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Available online 23 January 2019 been shown in simulation. Building viable prototypes to test these hypotheses, however,

has proven challenging. In this paper, we describe a candidate system for constructing

53/\%?;?;'\,\,3\,65 structural airfoils and hydrofoils with embedded electromagnetic actuators for driving high
Separation control velocity traveling waves. Our approach relies on the fabrication of planar substrates which
Distributed actuation are populated with electromagnetic components and then folded into a prescribed three
Origami dimensional structure with actuators embedded. We first specify performance character-

istics based on hydrodynamic requirements. We then describe the fabrication of fiber-
reinforced polymer composite substrates with prescribed folding patterns to dictate three
dimensional shape. We detail the development of a miniaturized single-phase linear motor
which is compatible with this approach. Finally, we compare the predicted and measured
force produced by these linear motors and plot trajectories for a 200 Hz driving frequency.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Both computational and experimental work has grown around the use of small amplitude traveling waves on aerody-
namic or hydrodynamic surfaces for boundary layer control and drag reduction. This work has demonstrated significant
drag reductions over a wide range of Reynolds numbers so long as the wave speed moderately exceeds the free stream
speed (Shen et al., 2003; Wu et al., 2007; Xu et al.,, 2017; Chen et al., 2018; Yao et al., 2010; Triantafyllou et al., 2005). In
these cases, the energy required to drive the traveling waves can be made to be significantly less than the energy savings
from drag reduction. Despite these results, fabricating viable high-speed traveling waves on aerodynamic surfaces remains
a great challenge. This work investigates performance of structural systems with distributed aerodynamic actuation made
using origami-inspired methods of cutting and folding fiber-reinforced composites. Such systems could be designed as airfoil
sections, ship hulls, vehicle fairings, or automobile panels, potentially providing drag reduction and energy savings for these
applications.

Origami-inspired fabrication methods have enjoyed considerable success in micro-robotics, where the scale of actuators
and assemblies prevents manual assembly (Wood et al., 2008). These techniques leverage CNC fabrication and lamination
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Fig. 1. Traveling wave elements included near the 3/4 chord position of a foil. (A) Exploded side view, (B) Exploded perspective view, (C) Assembled
perspective view.

techniques similar to those used in printed circuit board manufacturing. Typically a sequence of cutting, consolidation, and
curing steps is used to produce a laminate with fiber-reinforced members joined by flexible hinge elements with integrated
actuation and electrical interconnect. Micro-robots produced this way have been shown operable at hundreds of hertz (Ma
et al.,, 2013), and capable of using a variety of actuation (e.g. piezoelectric Jafferis et al., 2016, dielectric elastomer Duduta
et al,, 2017, electromagnetic Goldberg et al., 2014, shape memory alloy Felton et al., 2015, and fluidic Li et al., 2017) and
sensing (Araromi et al., 2017; Jayaram et al., 2018; Brithwiler et al., 2015; Shin et al., 2014; Sun et al., 2015) technologies.
Further, the folding mechanisms specified by hinge patterns not only create effective transmissions for motion (McClintock
etal.,,2018)and be made self-folding (Felton et al., 2014 ), but also can be used to simplify delicate three dimensional assembly
tasks (Onal et al., 2015; Ma et al., 2015; Onal et al., 2011) to repeatably produce robots with minimal manual assembly.

Origami-inspired methods have also been used at a larger scale to create high-performance structural materials. Honey-
combs like those used in lightweight sandwich panels can be directly produced with a specified three-dimensional shape by
simply specifying a pattern of two-dimensional cuts and folds (Nojima and Saito, 2006; Saito et al., 2014), thus avoiding
costly and imprecise machining of honeycombs. This construction has shown potential for scalable production (Calisch
and Gershenfeld, 2018b; Wang et al., 2017), and related constructions have already been demonstrated at commercial
scales (Pflug et al,, 2004, 2003; Pflug, 2016; Heimbs, 2013). Further, folding mechanics can be used to tailor material
properties (Calisch and Gershenfeld, 2018a; Eidini and Paulino, 2015; Filipov et al., 2015; Neville et al., 2016) over a range
of mechanical performance.

