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Spider-Inspired, Fully 3D-Printed Micro-Hydraulics for Tiny,

Soft Robotics
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1. Introduction

Many arachnids use internal hemolymph pressure to actuate extension in

their leg joints. The inherent large foot displacement-to-body length ratio that
arachnids can achieve through hydraulics relative to muscle-based actuators
is both energy and volumetrically efficient. Until recent advances in nano/
microscale 3D printing with two-photon polymerization (2PP), the physical
realization of synthetic complex ‘soft’ joints would have been impossible

to replicate and fill with a hydraulic fluid into a sealed sub-millimeter
system. Inspired by nature, the smallest scale 3D-printed hydraulic actuator
(4.9 x 10~ mm3) by more than an order of magnitude is demonstrated. The
use of stiff 2PP polymers with micron-scale dimensions enable compliant
membranes similar to exoskeletons seen in nature without the requirement
for low-modulus materials. The bio-inspired system is designed to mimic
similar hydraulic pressure-activated mechanisms in arachnid joints utilized
for large displacement motions relative to body length. Using variations

on this actuator design, the ability to transmit forces with relatively

large magnitudes (milliNewtons) in 3D space is demonstrated, as well

as the ability to direct motion that is useful towards microrobotics and
medical applications. Microscale hydraulic actuation provides a promising
approach toward the transmission of large forces and 3D motions at small
scales, previously unattainable in wafer-level 2D microelecromechanical

systems (MEMS).
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Soft robotics can provide large deforma-
tions and high degrees of freedom that
enable them to interact with unstruc-
tured environments.ll While most of the
research in soft robotics has focused on
larger scale systems (from centimeters to
meters), these benefits can also be realized
at small (millimeter and sub-millimeter)
scales. A variety of tiny organisms take
advantage of soft, flexible, compliant struc-
tures for locomotion, including insect
larvael?l and worms.’l Insect larvae have
even demonstrated high performance
jumps more frequently associated with
rigid systems.! Robotic systems with
similar soft and compliant properties hold
great promise for medical use and can
be further useful for biomedical applica-
tions if smaller features (e.g., sub-100 um)
can be achieved.['

These promising applications have
inspired a wide variety of methods for fab-
ricating soft robotics including molding
and 3D printing!!! that take advantage of
soft, low-modulus materials to achieve
compliant structures. However, fabrica-
tion processes that integrate low-modulus
materials in sub-millimeter mechanisms are much less
common.!3 These processes are often limited to two dimen-
sional molding and casting in contrast to the 3D shapes at
larger scales.

Soft actuation at small scales can be even more chal-
lenging. At large scales, pneumatics are a common transduc-
tion approach,l'®l but pneumatics are particularly challenging
to scale down to sub-millimeter scales due to the challenge
of interfacing and sealing the air supply to the soft struc-
ture.>718 A variety of other soft actuators have been used
in the literature including electrostatic,’! thermal and shape
memory alloy,?°22 and hydraulic.l?3-2%] While a number of
small, soft actuators and compliant microgrippers have been
previously demonstrated, including some that use 3D printing
(e.g., [13, 26-31)), soft actuation has not been integrated with
soft robot structures at sub-millimeter scales.

In this work, we take inspiration from the hydraulically-
driven, compliant structure of small arachnids like spiders and
mites that enable incredibly high displacement-to-body length
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ratios.?? In arachnids, the leg joints are configured in a way
such that muscle-driven extension is not possible.?**°l While
active muscles traversing these joints induce leg flexion, leg
extension is instead induced by hydraulic pressure generated
within the prosoma (the head and thorax of the spider).3%333¢]
This centrally located pressure in the prosoma induces a flow
of hemolymph (the spider’s hydraulic fluid) from the prosoma
into the legs. Similarly, this work uses a central pressure source
to induce flow to multiple microactuators.

Spiders have already inspired numerous other engineered
hydraulic actuation approaches, although these are typically
demonstrated at scales that are orders of magnitude larger
than the spider.’’-1 A centimeter-scale spider-inspired joint
powered by electrohydraulic actuators and using soft materials
was demonstrated in [37), and a similar centimeter-scale system
using electro-conjugate fluids and microfabricated pumps was
shown in [39]. The centimeter-scale spider-inspired hydraulic
joint in [38] was used to power jumps, similar to a jumping
spider. This work was particularly interesting because it also
mimicked the complex folding mechanism of the spider’s
cuticular membrane using 3D printing, albeit with a relatively
low modulus (40 MPa) material. Spiders have even been used
as an entire robotic gripping system with the recent example
of “necrobotics”.*) Engineered versions of spider-inspired
hydraulic actuation offer numerous advantages however, pri-
marily driven by the ability to design more arbitrary structures
that can be adapted to specific applications. The scaling analysis
in [40] also highlights robotic grippers even smaller in size as
targeted in this work should benefit from higher grip forces
normalized to the weight of the gripper.

