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Abstract—Flapping wing insects benefit from a compliant
thorax that provides elastic energy exchange and resiliency to
wing collisions. In this paper, we present a flapping wing robot
that uses an underactuated compliant transmission inspired by
the insect thorax. We developed a novel fabrication method that
combines carbon fiber (CF) laminate and soft robotics fabrica-
tion techniques for transmission construction. The transmission
design is optimized to achieve desired wingstroke requirements
and to allow for independent motion of each wing. We validate
these design choices in bench-top tests measuring transmission
compliance and kinematics. We integrate the transmission with
laminate wings and two types of actuation, demonstrating
elastic energy exchange and limited lift-off capabilities Lastly,
we tested collision mitigation through flapping wing experi-
ments that obstructed the motion of a wing. These experiments
demonstrate that an underactuated compliant, transmission can
provide resilience and robustness to flapping wing robots.

Soft Robot Materials and Design, Elastic Energy Ex-
change, Resonance, Compliant Components.

I. INTRODUCTION

In an effort to develop ever smaller high-performance
flapping-wing micro-aerial vehicles (FWMAVs), roboticists
have looked to flying insects for inspiration [1], [2]. In the
last decade, they have achieved major successes including
controlled tethered [3], [4] and untethered [S]-[7] flight as
well as the integration of sensors [8]-[10]. However, FW-
MAVs continue to be relatively delicate, made of lightweight,
brittle materials in an effort to maximize strength while
minimizing weight. If they are ever to be deployed in the
unpredictable environments of the real world, micro flying
robots will need to become more robust. As the scale of
robots decreases, the space they are working in needs a
higher ability to squeeze, stretch and morph to adapt to a
more complex environment [11].

The compliance of the insect flight anatomy is one factor
that helps insects avoid damage that would otherwise cause
catastrophic failure. Many insects and other arthropods have
highly elastic proteins located in their tendons, wing joints,
and in patches of their exoskeleton [12], [13]. Most flying
insects flap their wings by transmitting the force of powerful
flight muscles through a deformable thorax, which is thought
to reduce flight power requirements via the storage and
release of elastic energy [14]. The functionality of elastic
proteins is not limited to energy storage, however; it also
plays a critical role in the flexibility and deformability of
the exoskeleton and in the reduction of fatigue and damage
in joints, wing veins, and other anatomical elements [13],
[15]. Additionally, elastic elements in the thorax are critical
for coupling the left-right wing motion in a way that en-
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Fig. 1. A 3.6 gram flapping hummingbird-scale robot with soft transmis-
sion. The wing span is 21cm, and the overall dimensions of the robot are
16cm x 16cm when the transmission is in the neutral position.(a) Top view
(b) Front view

ables wing coordination while also allowing for variation of
wingbeat kinematics between left and right wings [16].

Inspired by the elastic elements in insects, and also driven
by the engineering promise of resonant efficiency, roboticists
have incorporated elastic elements in to FWMAVs [17]-[19].
Elastic energy storage and return in the actuation system can
improve flapping wing efficiency [20], and the addition of
flexible passive wing hinges enables wings to generate lift
on both the up- and down-strokes without requiring direct
control of the wing pitch [21]. However, most attempts at
incorporating elastic elements have maintained rigid linkages
between wing and actuator, with a spring in parallel [22].
Thus, the kinematics of the wings are directly coupled to the
kinematics of the actuator(s). This tends to simplify control,
but it also means that any collisions are transmitted directly
back to the actuator. We believe that incorporating further
compliance in the transmission of a FWMAV may lead to
improved resilience and flight performance.

In the following work, we develop a compliant, under-
actuated, transmission for flapping wing robots. The goal
of this transmission is to provide elastic energy exchange
and robustness to collisions for a robot. We first present
a new fabrication method for this transmission and the
full four-winged robot (Fig. 1). Next we perform benchtop
characterization experiments of the components as well as
lift-off and performance measurements of the robot. Lastly,
we discuss the implications of this work and limitations still
to overcome.

