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Theaerodynamic performanceof flappingmicroair vehicles in hover conditions is dependent onmanyparameters,

including the wing design.With the goal of optimizing the wing for hover performance, the initial focus was to reduce

the uncertainty in the thrust measurements. This is because lower uncertainty in this metric enables better resolution

in comparing the performance of different designs. Aerodynamic performance variability was deemed to be the fault

of an imprecise manufacturing technique. Therefore, adjustments were made to the fabrication process until a

permissible level of uncertainty was attained for optimization; the goal was less than 5%. This paper chronicles the

progression of the wing fabrication process and details how the uncertainty was evaluated. Four fabricationmethods

and twodifferentwing designs are included in this study: a carbon fiber hand layup technique, carbon fiber cured in a

machinedmold, and two variations of amachinedplastic skeleton reinforcedwith a carbon fiber rod. The uncertainty

in thrust production, expressed in coefficient of variation, improved from 16.8% for the hand layupmethod to 2.6%

for the computer numerically controlled plastic skeleton adhered to the nylon membrane with transfer tape.

Additionally, the coefficient of variation for wing weight also reduced (from 11.4 to 2.0%).

Nomenclature

C4 = bias correction factor
CVmfg = manufacturing coefficient of variation
CVtot = total coefficient of variation
CVtest = testing coefficient of variation
n = samples

I. Introduction

Flapping propulsion for micro air vehicles (MAVs) are an
alternative to a fixed wing or rotor-driven configuration. In an
environment where there is continued demand for smaller unmanned
air vehicles (UAVs), small flapping devices can fly like hummingbirds
[1] or even small insects [2,3]. MAVs broadly pertain to flying UAVs
that possess no straight dimension longer than 6 in. They have gained
popularity for their wide range of applications, including investigation
of hazardous environments and spy operations, where size and noise
signature are paramount, although designing a UAV in the size range
of a hummingbird comes with many challenges. Realization of a

mass-produced flapping UAV would likely entail a combination of
engineering and affordable materials, where the drive mechanism is
simple, light, and durable [4], and the wings are optimized for
aerodynamic performance. How dowe get there? For the wings, it has
been observed that passive deformation fromcompliance is essential to
many of the mechanisms that produce the necessary aerodynamic
forces for flight [5]. Also, chordwise flexibility assists in thrust
production and efficiency [6]. Thus, the best level of reinforcement for
thrust is a compromise between the extremes. Ultimately, a high-
fidelity model that incorporates this deformation would be required to
optimize the wing skeleton reinforcement design.
A review of different computational models illustrates the breadth

of complexity involved in modeling a hovering wing [7], where the
advance ratio is zero. Progress has beenmade in developing validated
models [8–11]. However, the complexity of the aeroelastic in-
teraction and highly nonlinear aerodynamics entails exorbitant
computational costs or the use of low-fidelity models [12]. This
hinders their capability to efficiently predict the aerodynamic
performance of a large number of wings, which is important for
optimization. The plunge and pitching motions have been optimized
for thrust in a slow forward flight flapping airfoil, using a gradient-
based optimizer and a two-dimensional model [13]. However,
optimization of awing in hovermode continues to be a challenge. An
alternative to using a computation model is to drive the optimization
with experiments, using physically measured thrust forces in the
place of a high-fidelity model, even possibly looking at tradeoffs
between thrust and power measurements [14]. An experimental
optimization of the reinforcement structure for hovering flight has
been accomplished for thrust alone [15] and with thrust and power as
objectives [16]. Techniques such as using different surrogates to have
multiple candidate designs every optimization cycle [17] and using
an adaptive sampling technique (efficient global optimization) [18]
were helpful for minimizing the cost of the optimization, but the
main costs pertain to the time spent fabricating and testing wings
in a controlled manner. The first major obstacles to accomplishing
the optimization was both identifying the uncertainty in the thrust
measurement [15] and reducing it to a manageable level by improv-
ing the manufacturing techniques used to make the wings. A
complete analysis of the uncertainty for different manufacturing
methods is provided in this paper. The progression from an incon-
sistent hand-layup approach to a more precise machine controlled
approach is chronicled. It is shown how these improvements reduce
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the scatter in weight measurements between nominally identical
wings and their measured aerodynamic force production.
Earlier work on flapping MAV wings used a flexible wing design