This work seeks to leverage these two bodies of work to address the challenge of constructing high-performance
structural systems with distributed actuation of traveling surface waves. In what follows, we first characterize the desired
performance of a distributed actuation system based on hydrodynamic arguments. We then detail our construction
approach, starting with the fabrication of a fiber-reinforced substrate with prescribed hinge lines. We then describe the
development of an electromagnetic linear motor which functions when its components are populated onto the substrate,
and outline assembly steps for a complete system prototype. Finally, we compare measured forces with simulation and verify
high frequency operation.

2. Materials and methods
2.1. Fluid mechanical actuation specifications

We begin by developing a set of specifications for a distributed actuation system for driving traveling waves on a
hydrodynamic surface. For the characteristics of a desired wave shape, we reference the study of Shen et al. (2003) for
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Reynolds number Re = UX/v & 10%. We use three parameters to specify the wave shape: the amplitude a, the wavelength
A and the wall motion phase speed c. The actuation frequency f of the actuators is derived as f = c/A.

The literature uses the wave number (k = 27 /A) times the amplitude to specify the wave steepness. Studies suggest
values of ka of the order of 0.2 are appropriate. The wave speed is similarly prescribed by the dimensionless ratio c/U,
where U is the free stream flow velocity. When this ratio is made greater than 1, separation is eliminated and the wall waves
generate a thrust. At c/U ~ 1.2, energy optimality has been observed, as the power required to actuate the wall plus the
power saved due to drag reduction is minimal. The choice of the wavelength is a tradeoff between actuator manufacturing
constraints and fluid mechanic considerations.

To satisfy values from the literature and be within the constraints of a feasible actuator to design, we select an amplitude
a = 1 mm, a wavelength A = 20 mm, and frequency f = 60 Hz. This gives a wave steepness of .314 and allocates four
actuators per wavelength if each requires 5 mm of chordwise extent. With a freestream velocity U &~ 1 m/s and a chord of
0.15 m, this gives c/U ~ 1.2 and chordwise Re ~ 7.5 x 10%,

To estimate the force requirements, we consider only force normal to the wall and assume a worst case estimate
of actuating the suction side with maximal acceleration under the maximum pressure and inertial forces. Assuming a
hexagonal packing of actuators with half-cell-span of 5 mm as above, each actuator is responsible for a surface patch of
area A = 100 mm?. Numerical simulation provides a pressure coefficient of 0.06, leading to 30 Pa pressure. A typical
hydrodynamic pressure is around 500 Pa. The total force produced by these pressures is around 53 mN.

To calculate the inertial forces, we must consider the actuator inertia and the fluid added mass. In general, the added
mass in such a case of connected moving walls is not constant. In the case where the region under consideration has a small
chordwise extent relative to A, the force due to added mass can be written as F = pakA(c —U)?. For the parameters identified
above, this added mass force is on the order of 1 mN (but increases greatly at larger values of c/U). Assuming a moving mass
of 100 mg, the total required inertial force to operate at 60 Hz is roughly 15 mN. This gives a total force requirement of
roughly 70 mN.

2.2. Construction

In this section we detail the design and fabrication of our candidate structural system with distributed actuation for
traveling surface waves. We first show a method of producing stiff, fiber-reinforced composites with prescribed compliant
hinge lines. We then describe a miniaturized, single-phase linear motor, suitable for embedding in a structure to produce
traveling waves. Finally, we detail assembly steps of this construction, showing how folding allows much of the work to be
done in a flat state, making the process more repeatable and amenable to automation.

2.2.1. Composite construction

To fabricate fiber-reinforced composites with prescribed hinge lines, we use a method similar to one commonly used in
microrobotics (c.f. Wood et al., 2008) where sheets of resin-impregnated carbon fiber are cut and then bonded to a polymer
layer (often Kapton or PET). In regions where the fiber reinforcements have been removed, only the polymer layer remains,
forming a compliant, robust hinge. Hinge cycle lifetimes approaching 107 have been shown in microrobotics applications
with significant angular deflection, and an exponential relationship between hinge bending length and cycle life has been
identified (Malka et al., 2014). At larger scales where hinge lengths can be greater and angular deflections can be smaller,
significantly increased lifetimes are expected and indefinite operation may be attained by staying below the material fatigue
limit.