II. ROBOT DESIGN

Our robot is comprised of four main elements: 1) a
compliant thorax, 2) a set of four wings, 3) an actuator;
either linear voice coil or rotary DC micro DC motor, and



Fig. 2. Overview of the manufacturing process. (a) The wax mold for the compliant transmission was machined using a 1/32" at end mill in an Othermill
micro-milling machine. (b) The skeleton of the transmission is a laminate constructed from a 5-layer stack of CF, adhesive, and thin, exible polymer (c)
We apply heat and pressure to fuse the laminate, pop out the skeleton, and fold it into the proper shape. (d) The CF internal skeleton was placed into the
mold bed, held in place by small horizontal tabs to prevent misalignment. (e) Mold was lled with silicone (Dragon Skin 30, Smooth-On) using a syringe

to ensure an even |I. After setting completely, the compliant transmission (f) was assembled with the wings (g), actuator (h), and motor chassis (i) into
the completed FWMAV (j).

4) a chassis and legs. An overview of these components anmtion with maximum desired amplitude under the input
the fabrication methods employed can be seen in Figure 2. &ttuation constraints.

the following section we describe the design and fabrication \we ysefmincon () in MATLAB with optimized parame-

of these components. tersas3<Ll ;< 42 2<L,< 5 0<Lg< 5 and initial
conditions set as [5, 8, 3] fdr;, L, andL 3. By optimizing,
A. Transmission we derived the length as [4.2,2.0,0.88], inspection with small

difference, we usé 1.5.3 = [4:2; 2:0; 0:8] as the transmission

1) Kinematic design: To enable wing robustness and, . ; ;
émematlcs coef cients.

mitigate the effects of wing-structure collisions, we selected = i o -
an underactuated transmission design that maps the singldnitially, we designed the transmission out of silicone
linear actuator across a parallel linkage to multiple wingslone, but we found that the lack of rigid structure made
To further illustrate the potential of such an underactuatdVing the system challenging. The actuator tended to de ect
structure, we chose a four-wing con guration (Fig. 3). Thdhe silicone locally, resulting in poor force transmission. The
transmission kinematic design is inspired by the singlesolution was to embed a carbon ber laminate skeleton into
actuator Harvard microrobotic ying insect [23] which usesth® molded silicone (Fig. 3c). To maintain the compliance we
a symmetric dual-four-bar linkage system to generate win@‘)Ught from the 5"!90713, the connection points for th_e wings
motion. The actuator is attached to the central link of thé€mained 100% silicone, while the motor connection was
transmission and drives the four linkages with a periodié',-OO% CF, leading to some series-elasticity between actuator
force signal. The linkage lengths,1, Lo, and L3 were and wings. The resulting kinematics are shown inResults
optimized numerically to maximize wing sweep angle forsection below (Fig 4 b). In fact, we note that adding Silicone
the speci ed actuator stroke (Fig. 3a), and the transmissidf CF+Kapton components has been done before (Rosen et.
was designed to be supported by a CF chassis Cbeessis al. [24]), however in that previous work it was a very light
and structuresection below). coating, not a mold as we present here.

To determine the link lengths for our transmission we 2) Fabrication: The fabrication of our compliant thorax
used numerical optimization to optimize for symmetric wingequired the combination of two different fabrication meth-



Fig. 3. Kinematics and assembly of a compliant “thorax.” (a) Quad-four-bar linkage system that transmits linear actuation to rotational wing motion.
White circles indicate exure joints, green lines indicate wing locations, and the linkage is xed to the chassis on the sides. (b) Details of the linkage,
Ly =4:2mm,L; =2:0 mm,L3 =0:8 mm,W =3:0 mm,H =3:13 mm. (c) Photo of the machined wax mold. (d) Completed transmission with
carbon ber skeleton and Silicone mold.