In this work, our goal was to demonstrate multi-functional
(stiff, compliant, and fluidic) properties with a single material
at micron-scale, spider-like thicknesses using commercially
available resins with a chitin-like modulus. Similar to the struc-
tural design inspiration used in [38], we also took inspiration
from the spider’s exoskeleton that maintains compliance in the
leg joints through structural design.*!l Although it is compliant,
a spider’s leg joint consists of chitin-protein cuticle, a relatively
high modulus material, throughout the joint indicating the pos-
sibility of “soft” behavior with higher modulus materials. At
the microscale, these materials become compliant enough to
be useful in soft robotics due to nonlinear scaling of flexural
rigidity with thickness.

As such, the primary contribution of this work is a dem-
onstration of hydraulic actuation using a fully 3D printed
micron-scale exoskeleton made from a high modulus mate-
rial. Similar to arachnids, the microscale hydraulic actuators in
this work can displace on the order of approximately one body
length. While the design is only one element toward replicating
spider ambulation, this work represents a significant step
toward achieving large forces and displacements in multiple
remote actuators from a single pressure source with commer-
cially available resins. We also demonstrate for the first time
a novel approach to filling a 3D printed microscale hydraulic
system. We use the uncured photoresist to eliminate the need
to fill such a tiny microstructure. While larger, centimeter-
scale spider-inspired hydraulic actuators (e.g., [37-39]) can use
syringes to add hydraulic fluid, filling and sealing a pressurized
system at this scale would also present incredible challenges.
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The in-situ filling approach demonstrated in this work side-
steps this challenge.

2. Results and Discussion

2.1. Imaging Lycosid Exoskeletons

As mentioned previously, a spider induces leg extension by
generating pressure within the prosoma.??333¢ This pressure
induces a hemolymph flow into the legs that is transmitted
from the prosoma to the respective joints via lacunae, which are
hemolymph-filled spaces between all soft tissues inside a leg.
The increased volume of these joints results in leg extension.?
The pressures generated can be quite high. For instance, in
Eratigena atrica, one arachnid species, internal pressures were
measured up to 50 kPa.>3!

To better understand how the lacunae (the empty space
for hydraulic fluid behind the exoskeleton) and exoskeleton
geometry of a spider enable this actuation, we used micro
computed tomography (micro-CT, ZEISS Xradia 510 Versa) to
scan the leg of a Rabidosa rabida specimen from the family
Lycosidae (micro-CT video in Supporting Information). The
lycosid is commonly referred to as the wolf spider and is
depicted in Figure la. The lycosid leg joint in Figure 1b is
several hundred micrometers in diameter, and the cross-
section of this joint imaged in Figure Ic is particularly inter-
esting. The thickness of the outer portion of the exoskeleton
at the joint was measured at 15-20 um while the thickness
of the inner flexible region of the joint varied from approxi-
mately 1-5 um.

The spider cuticle found in these joints is an anisotropic and
hierarchical composite. Its elastic properties depend upon the
volume fraction of chitin and various proteins, and can vary
widely based on fiber orientation and hydration. Pure chitin
fibers are predicted to be around 100 GPa along the long axis,
but the protein-chitin composite cuticle has been measured
across a wide range of 0.1-20 GPa.*'>l Despite this relatively
high modulus material, the small thickness of the spider’s joint
membrane enables it to behave as a compliant flexible mecha-
nism, thereby enabling a wide range of motion. To better illus-
trate this design space of thickness and material modulus, we
have calculated a heat map of flexural rigidity for a simple can-
tilever beam in Figure 1d. Flexural rigidity is used as a proxy
for compliance in this case, and is the product of the material’s
Young's modulus, E, and moment of inertia, I. In the case of a
thin beam, the moment on inertia is,

I=(1/12)b* ¢’ 1

where b is the beam width and ¢ is the beam thickness. Note the
cubic relationship of I to t; the flexural rigidity scales down rap-
idly as thickness is reduced. As such, a high modulus material
can behave compliantly when reduced to very small thicknesses
on the order of microns. As seen in Figure 1d, a modulus
choice of 1-10 GPa, similar to chitin, can achieve similar flex-
ural rigidity to previous work in soft robotics when printed with
feature sizes ranging from 1 to 100 um. Even higher modulus
materials can be used to create the compliant mechanisms
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Figure 1. Enabling ‘soft’ systems with small feature sizes. a) An example of a wolf spider from the family Lycosidae, b) CT scan of a Lycosidae Rabidosa
rabida front leg, c) cross section showing compliant and non-compliant regions, d) colormap highlighting how chitin (and IP-DIP used in this work)
can be thought of as compliant materials for soft robotics at small feature sizes. The figure shows how flexural rigidity of a cantilever made with the
given material properties and thicknesses changes over this parameter space. Low flexural rigidity can be useful in numerous soft robotic systems and
these results highlight the similarity of the parameters used in this work to naturally found hydraulic systems made from hard chitin. Several additional
references from 3D-printed elastomeric soft materials commonly found in the soft robotics community are also provided. Data points 1-9, respectively,
are from [42-50]. (IP-DIP: Nanoscribe resin used in this work, PMMA: poly[methyl mthacrylate], PP: polypropylene, PTFE: polytetrafluoroethylene.)

needed for soft robotic systems if they become available for
manufacture at even smaller scales.

