press
corresponding
extrusion button once

on balance
and press “tare”

2. Press this
twice, change
mode to “timed”

— —

3. Hold the extruded
material with the Al foil

4. Press this

T i €

twice, change
mode to “purge”

Figure A.20: Operation sequence to measure flow rate.

1. Prepare a small piece of aluminum foil, the weight is about 100 mg. Put it on the electronic
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balance and press “TARE” to set the value to 0.
2. Press the mode selection button on the dispenser twice to change the mode to “timed”.
3. Put the aluminum foil below the nozzle. Then short press the extrude button once. The
system will keep extrude for 30 seconds automatically.
4. Press the mode selection button on the dispenser twice to change the mode back to “purge”.
5. Measure the weight of the extruded material with the balance.

Attention: Do not forget step 4. Always check if the dispensers remain in “purge” mode.
Failure to perform this step does not damage the system, but will ruin the printed workpiece.

Note: If LCE is accidently dropped on the platform, use wiper dipped in IPA to wipe away.
IPA can reduce the stickiness of LCE but cannot dissolve it. However, do not use IPA to wipe the
nozzle.

When the density of material is 1~1.2, a flow rate of 20~30 mg/30 sec is preferable. If the
flow rate is too high, reduce the pressure and test the flow rate again. If the pressure is as low as
25~30 psi, and the flow rate is still obviously higher than 50 mg/30 sec, the material is not suitable
for printing. If the material is very viscous, such as LCE with DP=8, and if the pressure is already
set to 90 psi, a flow rate between 15~20 mg/30 sec is acceptable. However, for such situation,
during printing, any fluctuation will affect the flow rate a lot, and it often tends to decrease to even
lower. In such cases, the printing process should be monitored by user, and the printing feed rate
should be changed along with the printing (explained in Section 4.2). If the flow rate is below 15

mg/30 sec at 90 psi, printing with this material is not recommended.
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Chapter A.3 — Pattern Design

The printer is running with Marlin firmware. The features of Marlin are explained on this

page: https://reprap.org/wiki/Marlin

The printing process is controlled by a file written in G-code. The commands of G-code

are listed on this page: https://reprap.org/wiki/G-code

To comply with pneumatic extrusion function, some customized codes are added. Code
“A1” and “B1” are to start the extrusion of nozzle A and B respectively, while code “A0” and “B0”
are to stop the extrusion. After extrusion started, if the stop commands are not executed, the nozzles
will keep extrusion.

The customized G-code file for pneumatic extrusion printing is generated by a MATLAB
program. The examples of the main program and customized functions are explained in Sections

A3.2~A34.

A.3.1 Basic Lines in the Pattern

In the design of G-code with MATLAB, the basic variable is a pattern matrix. The size of

the matrix is N*4, where N is the number of the individual traces in the pattern.

Actual
mm=[0, 0, 5,0;... 3 printed 5
i pattern
0,0.6,5,0.6:... ' 2
0,1.2,5,1.2;:... A ‘ 1
0,1.8,5,1.8;... . .
0,2.4,5,2.4]; 1 .

0 1 2 3 4 5 6 0 1 2 3 4 5 6

Figure A.21: Using pattern matrix to generate parallel lines.

The example in Figure A.21 is to fill a block in 5*2.4 mm size (each edge will be 0.3 mm
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larger, and the actual size is 5.6*3 mm). Note that with the 18-gauge needle, the distance between
neighboring lines is always set to 0.6 mm, although the ID is 0.838 mm. There are five rows in the
matrix. In each row, there are four values as (x1, y1, x2, y2), where (x1, y1) is the starting point
and (x2, y2) is the ending point of a line. In the preview plot, the blue thick line is the first line of
the pattern, and the black dot on each line marks the starting point of this line. In this file, the five
lines are printing in one-way, meaning that after drawing a line from left to right, the nozzle stops
extrusion, and then lifts in Z level and performs a free movement to the left-side starting point of
the second line. Note that to many start/end points and free movements may blur the pattern. The

matrix in Figure A.22 shows an improved pattern, which uses two-way printing pattern.

mm=L0, 0,5,0:... .
5,0.6,0,0.6:. .. :
0,1.2,5,1.2;... |
51.8,0,1.8:... |
0,2.4,5,2.4];

Kl

-1 0 1 2 3 4 5 6

Figure A.22: Using pattern matrix to generate two-way parallel lines.