ods: small-scale, high-precision silicone molding for the elaghe transmission. This ensures that the kapton joints of the
tic components and smart composite manufacturing (SCNiternal skeleton align perfectly with the silicone compliant
methods [25] for the creation of the rigid internal skeletonjoints (Fig. 3c,d).
We developed a hybrid fabrication process inspired by shapeWe tested a range of silicone materials (Dragon Skin 10-
deposition manufacturing [26] that supports exibility at60, Smooth-On). After a series of tests (See Results and
wing joints and structural rigidity in the body elements.  Fig. 5a) we ultimately found that Dragonskin 30 performed

The fabrication of our transmission includes two stepsbest for our purposes. We injected the silicone liquid into
1) we use the SCM method to form the “skeleton” of outhe mold using a syringe with &:8cm diameter nozzle
transmission, and 2) we mold a protective silicone layer oveo |l the space between the CF skeleton and the mold,
the transmission (Fig. 2a-f). The internal skeleton thus dehen degassed the silicone in a vacuum chamber w97
nes the approximate “rigid” kinematics of the transmission,atmospheric pressure lasting fab minutes to remove air
while the protective silicone layer dictates the elasticity obubbles. We then allowed the silicone to cure for 16 hours
the structure and provides a resilient, protective layer. Ibefore removing and testing. The completed transmission
previous work, Zhou & Gravish [27] developed a process fowas released from the mold using tweezers, taking care not
centimeter-scale silicone structures that used milled machit@ damage the silicone (Fig. 2e-f).
wax templates for casting. In the work we extended this
process to incorporate the internal skeleton. B. Wings

The skeleton was fabricated via a typical SCM process
(Fig. 2b-c) wherein 3D models of the laminated transmission 1) Wing Geometryinsect wing shape, size, and structure
were splitinto CF (0.2mm thickness), heat-sensitive adhesiv@ry widely [28]. We chose not to directly mimic any speci ¢
(Pyralux 1500), and kapton (25.4micron, 100HN) exureinsect wing, and instead follow the wing shape of previously
layers and cut using a DPSS laser (DCH Laser, Photonié¢veloped MAVs including the Harvard RoboBee [3] and
Industries). The layers were then aligned and heat pressé&¢ UW Roboy [29]. The wing structure is composed of
(50 psi, 350F, 30 minute ramp up and down, 2 hour hold)transparent thin polymer (3n thickness) supported by a
before a release cut freed the components of the skeletésf- frame with a thick leading edge and spars to support
The components were then assembled into the nal structutge trailing edge (Fig. 4a), and it was fabricated using SCM
by hand and prepared to insert into the mold. lamination methods.

Silicone casting molds (Fig. 3d) were fabricated out of [30].
machine wax (High-Speed Machining Wax, Bantam Tools) 2) Wing Hinge: Insects and hummingbirds pitch their
using a Micro Mill (Othermill, Bantam Tools Desktop PCB wings so that they can produce lift on both upstroke and
Milling Machine). The wall thickness of the silicone was setdownstroke [31]. We implemented passive CF laminate wing
to 3:5cm, which was determined via elasticity and blockedinges to achieve this effect without requiring direct control
force requirements of the transmission discussed later in Figf the wing pitch (Fig. 4b-f. To generate higher lift, we
5. To determine the mold geometry we computed the gedesigned the wing hinge with a mechanical stop as a pitch
metric “footprint” of the silicone transmission in Solidworks angle constraint. As shown in Fig. 4d, we designed the gap
and then converted to G-code. The machining was performed the hingeB g, = 0:08mm based on the thickness of the
with a 1/32” diameter at end mill. The machining depth carbon ber sheet to make two sides of the carbon ber part
was constant and held at5cm which provided a at planar collide when the wing pitch reaches 50 . In practice, the
surface for the top and bottom of the transmission. To centaring tends to hit the mechanical stop at 50 one direction
the skeleton within the silicone mold, we added four carboand 55 in the other (Fig. 4g. The simulation work from
ber tabs on each side as retainer plates on the wall divhitney & Wood [2] shows thet5 ! 65 range angle-
the mold to constrain the skeleton along the center line aff-attack at mid-stroke will result in lower aerodynamic