In the spider micro-CT scans, a high-modulus material like
cuticle can behave as both a more rigid structure in the leg seg-
ments as well as a more compliant structure in the joints, just
by changing the thickness of the material. We replicated this
thickness variation in our test structures and used dimensions
similar to those observed in the micro-CT scans. The advantage
of this design approach is the ability to achieve load carrying
and compliance in a 3D printed structure made from a single
material. The extreme compliance demonstrated in this work is
due to the very thin walls that can be fabricated.

2.2. Fabrication of Spider-Inspired Hydraulic Microactuators

Though wafer-level MEMS processing has been able to fabri-
cate layered 2D micro hydraulic structures for decades,”? it
was not until recent advancements in additive manufacturing
(AM) that fabricating 3D synthetic complex structures, like
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those we see in nature at the microscale, has become possible.
The fabrication process shown in Figure 2a—c uses two-photon
polymerization (2PP) on a Nanoscribe Photonic Professional
3D printer to print the test structures and soft robotic systems
in this work (e.g., Figure 2d). The IP-DIP resin used in this
process is commercially available from Nanoscribe and has an
estimated Young’s modulus of approximately 2.1GPa. While
a lower modulus resin (IP-PDMS, E = 15.3 MPa) has recently
become available from Nanoscribe, very little work has suc-
cessfully shown its use in printing complex 3D structures.”>’]
Fabricated microactuators were developed in propylene glycol
monomethyl ether acetate (PGMEA) followed by isopropanol,
and allowed to air dry.

A Dbellows test structure is printed with a designed wall thick-
ness of 1 um to provide system compliance similar to that found
on the inner membrane of the spider leg. Rigid parts of the test
structure in Figures 2d—f are printed with wall thicknesses of
5-10 um. While many hydraulic bellows-type actuators use soft
materials(*373% to reduce stiffness, the 1 um thick bellows’ side-
walls effectively reduce the relative mechanical stiffness of the
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Figure 2. Schematics and images of the fabrication process and linear extension microactuator design. a) Two converging beams in 2PP curing within
a drop of IP-DIP resin, b) a closed volume of resin with liquid resin inside and outside of the cylinder, c) the same closed volume with the external
resin removed, d) a linear extension microactuator with bellows at the input and output of the device, e) a cross-section of the same structure, and
f) progressive testing of the same feature, noting the 1:1 displacement-to-actuator length ratio.

structure despite the relatively high material modulus as indi-
cated in Figure 1d.

As shown in Figure 2a—c, a novel contribution to this printing
process is the encapsulation of uncured resin as the hydraulic
fluid. Adding hydraulic fluid into an actuator this small is a
challenge for two key reasons. The smallest syringe tips (e.g., a
34 gauge needle) have an outer diameter larger than the printed
bellows structure. In addition, to fill a printed microscale bel-
lows structure with a hydraulic fluid, it would be necessary to
first remove the uncured resin from the structure and reseal it
without adding any air to the actuator—both of which are chal-
lenging fabrication tasks. More typically in 2PP printing, closed
volumes of uncured resin are avoided and unexposed resin
is removed from the print using solvents in the developing
process. By encapsulating a volume of resin, the developer
(PGMEA) cannot reach the enclosed resin, leaving it to serve as
a hydraulic pressure transfer medium inside the intentionally
designed compliant structures. The resulting hydraulic struc-
tures are also free from any compressible gas like air, making
them more efficient at transferring force within the system.

In addition, print times for these relatively large structures
(heights and lengths of = 200 pm) printed at the Nanoscribe’s
highest resolution using its 63x objective lens are typically
hours to days if the laser must cure every interior voxel. For
the demonstrated actuators, the Nanoscribe laser only needed
to cure a layer on the order of 1 pm thick for the sidewalls. This
process resulted in print times that were typically less than 1h.

Device yield from the fabrication process was very good
overall. During the design process for these microscale
hydraulic actuators, several failures occurred (e.g., bursting,
leaking), resulting in design and fabrication iterations. Tuning
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printing power levels to achieve a continuous membrane and
choosing a nominal minimum wall thickness of 1 um were the
most important parameters to achieve the functional design.
Once the design and process were validated, the yield was 100%
with over 20 actuators printed. Occasionally over the course
of this work, yield dropped when 2PP parameters out of our
control were modified. For instance, a new laser source was
installed on the Nanoscribe during the course of this study.
Print parameters, including laser power, needed to be slightly
adjusted to return to a high yield process. Extensive quantifica-
tion of 2PP and Nanoscribe parameter effects are available in
the literature®*>* and outside the scope of this paper.