In the two-way patterns, the nozzle keeps extruding and moving from the end point of the
previous line to the start point of the next line. The whole pattern is printed in back-and-forth
sequences, and all the five lines are printed in one continuous path. The actual moving path is show
in Figure A.23. Note that as long as the distance between the lines is 0.6 mm, there is no need to
add the short vertical lines at then ends between the points. The printer will move automatically

and continuously.
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35

25

~ . No need to connect
15 -~

1 I © T between the end points
0s : 1] in the matrix if the
0 distance is 0.6 mm

-0.5

Figure A.23: Actual tool path of two-way patterns.

A.3.2 Main Program

The MATLAB codes consist two parts. The first part is to calculate a pattern matrix, which
can be written either manually or by the functions. The second part is to write the G-code file. An
example MATLAB program is in the attachments. Here each segment is explained in details.

cle;
clear:

close all;

Do not change. Initialize program.

xoff=132;
yoff=175:

Do not change. Offset of X and Y coordinates. When designing the pattern, the coordinates
are all around the origin (0, 0), which is mapped to the center of the glass slide. However, on the
actual platform, the coordinate (0, 0) is not the center but the lower left corner. This is to shift the

coordinates.

Arate=40;
denA=2.5;

Brate=2h;
denB=1. 2;
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30-second extrusion rate of nozzle A and B. Change the values to the extrusion rate tested
in Section 2.5. For example, the 30-second extruded material was measured as 25 mg, and the
material is LCE with a density of 1.2. It will be used at nozzle B position, so Brate is changed to

25, and denB is 1.2. Here nozzle A will not be used, so Arate and denA can be any values.

xA=-31. 55;
vA=0;

Do not change. Offset of nozzle A with respect to nozzle B.

downA=0. 04;
downB=0. 17;

Z level offset due to homing-Z error and syringe thermally softened expansion error. If the
syringe is heated to 55~60 °C, set the value to 0.15~0.17, so after homing Z, the nozzle will be
lifted 0.15~0.17 mm higher as an updated Z home. If the syringe is not heated, set the value to

0.04~0.05. Here nozzle B will be used with LCE. It will be heated, so downB is set to 0.17.

Va=Arate/denA/1. 05/0.1/0.6/30;
Vb=Brate/denB/1. 05/0. 1/0. 6/30;

Do not change. Calculation of the printing velocity based on the extrusion rate. This
velocity only corresponds to printing a trace with 0.6 mm width and 0.1 mm layer thickness. If the
layer thickness is in other values, the velocity will be modified with multipliers in the functions

later.

retreat=1.51;

retreat=retreat 2:

Do not change. Set threshold for the continuous movements between the end point and the

next start point.
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xb1=0+x0ff;
yb1=-21+yoff;

Initialize the position for homing Z. Before printing, the nozzle will move to this position,
lower itself to touch the platform. The touch force is measured by a load cell. Once it is in contact
with the platform, it will stop and record the current Z level as zero level. The position should be
selected close to the south or west edge of the glass, and should not be on the blue tape. Here it is
selected as (0, -21) for nozzle B. If it is nozzle A, the nozzle A offset must be added as xal=0+xoff-

xA and yal=-21+yoff-yA.