[19]. The hand-layup technique used in this study was subsequently
extended to a flapping platform [20], tested experimentally, and
compared with a computational model [21]. This manufacturing
process was also adopted in an experimental investigation of the
deformation during flapping [22], recovering the importance of
flexibility in the production of aerodynamic thrust force. Many
studies use a similar fabrication process, using carbon fiber skeletons
with a thin membrane constructed with a combination of hand-
assembled and commercially available parts [23–30]. In some cases,
extra components like macrofiber composites [31], small check
valves [32], and even strain-rate sensors (polyvinylidene fluoride)
[33,34] are added. Unfortunately, identification of the uncertainty in
the aerodynamic performance from wings made in this manner is
commonly overlooked. For example, the performance of a wing
could change based on a subtle change in the angle of a spar [35],
possibly the result of human error. This paper addresses the
uncertainty in the aerodynamic force that is present due to
manufacturing variability for wings fabricated in a similar manner to
the studies mentioned earlier. A universal approach is detailed for
segregating the contribution of manufacturing variability from the
total uncertainty, opening this analysis technique to novel approaches
in wing fabrication not covered in this paper [36,37]. This paper
provides improvements on these commonly used manufacturing
techniques along with an approach for identifying the contribution of
uncertainty from manufacturing. This can be beneficial to those who
use experimental techniques in flapping.
Tests were completed to identify the performance consistency for a

series of manufacturing methods; each improving upon the previous.
Wing replicateswere also tested tocompare thevariousmethods for the
repeatability of thrust force production. Experiments included 1) 10
tests of the same wing and 2) tests of multiple (10) wings of the same
design for each manufacturing method. The former was used to
identify the testing repeatability in the absence of manufacturing
uncertainty contributions, whereas the latter was used to explore the
capability of the selected manufacturing method to produce the same
wing in a repeatablemanner. Thus, perfectmanufacturing repeatability
would present as identical scatter in themeasurementsmade in test sets
1 and 2. Weight measurements were taken for each wing, serving
as a direct metric of manufacturing repeatability. It is shown to
improve with the progression of the manner in which the wings are
manufactured.

II. Experimental Procedure and Setup

Four fabrication techniques were analyzed for two reinforcement
designs (Figs. 1 and 2); this includes two different frame materials.
Because the uncertainty could be driven by the type of wing design,
twodifferentwing designswere investigated. The horizontal spar that
extends along the top of the wing is called the leading edge (LE),
whereas the vertical spar protruding from the triangular corner is
called the root batten; these are present in both wing designs. Batten
supports emanate radially or vertically downward, comprising the
two designs used.
Thrust measurements are the intended metric for aerodynamic

performance for the wings and can be thought of as the value of the
objective function for optimization. To identify this, the wings were
flapped at 20, 25, and 30 Hz with stroke angle amplitude of 96 deg,
and the mean aerodynamic force was recorded. The flapping
mechanism in Fig. 3 secures the wings at the triangular plate in the
base corner of the wing. Every measurement is performed with both
wings secured with a screw attachment. The stroke plane and the
wing plane are perpendicular when the wings are at rest. There is no
hinge in the mechanism to allow for wing rotation at the mount
(supination/pronation), and so the wing frame twists during the
stroke, relying on the torsional stiffness of thewing for rotation. A dc
rotary motor/encoder (Maxon EC16) drives the mechanism, whereas
an EPOS 24∕1 controller was used to define the flapping frequency
via the built-inmotor encoder. Themechanismwasmounted on a six-

axis force and torque sensor (ATI Industrial Automation Nano17),
which was sampled using a 16 bit data acquisition device (National
Instruments USB-6251). The Nano17 load sensor is calibrated to
resolve down to 0.3 gram force (gf). Both the controller and sensor
were managed using LabVIEW virtual instruments. The sampling
rate was 30 kHz and a second-order Butterworth low-pass filter was
appliedwith a cutoff frequency of 3Hz to reduce noise and isolate the
steady-state thrust output. A full measurement for one trial of a

Fig. 1 Four processes are displayed for radial batten wing design along
with dimensions of the wing.