2.3. Hydraulic Linear Extension Microactuator Design

The first actuator designed was a 90° linear extension actuator
shown in Figure 2d—f. The 90° extension design demonstrates
the concept of transferring a force applied to a vertically ori-
ented input bellows to a horizontally oriented output bellows.
In operation, the fluid pressure generated by pushing down
on the input expanded the output bellows (Figure 2f). In the
90° design, a round bellows input was connected with a round
bellows output through a 90° joint. A platform and guide were
integrated around the actuator to reduce the input bellows’
degrees of freedom for ease of characterization.

Both input and output bellows were designed with a 50 um
diameter and a nominal sidewall thickness of 1 um. This side-
wall thickness was varied from 0.8 to 1.2 um for both modeling
and print testing. In early fabricated designs, the 1 um sidewall
printed the most consistently, was sufficiently compliant, and
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Figure 3. a) ANSYS FEA results showing von Mises stress in Pascals after a simulated 10 um displacement and internal ramping pressure. The applied
boundary conditions are shown in the inset in Figure 3b—A: fixed displacement, B: 10 um axial displacement, and C: internal pressure. The cyclic peri-
odic axisymmetric condition was applied to the planar faces. b) The effective spring constant was calculated for a range of applied internal pressures
with three different sidewall thicknesses: 0.8, 1.0, and 1.2 um. Experimental data is shown with the purple point at 31 kPa indicating the approximate

expected pressure generated by the fabricated input bellows.

able to withstand the applied pressure. The 0.8 um designs
were less reliable and often burst upon test force application.
The 1.2 pm designs were stiffer than was ideal for the measure-
ment setup. Thicker designs could be explored further if larger
force actuators were needed in the system.

The input was designed as an expanded bellows and the output
was designed as an initially collapsed bellows. The bellows input to
output diameter ratio was 1:1. In future designs, the input:output
bellows diameter ratio can be modified to realize an increase in
output displacement or force from lower input displacement
or force, respectively. Thicker walls were used in the base struc-
ture that connects the input bellows and the output bellows to
constrain the fluid directing the internal pressure created from
pushing down on the input bellows. This is similar to the thicker
cuticle structures in the spider joint used to provide rigidity.

ANSYS Workbench (2022 R2) finite element models were
used to guide design iterations and also predict performance of
the printed actuators. To balance computation time and model
accuracy, a reduced cyclic-region axisymmetric model of the
3D bellows was developed to better capture bending and stress
in the bellows  sidewalls (Figure 3a). To simulate the hydraulic
loading that will result when compressing the bellows, a variable
maximum pressure from 0 to 100 kPa was applied to the elements
of the bellows’ interior to represent the fluid pressure on the side-
walls of the bellows actuator. This pressure was increased linearly
with displacement to simulate the output bellows increasing strain
energy and reaction pressure back into the fluid. The bellows’
base was placed under a fixed support boundary condition while a
10 pm displacement was applied to the top of the bellows segment
(Figure 3b inset). The model was densely meshed with four ele-
ments through the thickness resulting in over 1.2 million nodes.

This ANSYS model was primarily used to explore the effect
of sidewall thickness and internal fluid pressure on the input
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bellows’ stiffness, as well as the resulting stresses that occur with
applied deformations. As shown in Figure 3b, the effective stiff-
ness of the bellows increases with applied hydraulic pressure.
This pressure is important because the fluid pressure will ulti-
mately be used to drive the output bellows and must overcome
the intrinsic stiffness in these output bellows to do useful work.
The effect of the bellows’ sidewall stiffness (0.8, 1.0, and 1.2 um)
was also varied in this analysis. It is clear from Figure 3b that the
sidewall thickness has a significant effect on the bellows’ stiff-
ness as expected; a small increase from 1.0 to 1.2 um results in a
nominal stiffness increase over 50% (at negligible hydraulic pres-
sure). While this complex 3D bellows design is not as simple as
the flexural rigidity used to illustrate the effect of sidewall thick-
ness in Figure 1d, this nonlinear trend in compliance is clearly
still present in the finite element results.

The ANSYS model also highlights regions of high equivalent
stress in Figure 3b. The simulated 10 um displacement resulted
in a maximum von Mises stress of 65 MPa for the 1 um wall
thickness design as shown in Figure 3a. This maximum
stress value is near the reported yield stress of this material,
672 +/— 4.7 MPa, found in the literature.’® As a result, some
plastic deformation may be expected if applied displacements
increase beyond this range. Future bellows designs could also
modify these regions to reduce stress. Aside from being ini-
tially compressed, the output bellows structure was designed
with the same geometry, shown in Figure 2e, and therefore was
expected to have the same spring constant and stress.