%0%%%%%%%%%%%%%% LCE 1 %%%%%%%%%%%% %% %% 25

mm=[] ; 15}
mm=[mm: bf (<20, -5. 5, -6.6,-17.5,1,2) ] : 10
mm=[mm: bf (-6. 6, 17. 5, 6.6,-17.5,2, 1) 1: 5l

figure

plotpath (mm) ;

mm=mm+ [xoff yoff xoff yoff];
LCE1=mm;

xlim([-38 381) . ‘ . , . ‘ ,
ylim([-25 25]) 30 20 -10 0 10 20 30

Figure A.24: Example of designing the first pattern.

Design of the first pattern. A preview of the pattern is shown in Figure A.24. mm=|] is to
initialize a temporary matrix named as mm. The following lines are to add two independent basic
shapes into this pattern. Function bf(-20,-5.5,-6.6,-17.5,1,2) is to generate and add the left
horizontal block into matrix mm, and function bf(-6.6,17.5,6.6,-17.5,2.1) is to add the right vertical
block. plotpath(mm) is a function to plot the tool path matrix automatically in the initialized figure.
mm=mm-+|xoff yoff xoff yoff] is necessary to shift the pattern from the origin to the center of the

platform. Failure to perform this step will result in serious problem. LCEl=mm is to save the
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current temporary matrix to the working matrix LCE1. Note that as long as different shapes are all
in the same single layer thickness and total layers, as many as individual shapes can be added in

the same working matrix.

0000009090900000000000909090 L(/E 2 0090000OO000U09090900000000000909090000000000000

mm="[] ;
mm=[mm; bi2 (—6. 6+20, 17. 5, 6. 6+20, -17. 5, 1, 2, 55) 1 ;

figure

plotpath (mm) ;

mm=mm+[xoff yoff xoff yoff];
LCE21=mm;

mm="[];
mm=[mm; bi2 (-6. 6+20, 17. 5, 6. 6+20, -17. 5, 3, 2, =55) ] ; 27
plotpath (mm) ; or
mm=mm+ [xoff yoff xoff yoff];
LCE22=mm;

10t
x1im([-38 38])
ylim([-25 25]) 201
set (gef, " Position’, [300 50 500 800]) :

-30 -20 -10 0 10 20 30

Figure A.25: Example of designing the second pattern.

This segment gives an example of a more complex pattern. Two different working matrices
LCE21 and LCE22 are generated. A preview is shown in Figure A.25. The two patterns overlap at
the same position. They both fill the same block, but the inclined directions are separated on odd
and even number layers. In this case, although both matrices are to fill the same block, the infill

are different between layers, so they should be separately saved in two matrices.
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WU NN print e %% ; : : ; : :
20
O
fp = fopen([’ gcode example. gcode’ ], wt’); :’)};fg{’%
X \" "
gstart (2, 2, down90, [xbl, ybl], 1, fp, Vb) : 10 F X
for i=1:12 ot
layer=i#*0. 1; i
gcode (2, 2, LCEL, layer, 0. 1, fp, Vb) ; 10k ))?'.9"0‘;\\,?":“
KRS
. KRN
gcode21y (2, 2, LCE21, LCE22, 1ayer, 0. 1, fp, Vb) ; ,.“.“&
end L
-20
gend ([xoff, yoff], fp) ; -30 -20 -10 0 10 20 30

Figure A.26: Preview of the combined patterns.

This is the second part of the MATLAB codes, which is to write a G-code file with the
generated patterns and initialized parameters in the first part. A preview of the whole pattern is
shown in Figure A.26.

fp = fopen(['gcode example.gcode'],'wt') is to initialize a file pointer. The file name
gcode example can be changed to anything and is recommend to change for each individual
printing. However, the extension name .gcode must be added every time.

gstart(2,2,down90,[xb1,yb1],1.fp,Vb) is a function to add the initial operations into the G-
code, which controls the homing Z of one nozzle, and printing of a dummy line to stabilize the
liquid pressure inside this nozzle.