Fig. 2 Four processes are displayed for parallel batten wing design
along with dimensions of the wing.
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parallel batten wing design is shown in Fig. 4, comparing the raw
measurement to the filtered data. As seen in Fig. 4a, the noise
overwhelms any prospect of obtaining a time-resolved force
contribution from thewings. This is the reasonwhy the average thrust
was chosen as the metric of interest.
The data was filtered in real time, allowing the user to quickly

identify awing that had incurred damage. Anywing that was found to
have damagewas removed from the study. Each trial consisted of a 6 s
tare reading to zero the forcemeasurements, followed by a 7 s interval
at 20 Hz, and two consecutive 6 s flapping intervals at 25 and 30 Hz.
These are commanded frequencies, and so there is an initial ramping
stage where the flapping mechanism has yet to obtain the desired
frequency. To account for this, the first 2 s of the 20 Hz flapping
interval is ignored, and the first second of the 25 and 30 Hz intervals
are ignored. The mean force in this interval is used in the uncertainty
analysis. Therefore, every wing has one value of thrust for each
flapping frequency. Also, the lift force averages close to zero for
wings in this study. This is due to the symmetric flapping motion.

III. Fabrication Process

Twodifferentwing designs (shown in Fig. 1) were fabricated using
four manufacturing methods. Each of these techniques was used to
make multiple replicates, which were nominally identical. For the

remainder of this manuscript, these manufacturing methods will be
abbreviated as follows:
1) A vacuum-bagged hand layup skeleton bonded to plastic

membrane skinwith cyanoacrylate (CA) adhesive is referred to as the
hand layup.
2) A carbon fiber skeleton made from a machined [computer

numerically controlled (CNC)] Teflon® mold and adhered to a
plastic membrane skin with CA is called the machined mold.
3) A CNC machined acetal resin skeleton with a channel milled

along the leading edge to serve as a locating feature for a commercial-
off-the-shelf (COTS) carbon fiber (CF) rod is called a plastic skeleton.
The two are bonded with rubber-toughened CA to make the skeleton
assembly. Then, the assembly is bonded to the membrane with CA.
4) The plastic skeleton with transfer tape is the same skeleton

assembly, differing in that themembrane is adheredwith transfer tape
as opposed to CA.
The preceding list is the order in which they were devised, each

addressing the shortcomings of the previous one. Details of this are
provided in the individual descriptions. Common in all the processes
is the membrane material. A 14-μm-thick nylon film (Honeywell
CAPRAN® 1200 Matte) was used for its minimal weight con-
tribution and strength. Bothwing designs (radial and parallel battens)
were produced using each manufacturing method to compare the
thrust and weight repeatability.

A. Hand Layup Method

The initial method for fabricating thewings involved hand layup of
carbon fiber strips on a flat plate, using vacuum pressure to ensure
proper consolidation. The preimpregnated (prepreg) unidirectional
carbon fiber used in this study incorporated an Aldila AR250 resin
system. It was hand cut to approximately 1 mm wide strips, which
were then laid onto a rigid aluminum plate with printed placement
guides. This is shown in Fig. 5. Three layerswere used on the leading-
edge spar and one layer was used on the battens. Three layers of
bidirectional carbon weave were also cut in triangular shapes to
function as the rigid plate for attachment to the flapping device. A
similar process was used in the structural deformation study by
Keennon and Klingbiel [1]. The wings were cured in an oven
following the manufacturer’s recommended two-stage curing cycle
with a temperate ramp to 190°F and then to 275°F with a hold
time of 1 h (2.5 h total, including the ramp times). To assist in
consolidation, 30 in Hg of vacuum pressure was applied using a
vacuum bag approach for the entire cure cycle. After cure, the frames
were carefully removed from the plate. The carbon fiber skeletons
were cleared of any cured residual epoxy then adhered to the
membrane plastic via CA. The adhesive was applied to the skeleton
with a small foam brush and then the skeleton was pressed onto the
membrane material. Thewing outlinewas then cut using a knife with
the aid of a metal template in the shape of the wing periphery.

Fig. 3 Flapping mechanism loaded on a six-axis load sensor.