2.4. Hydraulic Linear Extension Microactuator Testing

The hydraulic microactuators were primarily character-
ized on their force-displacement performance and how this
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Figure 4. Results from force-displacement experiments on the linear extension actuator. In all plots, the mean and standard deviation are plotted with
lines and shading respectively. Increasing applied displacements are marked with a solid line while decreasing applied displacements are noted with
a dotted line. a) 10 cycles each of five different input displacements (10, 20, 30, 40, and 50 um) are applied. b) After the 50 cycles applied in (a), the
force sensor probe is adjusted to the new zero force condition marked with a star after the actuator plastically deforms. 5 cycles each of three different
input displacements (10, 20, and 30 um) are applied from this new zero position showing consistent behavior. c) 5 further cycles each of two different
input displacements (40 and 50 um) are applied from the new ‘0’ position showing both consistent behavior but also increased stiffness at larger
displacements as the bellows sidewalls come into contact. d) The 30 um displacements in (b) are compared to 5 cycles each of 30 um displacements
measured from three more printed actuators (Devices 2—4) and 4 cycles of 30 um displacements measured from one more printed actuator (Device
5). The zero position of Devices 2-5 was reset after each cycle. Insets in (b—d) indicate calculated energy loss from the relevant mean actuation cycle.

performance changed over actuation cycles and across devices.
In this case, forces on the input bellows were measured along
with the displacement of the input bellows, effectively meas-
uring the stiffness of the microactuator. Input forces and
displacements were quantified with a Femtotools FT-S1000
probe and the Femtotools control system. Knowledge of this
stiffness is critical for future designs that may utilize an elec-
trically driven actuator to deform the input bellows. In addi-
tion, the IP-DIP resin is relatively viscous for a hydraulic
fluid (=2420 mPa sP’)) and as such, it is important to under-
stand various losses in the hydraulic actuation system. Finally,
the output displacement was quantified optically with a Key-
ence VHX-1000 digital microscope with a 2 um uncertainty at
500x magnification.

Data from force-displacement experiments is shown in
Figure 4. Input z-displacement is shown on the x-axis: a 0 pm
displacement indicates a fully expanded input bellows and a
50 um displacement indicates a collapsed input bellows. At the
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maximum tested input displacement of 74 um (not shown in
this figure), the input bellows is fully collapsed and the output
bellows is expanded as shown in Figure 2f. The applied force
as measured by the FemtoTools probe is indicated on the y-axis
with an estimated uncertainty of 10 uN.

To explore how stiffness and energy lost in the actuator
changes over cycles and displacements, 10 actuation cycles each
were applied to the actuator starting with 10 um displacements
and increasing to 50 um displacement inputs in increments of
10 um. This resulted in 50 total cycles applied to the actuator.
The mean (line) and standard deviation (shading) of these
results are provided in Figure 4a. All 50 cycles were started
from the same 0 position as referenced from the FemtoTools
probe. However, it is clear that the displacement at which the
probe starts applying force to the bellows increases as more
cycles are applied to the actuator. We hypothesize that this is
due primarily to plastic deformation in the printed bellows but
also due to ‘unsticking’ observed under the microscope in the
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output bellows over the first several cycles. This unsticking
behavior can be observed in the first 6 s of Video S2 (Sup-
porting Information) and the first cycle plot in Figure S1b (Sup-
porting Information).

This hypothesis is supported by the data in Figures 4b,c.
Figure 4b shows data from 15 more cycles (5 cycles each of 10,
20, and 30 um displacements) applied to the actuator after the
original 50 cycles in Figure 4a. The star represents the new zero
position (14 pm) captured after the final cycle in the previous
plot. In this dataset, the starting position no longer changes
after each cycle. Similarly, Figure 4c shows data from a further
10 cycles (5 cycles each of 40 and 50 um displacements). The
starting position no longer changes over these cycles either.
This data indicates that the actuator has relatively consistent
behavior after some number of ‘break-in’ cycles (in this case,
the 50 cycles applied in Figure 4a).

There are several other notable features of the device perfor-
mance found in these two figures including repeatability and
changes in stiffness. As can be seen in Figure 4b, the mean
standard deviation across all of these cycles is small (22.6, 18.1,
and 18.6 UN across the loading curves for 10, 20, and 30 pm
respectively) and close to the uncertainty of the force sensor,
10 uN. The larger standard deviation seen in Figure 4a is due
largely to the break-in process. In addition, the stiffness calcu-
lated from the slope of the loading curves (solid line) is con-
sistent across all 15 cycles with 21.3, 20.4, and 21.5 N m™! for
10, 20, and 30 pwm displacements, respectively. However, in
Figure 4c, the stiffness increases dramatically at larger applied
displacements of 40 and 50 um from the new starting position
due to contact between the bellows sidewalls. This increase was
not observed in Figure 4a because the maximum displacements
from the ‘true’ zero position were < 40 um.