The for loop controls the writing of pattern in 12 layers with a single layer thickness of 0.1
mm, so in each loop, the current nozzle height should be updated with layer=i*0.1.

gcode(2,2,LCEL,layer,0.1,fp,Vb) is a function to write the left shape into the G-code file.
This shape duplicates the same pattern in all the layers, and function gcode() can be used in such
and most other simple cases. As a contrast, gcode2ly(2,2,LCE21,LCE22 layer,0.1,fp,Vb) is to

write the right shape, which has separated patterns on odd and even layers. Function gcode2ly() is
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specially designed for this case.

A.3.3 Operational Functions

This section explains the customized functions used in the code which are to achieve

certain operations.

plotpath(mm)
This function is used to preview the designed pattern. The input variable is a N*4 pattern
matrix mm. The function performs operations to plot all the elements of the matrix in the

initialized new figure or last figure. There is no return value.

gstart(nozzle, extruder, down, xy, direction, fp, velocity)

This function is to write the initial operations into the G-code file, which controls the
homing Z of one nozzle, and printing of a dummy line to stabilize the liquid pressure inside the
nozzle. There are 6 input variables and no return value. The input parameters are explained below.
nozzle

Nozzle or syringe position, the value is in {1, 2}, where 1=nozzle A, 2=nozzle B.
extruder

The dispenser used to supply air, the value is in {1, 2}, usually this equals to nozzle.
down

Z level offset adjuster, which is set at the beginning of program. If the syringe is heated,
set this to 0.17. If not, set to 0.04.

Xy
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The position for the nozzle to touch the substrate for homing Z. This value is a 1*2 vector
as [x, y], which are the x and y coordinates. Note that after each single printing, if there is still
extra printing process on the same substrate, this position must be shifted, since the nozzle leaks
material and will make a drop at this position, which will affect the homing next time.
direction

This controls that to which direction the dummy line is drawn. The starting point of the
dummy line is 2 mm away from the homing Z position, and the length is 20 mm. The value is in
{1, 2, 3, 4} where 1=east, 2=south, 3=west, 4=north.
fp

File pointer to write G-code. Here just use variable fp, but not the exact file name.
velocity

The printing velocity with 0.1 mm layer thickness. This value has been calculated at the

beginning of the program based on the measured 30-second extrusion amount.

An example of this function is shown below.

gstart(nozzle,  extruder,  down, Xy, direction, fp, velocity)

gstart(2, 2, 0.17, [0+xoff,-21+yoft], 1, fp, Vb)

The positions of homing Z and the dummy line are shown in Figure A.27.
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Figure A.27: The positions of homing Z and the dummy line.

gcode(nozzle, extruder, matrix, height, thickness, fp, velocity)

This function writes one layer of a simple pattern matrix into the G-code file. Usually, it is
used in a for loop to perform repeated writing of different layers. There are 7 input variables and
no return value. The input parameters are explained below.
nozzle

Nozzle or syringe position, the value is in {1, 2}, where 1=nozzle A, 2=nozzle B.
extruder

The dispenser used to supply air, usually this equals to nozzle.
matrix

The working pattern matrix containing the design. It should NOT be the temporary matrix.
The matrix should have been shifted by xoff and yoff.

height
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Current total height of Z level in millimeters.
thickness

The thickness of current layer in millimeters.

File pointer to write G-code.
velocity
The printing velocity with 0.1 mm layer thickness. This value has been calculated at the

beginning of the program based on the measured 30-second extrusion amount.

An example of this function is below.
gcode(nozzle, extruder, matrix, height, thickness, 1, velocity)

gcode(2, 2, LCE1, layer, 0.1, p, Vb)

gcode2ly(nozzle, extruder, matrix1, matrix2, height, thickness, fp, velocity)

This function is similar to gcode(). The only difference is that it can separate the odd and
even layers with different patterns. There is only one more input variable of the pattern matrix.
matrix1 is the pattern matrix for all the odd layers, and matrix2 is for all the even layers. As long
as other input parameters are correct, the function will determine if the current layer is odd or even
automatically by the height and thickness. Note that each time when running this function, it only
generates the G-code for one layer, and the pattern is either LCE21 or LCE22. To generate
structures with multiple layers, it must be put in a for loop. There are 8 input variables and no
return value.