Fig. 4 Comparison of a) raw thrust measurement and b) filtered thrust measurement for one trial.
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B. Machined Mold Method

The second manufacturing approach was devised with the aim of
removing the human error involved in placing the battens. To
accomplish this, a CNC-machined polytetraflouroethylene (PTFE,
Teflon) mold was used as a base for the unidirectional carbon fiber
strips. The topology of each wing framewas CNCmachined onto the
surface of a 3-mm-thick sheet of PTFEusing a 1-mm-diam, four-flute
square end mill on a three-axis Haas® TM-1 milling machine (see
Fig. 6). The speeds and feeds were chosen to avoid melting and/or
plowing of the plastic and to enable proper chip formation. A chip
load of 0.07 mm∕tooth at the maximum attainable spindle speed of
4000 rpm was selected.
The triangular pockets of the mold held three layers of hand-cut

bidirectional carbon fiber; the average thickness of each bidirectional
weave layer was approximately 300 μm. Each layer was cut into the
shape of right triangles, with sides nominally measured at 6 and

12 mm. The linear channels machined into the mold contained the 1-
mm-wide, 130-μm-thick unidirectional carbon fiber strips, the same
type used in the hand layup method. To achieve the necessary
pressure to bond the layers of the wing assembly, the depth of each
mold was undercut in the machining process. The triangular pockets
and channels were machined at commanded depths of 340 and
100 μm, respectively. The widths of the channels were machined to
be 1 mm, or a 100% radial immersion cut.
Controlling the thickness of the battens was another aim of this

manufacturing improvement. This was accomplished with a custom
hand tool. This bladed device was used to consistently cut the
unidirectional strips. It is a hand tool that rigidly holds two cutting
blades separated by 0.8mm. This enabled uniform strips to be cut with
each pass (see Fig. 7). This device reduced cutting time and could be
configured to cut asmany as eight strips sideby side. It served to further
reduce human error because previous strips were cut using a single
blade tool that would be aligned using a straightedge ruler.
The vacuum bag approachwas replacedwith a sandwich assembly

to reduce process time. Once the strips were placed in the channels, a
release film (25 μm thick) and a 40A durometer silicone sheet with a
thickness of 1.59 mm were placed on top of the strips to provide
consolidation pressure. The sandwich assembly was produced by
clamping these components between two 6.35-mm-thick aluminum
plates. The plates were secured and clamping pressure was applied
using 16 screw holes around the periphery to tighten down on the
inner layers (see Fig. 8). To reduce warping of the CNC-machined
Teflon sheet during the curing process, it was adhered to the
aluminum plate using spray adhesive. This eliminated shifting of the
PTFE sheet during layup, whereas external pressure supplied from
the tightened nuts was responsible for securing the sheet during the
curing process. The same oven curing profile as the flat plate method
was employed because the same carbon fiber was used. Once cured,

Fig. 5 Parallel batten wings manufactured with hand layup method
assembled on a flat plate before curing cycle.

Fig. 6 PTFE sheet is milled with channels for use in machined mold
method (a subtractive machining process).

Fig. 7 Custom hand tool configured to cut one fixed width strip of
unidirectional prepreg.

Fig. 8 Exploded view of machined mold.

3042 CHANG ETAL.

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

N
O

R
T

H
 C

A
R

O
L

IN
A

-C
H

A
R

L
O

T
T

E
 o

n 
Fe

br
ua

ry
 1

9,
 2

01
6 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.J
05

38
84

 



any excess flashing was removed from the skeletons, and they were
adhered to the nylon film in the same manner as the hand layup
method. In the last step, the periphery was trimmed.

C. Plastic Skeleton Methods

This nextmanufacturing process involves a larger departure, using
a plastic frame as opposed to all carbon fiber. The aim of this
approachwas to further reduce human-driven errorswhile attempting
to preserve or even improve the wing’s thrust production. In this
process, a 250-μm-thick sheet of acetal resin (Delrin®) was CNC
machined in the shape of the wing skeleton and a COTS 0.5-mm-
diam Graphlite® carbon fiber rod was used to reinforce the leading
edge. The pultruded carbon fiber rod is specified to have a 67% fiber
volume. Acetal resin was chosen due to its good fatigue properties,
high stiffness, and machinability. The contour of the wing frame
was machined using a 1-mm-diam, four-flute square end mill on a
three-axis Haas TM-1 milling machine. Each wing frame was
manufactured with a 200-μm-deep, 500-μm-wide channel on the
leading edge to locate the carbon fiber rod (see Fig. 9). This was
accomplished using a 0.40 mm diameter, four-flute square end mill.
The spindle speed (4000 rpm) and feed per tooth (0.07 mm∕tooth)
were selected to avoid polymer melting during machining. Even
though acetal resin has an exceptional natural lubricity, a TiAlN
coating was chosen for each cutter to ensure longer cutting life and
proper chip evacuation under the full immersion cutting conditions.