In addition, the hysteresis and resulting energy lost during
an actuation cycle increases as the displacement increases.
When redirecting forces via hydraulic fluid, we also expect a
reduction in energy at the output due to the strain energy stored
in the bellows material. Ideally, the majority of this energy can
be utilized to return the actuator to its original position, with
minor losses due to viscoelastic and fluidic losses, but high
viscosity at small scales is a concern. Detailed quantification of
these various losses is outside the intended scope of this paper
but the total loss is evidenced in the force-displacement curves
of Figure 4. From this data, the energy lost at a 10 pm displace-
ment is found to be 0.31 nJ, which is approximately 24% of the
mean maximum input energy of 1.3 nJ. In contrast, the energy
lost over a 30 um displacement is approximately 4.0 n] that rep-
resents 38% of the maximum input energy of 10.6 nJ. Clearly
this energy loss would not be ideal for high frequency actuators,
but is not unreasonable for anticipated low duty cycles for this
type of robotic soft actuator. Moreover this could be reduced if a
less viscous hydraulic fluid could be realized.

To evaluate variation across multiple printed actuators, four
additional actuators were printed concurrently with identical
print parameters and were compared to the first device charac-
terized in Figures 4a—c. Figure 4d shows the force-displacement
measurements of all five actuators with applied displacements
of 30 pm. While there were no break-in cycles applied to devices
2-5, device 1 is plotted with the same data found in Figure 4b
after 60 break-in cycles. The data is relatively consistent across
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devices, but it is interesting to note that devices 2-5 show a
slightly larger stiffness. This larger slope in force-displacement
is consistent in devices 3 and 4 and reduces at larger displace-
ments in devices 2 and 5. These results are consistent with the
previous observation that the output bellows can stick to itself
during the first several cycles resulting in higher observed stiff-
ness in early cycles.

Though direct internal pressure would be challenging to
measure in this setup, by combining the finite element simula-
tion and experimental data we can infer the magnitude of the
hydraulic pressure in the system. The value of this pressure was
calculated from a second order fit of simulated results (1 um side-
wall thickness) in Figure 3b. The average slope of the 0 — 30 um
curve in Figure 4b is calculated at 21.5 N m™. This is represented
with the purple marker in Figure 3b and corresponds to an esti-
mated fluid pressure of 31 kPa. Running the ANSYS model with
this calculated internal pressure matches the experimental force
required to displace the bellows 30 um. This estimated pressure
is similar in magnitude to the aforementioned pressures meas-
ured in Eratigena atrica spider legs of 50 kPa for comparison.?3!
These results indicate that the model is a good representation of
the fabricated micro-hydraulic actuator.

Output measurements taken from a video of the horizon-
tally oriented output bellows were quantified utilizing the pro-
prietary system software packaged with the Keyence digital
microscope. This output displacement is shown progressively
in Figure 2f. The maximum output displacement measured for
this design ((Extended length) - (Initial length) in Figure 2f)
was 73 + 2 um. This displacement represents >100% of the bel-
lows’ 70 um initial length demonstrating that actuator relative
displacement is on the order of one body length.

Finally, given the use of the photosensitive resin as the
hydraulic fluid, we also tested how the actuator would perform
over time when exposed to typical laboratory lighting condi-
tions. Previous experiments showed that exposure to 390 nm
UV light for < 30 min was enough to fully cure the actuator
thereby negating its functionality. Force-displacement data was
captured for a separately printed actuator exposed to both fluo-
rescent and incandescent lighting (measured light spectrum
and force-displacement data can be found in Supporting Infor-
mation). The incandescent source was chosen for its broad,
relatively uniform, range of optical wavelengths. Not surpris-
ingly, given the minimal exposure to the 390nm light needed
to cure the photoresist, very little change was observed in force-
displacement data measured immediately after printing, and
after 2, 4, and 6 days of light exposure. Based on this data, the
internal resin appears to undergo insignificant change after
prolonged exposure to laboratory lighting.

2.5. Hydraulic Lateral Bending Microactuator
Design and Testing

In addition to the extension actuator design described above,
lateral actuators were also designed for testing. These lateral
actuators (Figure 5a—c) constrain one side of the output bel-
lows resulting in lateral bending when internal fluid pressure
is applied through compression of the input bellows. This is a
very similar design to many soft actuators in the literature.>%>
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3D Model

Lateral Actuator

Soft Gripper

Unactuated
b.

Actuated

Figure 5. Design and results from the lateral bending microactuator and soft microgrippers. a) a 3D model of the lateral microactuator, b) top-down
view of the lateral microactuator as printed, c) top-down view of the lateral microactuator when actuated on a probe station, d) 3D model of the
opposing lateral microactuators in a gripper configuration, e) a top-down view of the normally open soft microgripper as printed, f) the normally open
microgripper model and g) the same design gripping a sphere positioned by a linear extension actuator on a probe station.

The input bellows was the same design as that used in the
extensional actuator design.