An example of this function is shown below.
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gcode2ly(nozzle, extruder, matrix1, matrix2, height, thickness, fp, velocity)

gcode2ly(2, 2, LCE21, LCE22, layer, 0.1, fp, Vb)

gend(xy,fp)

This function is to write the ending operations in the G-code and close the file in MATLAB.
There are 2 input variables. There is no return value.
Xy

After printing, the nozzle will be lifted to 25 mm Z level, and move to this position. It is a
1*2 vector with any X and Y coordinate values in the range of the platform. The central position
[xoff, yoft] is recommended. Do NOT set any values larger than 250.
fp

File pointer to write G-code.

An example of this function is below.

gend(xy, fp)

gend([xoff, yoff], fp)

A.3.4 Pattern Filling Functions

These functions are to automatically fill shapes with designated patterns. Note that any
patterns can be written manually. Using of these are to simplify the works with just parameter
controls.
bf(x1, y1, x2, y2, dirl, dir2)

Block filling function for calculating the lines to fill a rectangular block. All the lines are
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in parallel direction with one-way printing. x1 and yl are the coordinates of the upper left
(northwest) vertex of the block, x2 and y2 are the coordinates of the lower right (southeast) vertex.
dirl is the printing direction of the lines. dir2 is the stacking direction of the lines. The values of
the direction are in {1, 2, 3, 4}, where 1=east, 2=south, 3=west, 4=north. There are 6 input variables.
The return value is a N*4 pattern matrix.

Examples of this function are shown in Figure A.28. There are four cases depending on the

desired directions.

bf(-3,7.5,3,-7.5, 1, 2)

10 Printing direction = 1
—_—

Stacking
direction = 2

-10

-10 -5 0 5

bf(-3,7.5,3,-7.5, 1, 4)

10

O F
Stacking
direction = 4

St

—_—

-0 Printing direction = 1

-10 -5 0 5

10

bf(-3,7.5,3,-7.5, 3, 2)

10+ Printing direction = 3

—

5+

Stacking
direction = 2
ot

North Sr
4
West 3 +> 1 East
-10 1
2
-10 -5 0 5
South

bf(_39 759 33 _7'55 39 4)

10

ot

Stackjng

direction = 4
5t

—

107 Printing direction = 3

-10 -5 0 5

Figure A.28: Examples of block filling functions.
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bf2(x1, y1, x2, y2, dirl, dir2)

Two-way block filling function to fill a rectangular block similar to bf(). The printed lines
are in back-and-forth two-way directions. All the input variables are in the same definitions as bf().
Since the printing is in two directions, dirl here is the direction of the 1st line. dir2 is still the
stacking direction of the lines. The return value is a N*4 pattern matrix.

An example of this function is shown in Figure A.29.

bf2(-3,7.5,3,-7.5,1,2)

IFirst Iine' printing‘
direction = 1

10+

Stacking
dire&:tion =2

: North
4
A
West 3 1 East
10+
_ , ‘ 2
-10 5 0 5 10 South

Figure A.29: An example of two-way block filling function.

bp(x1, y1, x2, y2, x3, y3, x4, y4, dir1, dir2)

Trapezoid filling function. (x1, y1), (x2, y2), (x3, y3), (x4, y4) are the four vertices. The
edge (x1, y1)---(x2, y2) is parallel to the edge (x3, y3)---(x4, y4). The two unparallel edges are (x1,
y1)---(x3, y3) and (x2, y2)---(x4, y4). The printing is in one-way. dir1 is the printing direction of
the lines. dir2 is the stacking direction of the lines. Note that all the edges need not to be parallel
to any axes, but the first edge must be parallel to the third edge.