The milling process and resulting plastic wing frames are illustrated
in Fig. 10. The carbon fiber rod leading edge was adhered to the
plastic framewith CA, the skeleton was adhered to the film with CA,
and then the periphery nylon film material was trimmed.
Unfortunately, there were adhesive failures in the bond between

the nylon film and plastic skeleton; the final manufacturing
improvement addresses this. The last manufacturing process is a
variation of the plastic frame approach described earlier. As opposed
to using CA, a high-strength acrylic adhesive transfer tape (Scotch®
3M 9471LE 2.3 mil∕58 μm thick) was used to adhere the plastic
frame to the nylon film. This was incorporated to add compliance and
toughness to the bond between the plastic frame and CAPRAN film,
making it less prone to failures. As with the previous evolutions, the
aim was to sustain thrust force production as well. Extra steps were
required for this process, although the overall timewas reduced due to
the elimination of adhesive curing time. The frame was first placed
onto the transfer tape, which consists of a thin film of adhesive
(mastic) on a wax paper. The mastic is designed to separate from the
wax paper easily. A sheet was used to sandwich the frame (e.g., white
copy paper). This step was used to remove the adhesive that was not
needed, breaking the edge of the adhesive film (Fig. 11c). At this
point, the adhesive was on the frame and there was no adhesive
between the battens. Thewax paper backingwas peeled away to leave
the framewith a complete layer of adhesive. Subsequently, the frame
was removed and carefully laid onto the nylon film, and then hand
pressure was applied to insure uniform adhesion (Fig. 11d). The
process of applying the adhesive to the backside of the frame is
provided in Figs. 11a–11d as illustrations.

IV. Manufacturing Uncertainty Quantification

The uncertainty quantification for wing thrust measurements
outlined by Chaudhuri et al. [15] was used in this work. To quantify
the manufacturing uncertainty, the testing uncertainty must be
separated from the total uncertainty [Eq. (1)]. To quantify testing
uncertainty, the coefficient of variation (CV) of 10 measurements of

Fig. 9 Plastic skeleton wing construction with cross-sectional geometry
of leading edge shown (A-A).

Fig. 10 CNC process: a) black plastic sheet is milled; b) root area;
c) milled channel for carbon fiber rod.

Fig. 11 Adhesive application process: a) skeleton placed on transfer

tape; b) copy paper sheet applied, adhering to exposed mastic; c) paper
peeled from assembly; and d) skeleton lifted from transfer tape backing,
retaining the mastic for adhesion to plastic membrane.
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each wing was found. The CV is simply the ratio of the standard
deviation to the mean. In this experiment, 10 measurements from
each wing were used to determine the mean thrust. This reduced the
testing uncertainty in the mean thrust by a factor of

p
10. The root

mean square of the reduced coefficients of variation [38,39] was
calculated to find the testing uncertainty (CVtest).
The total uncertainty (CVtot), which combined the testing and

manufacturing uncertainties of the wings, was computed by first
taking the mean of 10 measurements, obtaining a mean thrust value
for each replicate (sampled manufactured means). Then, the CV of
the sampled manufactured means for each design (one for radial and
one for parallel) was calculated. These two coefficients of variation
were then combined using the rootmean square to quantify theCVtot.
The manufacturing uncertainty can be computed by subtracting

the testing uncertainty in the mean thrust for each wing from the total
uncertainty. However, for small sample sizes, the process of taking
the square root of the variance to obtain the standard deviation
introduces a bias in the standard deviation estimate [40]. The same
applies to theCVbecause it is the standard deviation over themean.A
simple bias correction can be completed for normal distributions
(whichwas assumed here) using a correction factor [c4�n�, wheren is
the number of samples] that depends on the sample size [40]. Because
of there being 10 replicates available for each design, the corrected
coefficient of variation for manufacturing uncertainty (CVmfg) was
obtained by dividing by the correction factor for a sample size of 10
�c4�10� � 0.9727�, which accounts for a 3% increase of the
calculated CV. The affect for this correction is minimal for this case,
though it can be close to 9% for a sample size of 4:

CVmfg �
�����������������������������
CV2

tot − CV2
test

p

c4�10�
(1)

V. Results and Discussion

Finding the proper manufacturing process for the experimental
optimization was a matter of identifying a procedure that possesses
the smallest uncertainty and is not time intensive, because it is
expected thatmanywingswould need to bemade for an optimization.
Detailed numerical results for each manufacturing process and wing
design are provided along with their shortcomings.