Similar to the extension actuator, the resin shell thick-
ness was printed with a designed wall thickness of 1 pm and
thicker walls were used in the base structure that connects
the input bellows and the lateral actuator. As the individual
sections expand they push against one another resulting in a
asymmetric expansion on one side (Figure 5b,c). It should be
noted that the printed lateral actuator (Figure 5b) curves after
printing and is not straight as designed (Figure 5a) due to non-
uniform polymer shrinkage as the polymer cures and develops.
Once quantified for this geometry, this effect could be easily
compensated for in the initial design with a reverse curvature.

The lateral actuators were also designed with a 50 um diam-
eter input bellows and when actuated with a 50 pm input dis-
placement, the lateral actuator tip (indicated by the red dot in
Figure 5b,c) displaced a total of 33 um from its released deflec-
tion. Force-displacement curves were not measured for this
actuator, but similar issues with sticking between the expansive
portion of the output bellows were observed. Successful dem-
onstration of the lateral design was achieved in the first itera-
tion based on lessons learned while designing and printing the
linear extension actuators.

2.6. Soft Robotic Microgrippers

Two separate soft robotic microgrippers were fabricated using
combinations of lateral actuators and linear extension actuators.
The first design used two lateral actuators operating in opposite
directions (Figure 5d-f). This microgripper was designed in
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a ‘normally open’ configuration in which an applied displace-
ment to the input bellows moves the tips of the lateral actuators
closer to each other. From the previous section, the free dis-
placement of a single lateral actuator was measured at 33 um.
To ensure reasonable gripping force when the opposing actua-
tors were actuated, the gap between the two actuator tips was
designed at 24 pum. As in the extensional actuators, we observed
hysteresis in the first cycle of force-displacement data, indi-
cating sticking in the proximal external surfaces during the first
actuation cycle. This microgripper is shown gripping a sphere
while actuated in Figure 5g.

A separate microgripper system is shown in Figure 6. This
microgripper was printed in a ‘normally closed’ configuration
in which applied displacement to the input bellows would move
the actuator tips away from each other. The benefit of this con-
figuration is that a grip can be maintained even without displace-
ment applied to the input bellows and is similar to the work
shown with an actual spider being used as a microgripper in
[40]. Similar to the previous system, a 30 um sphere was printed
at the end of a linear extension actuator. This actuator was used
to manipulate and apply forces to the sphere with respect to
the microgripper (Figure 6a). In Figures 6b,c, we show that the
sphere cannot be forced into the microgripper when the gripper
is not actuated open; the linear extension actuator buckles as the
grippers cannot be forced open. In Figures 6d-g, we show that
the normally closed grippers can be opened to capture and grip
the sphere. Force is then applied to pull the sphere out of the
microgripper by releasing the micro-hydraulic actuator control-
ling the sphere position. Figure 6g shows the microgripper with
no displacement applied to either the microgripper or the linear
extension actuator, and the sphere remains captured.
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FemtoTools probe
Input
bellows for

positioning .
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l‘r ’s'_

un&‘-

Output bellows for
positioning

Input bellows for
gripper control
using second probe
(not shown)

P
Normally-g{gsed gripper

Figure 6. Test results from the normally closed gripper design. a) A microscope image of the microgripper shows the linear actuator printed with a
sphere at the end of its output bellows adjacent to (but not inserted into) the normally closed microgripper end effector. b,c) Input displacement is
applied to the linear actuator, but due to the normally closed microgripper design, the output bellows of the linear actuator buckles. d—f) A second probe
applied an input displacement to the microgripper input bellows while the sphere was actuated into the gripper. The input displacement on the sphere
actuator was then released, demonstrating that the microgripper can resist the restoring force from this output bellows. g) A wider view of the captured
sphere with zero external input applied to either the linear actuator or the microgripper. A video of this sequence is provided in Supporting Information.

The grip force of this normally closed design can be esti-
mated from the position of the linear actuator controlling
the sphere, which was previously characterized in Figure 4d.
Assuming that the force at the output bellows is similar to
that measured from the input bellows on the return cycle, we
estimate that the actuator controlling the sphere position was
applying a force on the sphere of approximately 200 — 300 uN
given the displacement of 15 — 20 um. This is very similar to
the peak grip force of 350 UN measured from a dead spider
when pressurized in [40]. A relatively high estimated grip force,
despite the significantly smaller size of the soft robotic micro-
gripper in comparison to the spider, also provides some valida-
tion to the scaling analysis described in [40].

Both of these designs demonstrate the feasibility of a 3D
soft hydraulic robotic system at only = 150 um in length scale.
While the microgrippers in this work were built from two lat-
eral actuators, three or more opposing lateral actuators could
be combined to provide a 3D microgripper. Such a soft robotic
system could eventually be used in cellular manipulation or
possibly micro-surgery.