Our fabrication process is shown in Fig. 2. In Fig. 2a, a stack of resin-impregnated carbon fiber layers is cut with an
oscillating knife on a flatbed cutting machine. The stack consists of three layers of unidirectional carbon with a 0-90-0 layup
schedule. This cutting step removes hinge lines with a width of approximately 400 wm. Next in Fig. 2b, the carbon layer is
placed between two sheets of 12 wm PET film and cured under a vacuum bag at 200 °C for two hours. In Fig. 2c, this cured
laminate is optically registered on the flatbed cutting machine and cut again using an oscillating knife to form registration
features and an outline. The composite strips produced in one cycle are shown in Fig. 2d. A scan of a single strip is shown
in Fig. 2e and a microscope image of two hinge lines is shown in Fig. 2f. For this prototype, the finished thickness of carbon
fiber layers was roughly 150 wm, while the combined PET hinge layer thickness was 25 pm.

In microrobotics applications, the polymer layer is usually sandwiched between two layers of fiber reinforcement to
minimize its required bending radius. In larger scale applications with wider hinges, a single layer of fiber reinforcement can
be sandwiched by two polymer layers. The wider hinge maintains safe polymer bending radii, and placing the continuous
polymer layers outside of the fiber reinforcement layer makes the resulting structure more robust to delamination. As resin-
impregnated carbon fiber sheets are usually available in substantially thicker dimensions than polymers like PET, this layer
inversion allows for thinner resulting laminates. Finally, when a polymer is sandwiched by two fiber layers that have been
precisely machined, alignment of these layers is tantamount. With a single machined fiber layer, no alignment is necessary,
simplifying the fabrication process.

When assembled, the strip produced in Fig. 2 will form one layer of a hexagonal-celled honeycomb with integrated
actuators and flexure bearings (one of the units pictured in Fig. 1a). The physical example produced here has a uniform size,
and so the resulting honeycomb will have a constant thickness. To produce honeycombs filling a desired shape, however,
we can apply the geometric derivations of Calisch and Gershenfeld (2018b) or Saito et al. (2014) to contour a given shape
such as the foil shape shown in Fig. 1.
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Fig. 2. Fabrication of fiber-reinforced polymer composite laminates. (A) Cutting resin-impregnated carbon fiber using oscillating knife to form hinges, (B)
Curing resin-impregnated carbon fiber between two sheets of 12 um PET film, (C) Optically registering and cutting cured laminate using oscillating knife,
(D) Batch of fiber-reinforced parts produced, (E) Optical scan of part, showing clear hinges void of fiber reinforcement, (F) Microscope image of two incident
hinge lines.

2.2.2. Linear motors

To actuate the traveling waves, we now describe the design of a small, single phase linear motor ideal for embedding in
folded structures. Linear motors often use three phases to extend actuation forces to large strokes, but because the required
amplitudes for this application are only on the order of one millimeter, we use a single phase to simplify driving and wiring
requirements and miniaturize the size of the actuator. As a large number of these actuators are required, we selected an “E”
core shape which can be wound simply and fits inside a hexagonal honeycomb cell efficiently. Further, this core design can
be parameterized easily to include any number N > 2 of electrical poles, where the force produced scales linearly with the
number of poles (assuming the number of magnetic poles is always N — 1).

In Fig. 3, we show the fabrication of these linear motors. First, in Fig. 3a, core shapes are cut from round stock of Vimvar,
a relatively inexpensive electrical iron with high permeability (i, ~ 10,000), high saturation induction (B; ~ 2.1T). Two
wire cuts are make at 90 degrees from each other, enabling three dimensional features and producing many cores in a single
machining operation. In Fig. 3b, the produced magnetic cores are parted off and prepared for winding with 34 AWG magnet
wire. A custom-built precision coil winder head is used to lay two opposing coils of 90 wraps each. The coil winder uses a
Luer-Lok dispensing tip for accurate magnet wire placement and high packing density, shown in Fig. 3c. The coil winding
head allows the coils to be placed automatically, requiring operator intervention only when starting or finishing a coil. This
significantly decreases the time required to wind a core and reduces error and inconsistencies in the actuator construction.
The coils are heat-set using a hot air gun and the wire ends are terminated and wrapped around a central winding guide
made of paper phenolic, shown in Fig. 3d. These terminations can be tinned with a standard soldering iron and connected
with the copper traces used in our construction, shown in Fig. 3e and f.