A. Thrust Force Uncertainty

For this study, the analysis is limited to 30 Hz flapping frequency,
because it represented the upper limit of frequency that the wings
could handle without incurring damage on a regular basis. It also
introduced the largest testing-based variability and demand on the
controller. It also produced a feasible thrust to propel a freestanding
hovering device, making it most relevant to a possible application.
Table 1 provides a dissected view of CVmfg for each manufacturing
process. The values were calculated using Eq. (1) for a 30 Hz
commanded flapping frequency. The testing uncertainty is theCVtest

value divided by
p
10, accounting for the 10 trials for each design.

For clarification, the CVtest and CVtot values were formulated from
biased standard deviations. Asmentioned earlier, theywere corrected
using c4�n�. The manufacturing CV is provided, as a percentage, for
each manufacturing process in Fig. 12.
The uncertainty in these results was calculated with a bootstrapping

resampling technique, where 5000 datasets were sampled from the
original dataset with replacement. This approach provides the sam-
pling distribution for statistics like CVtot. It entails making N datasets
from an original set, then calculating the same metric for each all N
datasets. This gives a distribution for the metric and was chosen for its
simplicity. It assumes that the samples are independent and that they
come from the samedistribution; there isno normality assumption.The
uncertaintyvalue provided in the tables (Tables 1–3) andplots (Figs. 12
and 13) pertain to one standard deviation of the bootstrap distribution
of the statistic.
Table 1 shows different mean thrust for each manufacturing meth-

od. This is investigatedmore through observations of the deformation
during flapping. The details of this are provided in theAppendix. The
differences in mean thrust between the methods can possibly be
attributed to the differences in stiffness of the constructions. In
subsequentwork, the stiffness [41] is characterized forwingsmade in
the plastic construction.
Subtle changes in CVtot were seen for the transfer tape, although

adhesive failure of thewings was observedmuch less frequently with
this method. The transfer film was also a faster/easier method for
applying the nylon film to the skeleton. The manufacturing improve-
ments assist in realizing wing-specific differences that were previ-
ously overwhelmed by larger uncertainties. Therefore, there is more
resolution in comparing different designs, which is also important
for subsequent optimization [42]. The two design coefficients of
variation presented in Table 1 can be combined, using the root mean

Table 1 Thrust CV results for each manufacturing process and design with one standard
deviation intervals

Hand layup Machined mold Plastic skeleton Plastic skeleton with transfer tape

Radial batten

Mean thrust, g 5.77 5.49 7.52 7.68
CVtot, % 12.7� 1.89 7.19� 1.42 3.15� 0.50 2.40� 0.39
CVtest, % 0.67� 0.10 0.82� 0.07 0.82� 0.09 0.74� 0.18
CVmfg, % 13.0� 1.94 7.3� 1.48 3.1� 0.54 2.3� 0.44

Parallel batten

Mean thrust, g 5.73 5.62 7.37 7.70
CVtot, % 19.41� 4.11 10.51� 2.49 2.52� 0.36 2.74� 0.72
CVtest, % 0.78� 0.08 0.79� 0.09 0.55� 0.05 0.45� 0.03
CVmfg, % 19.9� 4.2 10.8� 2.6 2.5� 0.4 2.8� 0.8

Note: The calibration error is 0.3 g. This is an additional possible bias.

Fig. 12 CVmfg is provided for different manufacturing processes as a

percentage.
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square to compare the different manufacturing techniques. This is
presented in Table 2. The testing uncertainty, contributing less to the
total uncertainty, was found to vary little between manufacturing
processes.
This is expected because no intended modifications to the process

of testing thewings were made between any of the tests, although the
subtle changes could be attributed to diversity in the mounting or
fatigue of thewing between trials, all of which could be specific to the
manufacturing process used to make the wing. The results show a
sixfold improvement of manufacturing uncertainty when the radial
and parallel batten statistics are combined.

B. Weight Uncertainty

The weight of each of the 160 wings (80 wing pairs) varied with
both the manufacturing method and design. Each individual wing
was measured with a Gemini-20 portable milligram scale and less
scatter was observed with each manufacturing progression (Table 3).
The average pair discrepancy pertains to the weight difference
between the left and rightwings. A reduction inweight discrepancy is
present for the parallel design, though it does not fluctuate for the
radial batten wing design. The weight of the plastic skeleton wings
compare with those used on the Saturn prototype, a long-endurance

variation of the Nano Hummingbird, which possesses 0.26 g for a
pair of wings, making each wing weigh approximately 0.13 g; both
wings pertain to 1% of the flier’s total weight [1].
The CV for both designs and all four manufacturing processes is

presented in Fig. 14. Each bar entails 20 independent wing measure-
ments (10 pairs); the plot covers every combination of fabrication
process and wing design.