2.7. Discussion and Conclusion
This work advances the limits of soft microrobotics by com-

bining the current state of the art in microscale 2PP 3D
printing with novel design and fabrication. The feature resolu-
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tion of 2PP techniques is small enough to allow for compliant
geometries from stiff materials more commonly seen in the 2D
MEMS community. These small feature sizes allow rigid mate-
rials to behave more like soft materials as seen in the imaged
lycosid exoskeleton joint. The ability to print in 3D also enables
printing fully enclosed fluidic volumes enabling hydraulic actu-
ation without filling or interfacing to another fluid source. We
have shown that an uncured resin can act as a viable hydraulic
fluid and can actuate in a way inspired by the spider joint exo-
skeletons imaged as part of this study.

While these results provide an exciting demonstra-
tion of microscale hydraulic actuation, the materials used
still impose limits on the applications and can be further
improved. In particular, the high viscosity of the IP-DIP resin
as a hydraulic fluid in the small channels contributes to the
hysteresis in the data plots. The specific frequency response
was not characterized in this study due to the limited speeds
provided by the experimental setup, but bandwidth is
expected to be very low. It became apparent that one trade-
off with this actuation approach is the relatively slow opera-
tion compared to other MEMS actuators using electrostatic
or piezoelectric transduction. Faster and more efficient actua-
tors could be made with a less viscous resin, and we expect
that these results can be substantially improved as new
resins become available. For example, Nanoscribe’s recently
released low-modulus resin, IP-PDMS, has a modulus of
15.9 MPa and a much lower viscosity of 2 mPa s, close to the
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viscosity of water and very similar to the estimated viscosity
of hemolymph, 0.6 — 3.7 mPa 5.1

In addition, it should be noted that the fabrication process
itself has implications beyond hydraulic actuation for soft
microrobotics. Capturing printing resin as a hydraulic fluid
could be useful in scaling down microfluidic logic as previ-
ously demonstrated in [59, 61, 62]. Similarly, this embedded
hydraulic fluid can be advantageous toward scaling down
recent results on novel soft electrically controlled pumps.®¥ In
general, electrical transduction methods could be made com-
patible with this 3D printing process by adding a metallization
step as previously demonstrated in [64]. Overall, this work pro-
vides a path forward for 3D printed hydraulic microsystems,
including microrobotics.

3. Experimental Section

Micro CT Imaging: The internal structure of the spider legs was
scanned with the ZEISS Xradia 510 Versa. The leg joints were prepared
by staining the spider legs in iodine solution, encasing into Devcon
5 min epoxy and mounting the leg to a 3 mm diameter wooden stick.
A video of the micro CT imaging has been included in the Supporting
Information.

File Preparation with 2PP: The structures were modeled in
Autodesk Inventor and SolidWorks and fabricated using two-photon
polymerization (2PP) on a Nanoscribe Photonic Professional 3D printer
from a standard STL file common to additive manufacturing (Figure 2).
The STL file was prepared in Describe software to interface with the 2PP
printer. The printer fabricates a 3D model in slices by laser curing each
slice in a 2D plane from a drop of photo-curable resin referred to as
IP-DIP by Nanoscribe.

2PP Fabrication: Microfabrication was carried out using a Photonic
Professional GT system (Nanoscribe GmbH) using the IP-DIP
photoresist. All geometries were patterned on fused silica slides using a
63X objective. Fabrication was performed in the dip-in laser lithography
(DiLL) configuration, using galvo-mode with a laser power of 22.5 mW,
10 mm s~ writing speed, and a hatching and slicing distance of 300 nm.
Fabricated parts were developed in subsequent Propylene glycol methyl
ether acetate (PGMEA) and isopropyl alcohol (IPA) baths for 5 min each
to remove uncured resist from the outer surfaces.

Microactuator ~Characterization: FemtoTools Microforce Sensing
Probes were used in combination with the FT-FS1000/FT-RS1000
micromechanical testing systems to apply and measure the forces on
the input bellows. The devices were imaged on a Keyence VHX-1000
digital microscope. An uncertainty of 9.9 UN was calculated from the
standard deviation of 2000 data points captured from the FemtoTools
sensor signal under no load. This includes uncertainty from the sensor
itself and any noise from the wiring and interface. A Keyence VHX-
1000 microscrope with a 50-500x objective was utilize for its 100 mm
working distance. The relative distance measurements were taken from
the images using Keyence XY Measurement Software VHX-H1M1 v. 1.0.
The uncertainty of the Keyence measurement output was 2 m at 500x
magnification given the test setup and microscope lighting conditions.

Optical Spectrum Characterization: Florescent and incandescent light
sources were measured independently with a Spectral Products SM442
Spectrometers with counts over a 400 ms integration time. The sensor
manufacturer’s stated sensitivity is 160 Ix s over a spectral range of
200-1050nm. The specific wavelength of concern for the Nanoscribe
IP-DIP resin is 390 nm (the 2PP interaction wavelength). The power
density from the incandescent source at 60 cm was calculated to be
13.2 £ 04 W m™' at the location of the bellows structure assuming
uniform spherically radial power density. For an area of 150 um x
150 um, this would result in an absorbed energy of approximately
150 mJ over the full spectrum after the 6 days of testing from the
incandescent light source.
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