An example of this function is shown in Figure A.30.
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bp(-1,6,3,7,-5,-6,5,-3,1,2)

North

West 3 1 East

‘ . . 2
-10 -5 0 5 10 South
Figure A.30: An example of trapezoid filling function.

bp2(x1, y1, x2, y2, x3, y3, x4, y4, dirl, dir2)

Two-way trapezoid filling function. All the input variables are in the same definition as
bp(). dirl is the direction of the 1st line. dir2 is the stacking direction of the lines. The return value
is a N*4 pattern matrix.

An example of this function is shown in Figure A.31.

bp2(-1, 6, 3,7, -5, -6, 5,-3, 1,2)

10}

5.
Stacking

direction = 2
O |

North

West 3 1 East

: 2
-10 5 0 5 10 South

Figure A.31: An example of two-way trapezoid filling function.
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bi2(x1, y1, x2, y2, dirl, dir2, angle)

Two-way block filling function to fill a rectangular block with inclined infill lines. There
are 7 input variables. The first 6 are in the same definitions as bf2. The 7™ variable angle is to
control the inclined angle of the normal line. Left is positive. The return value is a N*4 pattern
matrix.

Examples of this function are shown in Figure A.32.

bi2(-3,7.5,3,-7.5, 1, 2, -30) bi2(-3,7.5,3,-7.5, 1,2, 10)

10+ 10}

10° inclined

5t ) 2 1 North 5
N 4
West 3 1 East
10 F 1 -10
. . L 2 s \ )
-10 -5 0 5 10 South -10 -5 0 5 10

Figure A.32: Examples of two-way block filling function with inclined angles.
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Chapter A.4 — Printing in Progress

A.4.1 Uploading G-code file

The printer has an individual user-interface computer running Linux kernel, so it is in
parallel level as a PC that cannot be connected through a USB cable. The printing G-code file can
be stored in a flash drive or SD card, and inserted into the printer for printing. However, printing
from such storage devices is not recommend since the unstable connection is possible interrupt the
printing process any time. The generate G-code file can be uploaded to the printer via Wi-Fi local
area network and stored in the on-board flash memory.

To upload the file, first download and install the latest ideaMaker program on this website:

https://www.raise3d.com/ideamaker/

The PC next to the printer is used as a virtual router to generate a wireless local area
network. The printer is automatically connected to it. From the user’s PC side, connect to the Wi-
Fi hotspot named as “kop”. The password is 11111111.

After setting up Wi-Fi connection, open ideaMaker and perform the steps in Figure A.33

to upload the g-code file.
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@ Upload to Printer
Uploading Queue - v q « -LCE- > crawler__ > func O Search func

Organize ~ New folder =- m 0

2 Name Date modified

st Quick access .
_ gcode_example.gcode 2/21/2021 6:42 PM
= This PC

» 3D Objects

= Deskiop 3. Select the file
« Documents
“mﬂlm to upload and

4 Downloads

J Music C||Ck “Open"
& Videos

=BEE

int File (*.gcode)
CLICK HERE TO UPLOAD FILES

© Upload to Printer

4. Click “Refresh” and the

. ” h . h Print File
© Upload to Printer printer wi be shown in ,t e File: geode_example. geode
— box. If not, check the Wi-Fi
) Rename to: ‘gcodeiexample

File: it e e connection of both the
PRI ic_cxanvle printer and this computer

Printer:

Printer: Raise3D N2 1 - Raise3D@192. 168. 191. 3 9

Type:
Nana: 5. When the printer is
shown, click “Upload”

® ®

Type:

\ Upload Cancel

gcode_example.gcode
Upload Completed

6. Wait for the uploading to finish. Note
that if the Wi-Fi connection is not stable,
the uploading can be interrupted

Figure A.33: Operation sequence to upload g-code files.