C. Cross-Sectional Geometry

From visual inspection, the hand layup approach exhibited the
most cross-sectional variation.Distortion of the cross sectionwas due
to external pressure applied from the vacuum bag, resulting in a
curved geometry; this is visible in Fig. 14. This deformation was
consistently present and is likely a key contributor to the variability
seen in the thrust performance. Though thewidened base of the cross
section provides more surface area to promote adhesion, it reduces
the second moment of area and thus the bending stiffness in an
uncontrolled manner; this makes for varying levels of deformation
during flapping, accompanied by differences in the thrust perfor-
mance in nominally identical wings.
The next progression was the machined mold approach which,

from visual inspection, successfully controlled batten thicknesses
and improved the precision of the batten placement. The machined
mold provided constraining channel walls that deterred batten
movement during the curing cycle. The wing frame, fabricated from
the machined mold process, possessed a defined leading edge and
more consistent geometric shape. These improvements are reflected
in both the weight CV and thrust force CV compared with the hand
layup process. By usingmachined channels, consistency in the batten

Table 2 Combined manufacturing uncertainty with one standard deviation intervals

Method Total uncertainty, CVtot% Testing uncertainty, CVtest% Manufacturing uncertainty, CVmfg%

Hand layup 16.38� 2.41 0.73� 0.06 16.8� 2.5
Machined mold 9.01� 1.54 0.80� 0.06 9.2� 1.6
Plastic skeleton 2.85� 0.31 0.70� 0.06 2.8� 0.3
Plastic skeleton with transfer tape 2.58� 0.41 0.61� 0.11 2.6� 0.4

Note: The calibration error is 0.3 g. This is an additional possible bias.

Table 3 Weight results with one standard deviation intervals

Hand layup Machined mold Plastic skeleton Plastic skeleton with transfer tape

Radial batten

Average pair discrepancy, g 0.006 0.005 0.006 0.006
Mean weight, g 0.155� 0.004 0.158� 0.003 0.150� 0.002 0.157� 0.001
Standard deviation, g 0.012� 0.002 0.009� 0.002 0.006� 0.001 0.004� 0.001
CV, % 7.8� 1.2 5.7� 1.1 4.2� 0.8 2.5� 0.448

Parallel batten

Average pair discrepancy, g 0.011 0.006 0.005 0.002
Mean weight, g 0.153� 0.007 0.142� 0.001 0.132� 0.001 0.135� 0.001
Standard deviation, g 0.022� 0.004 0.003� 0.001 0.003� 0.001 0.002� 0.000
CV, % 14.2� 2.5 1.9� 0.5 2.4� 0.6 1.4� 0.2

Combined

CV, % 11.4� 1.5 4.3� 0.7 3.5� 0.5 2.0� 0.3

Fig. 13 Weight CV categorized by manufacturing process and design.
Fig. 14 Uncontrolled geometric changes of LE spar due to vacuum bag
curing process. Progression shows view of LE cross section.
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placement was achieved, and reduced distortion of the cross-
sectional geometry was visible; this is shown in Fig. 15. Another
contributor to the batten width consistency is the comb cutter hand
tool. It prepared strips of unidirectional carbon fiber with uniform
thickness, a visual improvement over a single blade hand-cutting tool
used with a straightedge.
The shortcomings of the machined mold approach were based on

inconsistency at the unconstrained surface, where the wing’s frame
does not touch the mold’s walls (interfaces with release film). Under-
and overfilling of the channels of the carbon was observed. A
combination of insufficient channel depth, inconsistent pressure, and
variations in the amount of carbon in the channel were responsible for
the geometries displayed in Fig. 16. The flatness of this face is
important for an even bond to the nylon film, and so adhesive failures
were seen more frequently as compared with the hand layup wings.
This top face would often cure to a curved shape as shown in Fig. 16
(underfilled) causing voids/bubbles in the bond line where cohesive
failure would emanate. The sensitivity of the interplay between the
applied pressure, channel depth, and amount of carbon fiber placed
into the mold was found to produce an inconsistent top surface
geometry. Increasing the machining accuracy would possibly
improve this, though it would add considerably to machining time
and costs.