These wound cores constitute the stator of our linear motor. The rotor consists of two Neodymium permanent magnets
(N50,3 mm x 3 mm x 0.5 mm) magnetized through thickness and oriented with opposite polarity. A wedge of Vimvar acts
as a backiron flux return for this magnet pair. When the phase is energized with current, magnetic flux is directed alternately
in and out of the legs of the magnetic core. This produces a force on the rotor that seeks to align the field of produced by
the permanent magnets with that of the magnetic core. By alternating the direction of current periodically, the rotor can be
made to oscillate at the driving frequency.

2.2.3. Assembly
To create a functional unit, fiber-reinforced composite substrates and the magnetic components of the linear motor
are combined in a set of assembly steps, shown in Fig. 4. In Fig. 4a, the wound magnetic cores, magnets, and back-iron
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Fig. 3. (A) Electric discharge machining cores from round Vimvar stock, (B) Released cores with winding clamp, (C) Core during winding, (D) Wound core
with terminations (U.S. Quarter coin for scale), (E) Wound core placed in honeycomb scaffolding, (F) Wound core soldered for electrical connection.

components are populated on the composite substrate while in the flat state. This step is currently performed manually, but
can be automated in much the same manner as industrial PCB manufacturing for high production rates.

In Fig. 4b, a wiring strip is attached using the magnetic cores for alignment, constraining the corrugation hinges
and supplying soldered electrical connection to the motors. The wiring strips are produced using a simplified flex-PCB
manufacturing process, where adhesive-backed copper foil is kiss-cut and transferred to 125 wm Garolite G10. The copper
traces are optically registered, and additional features and an outline are cut. Again, while soldering was performed manually,
this is amenable to reflow or wave soldering such as is used in industrial PCB manufacturing. At this stage, a skin strip
is attached with cyanoacrylate glue, using magnet edges for registration. This skin strips are made with the same fiber-
reinforced composite process described above, but with a overall thickness of roughly 100 pwm.

In Fig. 4c, the magnets and back-iron components are brought together with the aid of attractive forces, assembling the
flexure bearings for the linear motors. This connection is strengthened with cyanoacrylate glue, completing the assembly of
a full strip unit. Multiple units can be assembled to create a honeycomb with embedded linear actuators. The stator of one
unit align with the rotor of an adjacent unit, loading the flexure bearings in tension and setting a consistent air gap (roughly
800 wm in the prototype shown in Fig. 4). The skin strips of each row overlaps slightly with that of the adjacent row. These
skins are bonded and covered with adhesive-backed PET (50 pm thickness) to create a smooth hydrodynamic surface.

3. Results

This section describes characterization results to ensure the produced force and frequencies meet the requirements of a
hydrodynamic traveling wave application.

3.1. Force

To evaluate force produced by the linear motors, we compare finite element simulation and experimental testing. The
simulations were performed using COMSOL Multiphysics (COMSOL Inc, 0000). Fig. 5 shows one simulation, with flux
intensity and direction drawn for a linear motor in minimum (5a) and maximum (5b) configurations of the stroke when
the phase current is one ampere. In Fig. 53, the field of the permanent magnets opposes the field produced by the coils, and
flux seeks alternate paths than the iron core. In Fig. 5b, the two flux distributions are aligned, providing a low reluctance
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Fig. 4. Assembly steps. (A) Populate wound cores, magnets, and back-iron components, (B) Apply electrical routing and skin strips to constrain corrugation
hinge angles, (C) Bring magnets and back-iron components together to complete flexure bearing, (D) Multiple row units are stacked, (E) Skin strips lap and
are joined into a continuous aerodynamic skin.

Fig. 5. Simulated flux intensity (colormap) and direction (arrows) under positive current of 1 A. (A) A negative most stroke limit, (B) At positive most stroke
limit.

magnetic circuit through the core. To simulate these effects, we assumed a planar flux distribution and ran a two-dimensional
simulation, significantly lowering the computational burden. While the flux distributions are largely planar, this neglects
fringing fields. Thus we expect simulations to slightly overestimate force produced but roughly preserve dependence on
geometric parameters.