A.4.2 Starting printing process

If the material is LCE and requires immediate cross-linking during printing, set the UV

output power to 2% by typing “-2” in serial monitor followed by ENTER key. However, do not
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turn on UV light at this time. If heating is needed in the printing process, keep heater on and check
if the target temperatures are reached. Check if all the doors are closed, then perform the operation

procedure shown in Figure A.34 on the touch screen of printer to start printing.

£ @ tocal storage By Date|  Edit

Local storage Uploading
Queve

3. Tap the file

just uploaded
sD
K| tempTask

File name: geode_example ge

ode
$D Card Date Modified: 2021/02/22 19:14

| size:120.6 K8

faced geode
1 Estimated print time: 0 seconds
Dashboard g | | Estimated flament used: 0.0g
a < | oashboa RAISE3D | RA Siamated price: 004
Y
i

Hface 3 55... 1ace3.geode face3gcode

USB storage 1/67 \/ \]

v 2
Home Tune Utilities Print Home Tune Utilities Print

Figure A.34: Operation sequence to start printing.

Note that the due to time setting of the computer, the uploaded file may not be at the first
place. Sometimes it might be on a later page.

When the printing starts, first it homes X and Y axes. Then the nozzle will move to the
defined (xbl, ybl) position to home Z. During homing Z, the nozzle touches the substrate twice.
First it moves down at a high speed. When getting in touch, it lifts for 1.5 mm, then moves down
at a very low speed. During this process, keep looking at the position of the nozzle, since any
variation may be detected by the load cell and cause a stop at a position higher than the substrate.
Also, if there is malfunction in the load cell, when the nozzle contacts the substrate, it may not

stop. Figure A.35 shows the contact state.
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Figure A.36: Operation sequence to stop the printing process in program.

If the nozzle stops at a high position, a user should manually stop the printing process by
the procedure in Figure A.36, and start the printing process again with the procedure on the
previous page. Note that if the homing Z is wrongly completed and the nozzle has started extrusion
for the pattern in the air, the printing process cannot be stopped immediately. It will print several

more lines after initiating the stopping procedure. At this time, press the red enable switch on the
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left side of APS controller (Figure A.6) to cut off extrusion signal first, then stop the printing with
the following procedure. This can prevent leakage of material on the substrate. Before starting the
next printing, press the red enable switch again. This case often happens. There is no need to press
the emergency stop.

Attention: If the nozzle is already in contact with the substrate but the printing head
assembly is still moving down, PRESS the emergency stop (Figure A.3) immediately to avoid
collision. This means the load cell is in malfunction and cannot feedback the force. This hardly
happens but still happened once in the history.

If homing Z is successfully finished, the nozzle will start to print the dummy line. At this
time, the UV can be turned on if needed in the process. To turn on UV, press the button “UV” on
the APS controller once. Note that UV can only be turned on after homing Z, because the vibration
of the UV cooling fan can affect the load cell and cause an interruption. During printing process,
UV can be turned on and off repeatedly anytime, and the UV power can be tuned anytime. For
printing LCE, UV power higher than 3% is not recommended.

Attention: After turning on UV, check if the cooling fan is working as shown in Figure

A.37. If the fan is not working, turn off UV immediately, otherwise they will burn themselves.

uv coolmg fan

/./[

Figure A.37: UV cooling fan.
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During printing in progress, repeatedly check the already printed result, in case if the
viscosity of the material is not even, the extrusion rate changes and cause defects. Figure A.38
illustrates two kinds defects: over-extrusion and under-extrusion. When over extrusion happens,
the extrusion rate becomes higher than expected, and the extra extruded material cause bulges. At
this time, the printing speed should be increased to comply with this faster extrusion. When under
extrusion happens, lack of material causes gaps between two single lines. Then the printing speed

should be decreased.

Under-extrusion
gaps

Over-extrusion
bulges

Figure A.38: Printed results with defects from over-extrusion and under-extrusion.