The plastic skeleton wings, machined with a CNC, provided the
least scatter in the thrust and weight. The introduction of a transfer
tape adhesive to bond the nylon film to the frame introduced minimal
improvements to the scatter, although it was the most durable
construction, reducing fabrication time and complexity. The failures
seen in wings using CAwere likely due to the low surface energy of
the Delrin, which hinders adhesion, and the brittle nature of CA,
resulting in cohesive failure. The adhesion of the leading-edge carbon
rod is shown in Fig. 17, where the CA adhesive fills the rectangular
channel and interfaces with the sides as well. This is the result of
wicking, where the excess CA is sometimes visible on the top surface
of the plastic skeleton; it provides more surface area for the adhesive
to bond to.

VI. Conclusions

With reduced uncertainty in average thrust, smaller differences in
thrust due to design variations can be resolved. This reduction is
especially important for application to experimental optimization,
where surrogates of the thrust performance (with respect to design
variables) take into consideration the level of uncertainty in the
measurements when fitting the data. Themanufacturing process used
to fabricate the flappingwingswill continuously evolve, though it has
developed to a level, based on uncertainty analysis, that is worthy
of an experimental optimization. The weight, measured for all of
the wings tested, revealed lower uncertainty with the progressive
improvements of the manufacturing method. Through extensive
testing of 80 wing pairs, it has been shown that the CV was reduced
by more than 6 times with manufacturing process improvements that
incorporate more precise techniques and materials. This includes
testing of two different wing designs, showing that the uncertainty
measures vary less with improved manufacturing methods. A CNC-
machined acetal resin frame attached to a nylon film with transfer
film adhesive was found to have the least manufacturing uncertainty.
This approach was the product of successive fabrication process
improvements, some ofwhichwere compared here. The repeatability
obtained through these methods was the result of carefully followed
procedures. Therefore, small details of the process were provided.
There is hope that the improvements and this analysis can be used
as a framework for others to interrogate the suitability of specific
manufacturing methods to produce repeatable performance in
flapping wing tests of all types, including those not covered in this
work. As it stands, this is the most comprehensive prospective study
of manufacturing uncertainty in flapping wings and how various
techniques affect aerodynamic force measurements. In subsequent
work, the authors implemented a power consumption metric along
with an uncertainty analysis so that efficiency can be used as an
objective in an optimization. Also, the stiffness was characterized for
different designs in the optimizations. In future work, deformation
throughout the flap cycle will be measured to recover the
characteristics of high-thrust performance wings.

Appendix: Wing Deformation Study

A separate study was conducted to observe the pattern of
deformation slightly after stroke reversal, where deformation was
maximum. This was done to help understand the increase in mean
thrust with the introduction of a plastic frame construction. The full-
field deformation results seen in Fig. A1 were captured using digital
image correlation at approximately 5 deg from the stroke reversal,
where the out-of-plane deformation was found to be greatest. A
pair of Point Grey Research Flea2® cameras were used along
with Correlated Solution’s VIC-3D™ software. The wing was
painted black and speckled with white enamel paint in a thin coat.
Measurements were taken on wings flapped at 25 Hz, because 30 Hz
flapping frequency made for excessive deformation, where the
membrane would orient out of the cameras’ view, making for poor
correlation.
Figure A1 shows the deflection of parallel batten wings in three

different constructions. Here, the plastic wing is onewhere the frame
was attached to the membrane with transfer tape. The CA-adhered

Fig. 15 Comparison of wings made with hand layup and machined
mold manufacturing methods.

Fig. 16 Typical defects occur when either the mold is under- or
overfilled. Microscope still shows a leading edge that was sectioned.

Fig. 17 Magnified view of cross sectionwhere leading edge carbon fiber
spar is adhered to plastic skeleton.
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variation was neglected because its construction is similar. The plot
shows the out-of-plane deflection of the wings, and the white
segments on the trailing edge pertain to unmeasured regions (due to
glare and folding of the membrane during flapping). The hand layup
wing had the least leading-edge tip deflection and the machine mold
wing had the most. The plastic distinguishes itself with deflection at
the root of the wing, indicating more twist throughout the body. This
suggests that twisting throughout the length of the wing body has
positive effects on the average thrust.
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