We simulated flux distributions and resulting force on the rotor for a range of coil currents, stroke positions, and core
geometries. These studies indicated the size of the back-iron was significant in increasing actuator force but also in the
moving mass. For these reasons, we designed the triangular back-iron shown in Fig. 5, which limits magnetic saturation
while avoiding unnecessary moving mass.
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Fig. 6. Test setup for force measurement on material characterization machine. (A) Perspective view, showing 5N load cell, flexure for transmitting force,
linear stages, and power wiring. (B) Side view, showing prescribed gap between magnetic core and magnets.
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Fig. 7. (A) Two-dimensional simulation and (B) measured force with 800 pwm air gap.
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To compare simulated values with our physical prototypes, we measured force using a materials characterization machine
(Instron 4411) with 5 N load cell, shown in Fig. 6. We used linear slides to precisely position the rotor and stator and
transmitted force to the load cell using a Garolite flexure to avoid off-axis loads.

Fig. 7 plots force vs. stroke and current for simulated and measured actuators with an 800 wm air gap. Deviations from
a planar flux distribution are responsible for roughly 20% reduction in peak force at 1 A phase current. We note that 800
jLm is a conservative air gap, selected because smaller air gaps deformed rotor flexure under attractive forces. With a stiffer
rotor, smaller air gaps could increase force without significantly increasing moving mass. Despite this, the force magnitudes
comfortably exceed the fluid mechanical requirements derived in Section 2.

3.2. Frequency

To characterize the high frequency operation of our actuators, we performed simple trials with square wave drive inputs
of varying frequency using a single actuator with no skin attached. In a fully assembled honeycomb, the rotor travel is limited
by the adjacent strip units, but to test variable travel limits, we implemented physical end stops using aluminum bars in these
high frequency trials.

Fig. 8 shows the results of sending a 200 Hz driving frequency to the actuator with a current limit of approximately 1 A.
The resulting trajectory was recorded using a high speed video camera (Krontech Chronos 1.4) at 3000 frames per second.
We used video tracking software (Physlets Tracker) to extract the trajectory and plot it in Fig. 8b. This simple test shows that
our actuator is capable of driving its rotor at 200 Hz with an amplitude of approximately 1.2 mm.
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Fig. 8. 200 Hz operation: (A) Video with motion tracking, (B) Extracted trajectory.

4. Conclusions

We detailed a candidate system for fabricating foils with driven traveling surface waves. Studies suggest that traveling
waves can eliminate separation and significantly reduce drag if wave speed moderately exceeds free stream speed,
but building physical prototypes meeting these requirements has proven difficult. The origami-inspired manufacturing
techniques described above produce structures with embedded actuation, motion guides, wiring, and structural support
that may realize this engineering challenge.

In this work, we first estimated wave parameters based on hydrodynamics and developed a specification for force,
frequency, and size required of an actuator system. We described a generalizable method for producing fiber-reinforced
panels with prescribed hinge lines, which when populated with electromagnetic components produce shaped volumes with
embedded actuators for driving surface waves. We then simulated and measured performance of our actuation system in
force and frequency. In both metrics, performance showed a safe margin over stated requirements.

With these encouraging preliminary results, there is considerable future work that can improve this distributed actuation
system. First, the performance testing described above was carried out on the level of a single actuator without the
contribution of bending stiffness of a skin and the interactions between adjacent actuator rows. Using fiber alignment and
hinge placement, the skin strips in this work were designed to have much lower bending stiffness in the chordwise direction
than in the spanwise direction. This minimizes the actuator work required to overcome bending stiffness, but this must be
tested. Future work must also address the necessary compliance in mounting skin panels to accommodate the chordwise
geometric effects of the wave amplitude without causing binding of the rotor flexure bearings.

It is expected that future work could considerably improve actuator performance. As mentioned, the air gap used in
measurements was conservative due to deformation of the rotor under smaller air gaps. By stiffening the rotor, smaller gaps
can be used, increasing generated force without significantly increasing moving mass. Further, the drive signals used were
simple current-controlled voltage square waves. Better control would use the actuator transfer function to increase average
force generated while maintaining safe thermal dissipation (the effective limit on driving current).

Finally, an obvious next step is to experimentally verify that the hydrodynamic performance characteristics can be
realized and test hypotheses about traveling waves. If successful, the macroscopic drag reduction effects of traveling waves
could be measured with a load cell, while the elimination of separation and wave-scale phenomena could be visualized using
PIV or other flow visualization techniques. This exciting work is currently an active research effort.
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