Fig. 4. Robot wing and hinge design. (a) Side view of wing structure with wing frame and passive hinge. The hinge is constructed as a laminate with
exure (b) and CF layers (c) laminated with adhesive layers (Pyralux 1500) (d) Cross-sectional view of wing hinge indicating mechanical stop angle
(e) New Kapton membrane was cut off raster-like space to decrease the stiffness of hinge structure to increase the acceleration of angle-of-attack when
apping. (f) We added a groove to the wing to wick any glue spillage to protect the wing hinge gap from interference from glue. (g) The mechanical stop
ensures that angle-of-attack at two mid-stroke is nearifoth directions

damping and better ef ciency, assuming sinusoidal appingsome of the longitudinal component force.

and symmetric sinusoidal wing pitching). We used a small voice coil motor, (LVCM-010-013-01,
_ Moticont). The weight and the scale of the motor is relatively
C. Actuation low, which is critical as it makes up the bulk of the overall

An important step for achieving apping wing ight is mass of the robot63:3 %). The magnetic core is the only
the selection of an actuator. A variety of actuation schemd®goving part of the linear actuator, and itis xed to the carbon
including piezoelectric (PZT) bending actuators [3], [5], ber cross-bar on the transmission. The core has a lower
soft DEA actuators [21], small DC Motors [17], [18], and mass than the wire coil assembly, so it generates relatively
electromagnetic coil actuators [32] have been used for smalpwer inertial effects as it moves back and forth. The rated
scale apping ight. PZT actuators and DEAs have relativelystroke of the motor i§:4mm, although in practice the stroke
high power density (DEA has 300W/kg and a lifetime of ovefs closer ta3:3mm after incorporating it with the transmission
600,000 cycles [21]). However, PZT is fragile and DEA isand chassis using high temperature tolerance paste(J-B Weld
hard to fabricate, and both require extremely high actuatiod’901).
voltages. A voice coil motor as an oscillating electromagnetic For DC motor case, we utilized a micro DC motor, (136:1
actuator can generate a linear motion with a relatively high&ub-Micro Plastic Planetary Gearmotor). And the stall torque
power density (15kw/kg) [33], so we chose. DC motors arés 550 grams/cm ai6V. The weight makes up the bulk of
cheap, well developed, and have a linear relationship betwethe overall mass of the robo#1:67 %). To decrease the
current and force with xed voltage. To focus on a desigrfriction on the slider-crank, the rotary motor transfer the
that incorporates a voice coil as our primary linear actuatoiorque to a Slippery PTFE crank (9266K83, MCMASTER-
And then, aiming at lift force and universality, we tried toCARR) of the slider crank, and we choose a formable brass
focus on rotary motor. Thus, We tried two different actuatorgiod (8859K481, MCMASTER-CARR) as connecting rod, and
a linear voice coil actuator and a micro rotary DC motor. Set the revolute joint (Slippery Delrin material, 8578K411,

There were two additional important reasons for selectinflC(MASTER-CARR) onto the carbon ber cross-bar on the
a rotary actuator. The rst, although linear motions coniransmission as slider, to make the input motion moves back
trolled via a DC motor and slider-crank assembly have and forth. In practice, the stroke $s2mm totally. Other than
xed amplitude, however, our silicone transmission can stilfhat, to maintain the brass rod connected with the crank in-
amplify the amplitude of wing apping angle at resonanceplane, we use soldering on the tip of the rod as a shoulder
by soft silicone transmission joints even with xed inputOf the rod.
slider stroke. Second, even though the slider-crank excess .
longitudinal component force on slider when we apply th&- Chassis and structure
slider on horizontal motion. But we can also solve the The chassis forms the primary structure of the robot. It has
longitudinal component force by set an offset position for théwo purposes: 1) Support the actuator and transmission and
slider, and the silicone transmission itself can also toleran@ provide attachment points for legs and guide rail support