To change printing speed during printing, adjust the feed rate as shown in Figure A.39. For
over extrusion, change the feed rate higher, such as 110 or 120. For under extrusion, change the
feed rate lower, such as 90 or 80. Note that after changing the value, it may take 5 sec~2 min to
update and take effect. Sometimes the printing system can forget to update the value, so it is
recommended to change the value twice then it can keep that in mind. If the defect still persists

after updating the feed rate, change it to further higher or lower values.
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Figure A.39: Operation sequence to change printing speed.

During printing, the front door can be opened anytime, in case some defects need to be
corrected manually. There is no need to turn off UV and heater. Usually some over extrusion or
leaking of material can be removed by tweezers. However, gloves are always required and the only
place that can be touched by tweezers is the substrate. Do not touch anywhere on the print head
assembly.

A.4.3 Finishing works after printing

After printing, turn off UV immediately. If there is no other printing works, turn off the
heater.

If the workpiece needs more post-treatment with UV. Turn off UV first, cover the nozzle
with the black cover shown in Figure A.40. If without this cover, the reflected UV light on the
platform could shine into the nozzle, and cross-link the material in the nozzle to cause a clog. After

covering, change UV power to 100% and turn on UV to treat the workpiece for 1~5 minutes.
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Figure A.41: Operation sequence to remove the syringe.

After all the operations, loosen all the screws on the syringe holder and heater, then lift the

syringe and disconnect the black cap as shown in Figure A.41.
Turn off the two dispensers. Close the top lid and front door.

Attention: Finally, do not forget to turn off the outlets switch and main power.
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Appendix B

Engineering drawings of Self-sustained Robot

pody

~tachment

(b)

Figure B.1: (a) Explosion and (b) assembly views of insect-inspired modification of self-sustained
robot. The shade and LCE components are omitted.
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Figure B.2: Three-view schematics of insect-inspired modification of self-sustained robot. The
LCE components are omitted
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Table B.1: Designed dimensions of the components in self-sustained robot

Component Dimension Parameter (mm)
Original robot LxWxH 134.5x23.4x234
Robot with lever attachments LxXxWXxH 152.5 X 227.4 X 39.8
LCE actuator LxWxH 68 X 15x 1.2
LCE spring LxWxH 60X 12x1.2
Length 6.1
Height 3.0
Parallelogram tracks Top/bottom edge length 2.2
Corner fillet amount 0.5
Repeat distance 67.0
Diameter 2.5
Sliding bars
Repeat distance 67.0
Hinge diameter 2.5
Radius of crank 1.91
Flipping shade
Diameter of crank bar 2.0
Center to chord on crank bar 0.7~0.8
Effective length 100.0
Length range inside fulcrum 10.0~10.9
Lever legs
Length range outside fulcrum 89.1 ~90
Repeat distance/wheelbase 134.5
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Figure B.3: Top-view schematic of the components in robot.

Four 18-gauge rods are used as shafts in the hinges of the four lever legs, which are fastened
in the leg stub by interference fit, and the legs can rotate smoothly around the rod by clearance fit.
Four 20-gauges rods are fastened in the body attachment boxes and inserted the slot on the lever

legs, as fulcrums. The legs can slide and rotate around the fulcrums.
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Figure B.4: Side-view schematic of the components in robot.
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Figure B.5: Front-view schematic of the components in robot.
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(a) View from inner side (b) View form outer side
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Figure B.6: Detailed views of the parallelogram track and sliding bar. (a) 3D view from the inner
side of robot. (b) Schematic of the parallelogram track from outer side of robot.
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Figure B.7: Detailed views of the flapping shade. (a) 3D view. (b) Schematic of the crank structure
on one side of the shade. (c) Actual printed result of the crank bar and post grinding dimensions.

The shape of crank bar is not regular and smaller than the precision that the 0.4 mm 3D
printing nozzle can reach, which leads to a large error in the printed result, shown as the black
dashed shape in Figure B.7 (c). After printing, the workpiece needs to be modified to the blue

dashed shape with a precision file.
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