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ABSTRACT 

This paper introduces a novel airfoil morphing structure 

known as the Fishbone Active Camber (FishBAC). This design 

employs a biologically inspired compliant structure to create 

large, continuous changes in airfoil camber and section 

aerodynamic properties. The structure consists of a thin 

chordwise bending beam spine with stringers branching off to 

connect it to a pre-tensioned Elastomeric Matrix Composite 

(EMC) skin surface. Actuators mounted in the D-spar induce 

bending moments on the spine through an antagonistic pair of 

tendons in a manner similar to natural musculature systems. 

Several potential morphing configurations using this concept 

are introduced.  The paper then focuses on a trailing edge 

morph wherein the compliant spine connects a rigid leading 

edge D-spar to a solid trailing edge strip.  The motivation for 

exploring this novel morphing architecture is established 

through analytical aerodynamic comparison to the NACA 0012 

airfoil with and without a discrete trailing edge flap.  A 

prototype device is built to explore various aspects of 

manufacturing this concept, and to prove the large deflection 

capability of the FishBAC. 

 

BACKGROUND 
To date there have been a number of research projects 

investigating active camber morphing airfoils. The many 

different concepts explored over the last several decades have 

been summarized in several review papers.
1,2,3

  Much of this 

work has been focused on the development of active rotor 

systems for helicopters and tilt rotors.  The two most successful 

active rotor concepts to date have been developed to the point 

of full scale wind tunnel testing and flight testing. Straub et al. 

have developed a hinged trailing edge flap driven by 

piezoelectric stacks with mechanical stroke amplification.
4
  

While this design is more akin to a traditional trailing edge flap 

(albeit with smart material actuation) than to a continuous 

camber morph, extensive open and closed loop vibration 

reduction testing was performed over a broad range of 

operating conditions in the NASA 40x80ft wind tunnel.  

Eurocopter has flight tested a similar piezo driven trailing edge 

flap system on a highly instrumented BK117.
5
  EADS, the 

parent company of Eurocopter, has also developed a continuous 

active camber morph driven by piezoelectric benders.
6
  Figure 1 

shows a schematic diagram of this concept.  While these 

designs have shown significant  potential to reduce vibration, 

they do so with fairly modest camber deflections and 

incremental changes to the local airfoil properties.  Flap 

deflections obtained are on the order of several degrees.  As 

such, they do not provide large magnitude changes to vehicle 

performance.  While significant changes to rotor thrust are 

reported by Straub et al., the primary goals are to increase pilot 

and passenger comfort and to reduce noise.
4
  A morphing rotor 

system with sufficient control authority to provide primary 

control or to allow for significant reconfiguring of rotor 

properties remains an active area of research. 

 

 
Figure 1. EADS Active Trailing Edge

6 

Other concepts are being pursued for fixed wing 

applications that are intended to create larger changes in airfoil 
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properties.  Barbarino et al. provide a thorough overview of 

work done to date.
3
  Of particular interest to this discussion are 

concepts which create smooth, continuous camber change.   

The DARPA Smart Wing program included a compliant 

trailing edge morphing structure.
7
  Figure 2 shows a schematic 

view of this structure, which consists of a central laminate with 

honeycomb on top and bottom to support a flexible silicone 

skin.  This concept was actuated by an “eccentuator”, which 

employs a rotating kinked rod that transforms the rotary motion 

of a piezoelectric motor into thickness-wise translation of 

several points along the chord of the morphing section, thereby 

creating a smooth bending deflection.  A gear box was used to 

increase the torque output of the motors, at the expense of 

actuation rate.   Wind tunnel testing on a UAV model fitted with 

a morphing trailing edge showed large deflections under 

aerodynamic loads up to M = 0.8.  While changes to section 

properties are not presented, total vehicle control moments are 

shown, and the concept is able to provide reasonable control 

authority to the vehicle.  

 
Figure 2. DARPA Smart Wing active trailing edge

7
 

 
Figure 3. Morphing trailing edge for wind turbines

8
 

A related concept is under investigation for wind turbine 

applications by Daynes and Weaver.
8
  Here, the laminate 

structure is moved out of the center of the section to become 

the upper skin surface, which is connected to the lower silicone 

skin surface through a Nomex honeycomb core.  Actuation is 

provided by a gear motor acting through a rigid push-pull rod 

connected to the trailing edge.  The undesirable anticlastic 

curvature effects caused by the large Poisson’s ratio of the core 

are reduced by making a series of chordwise cuts through the 

core every 20 mm.  Wind tunnel testing of this concept at 

speeds up to 56 m/s showed good control authority, with 

changes to the local lift coefficient on the order of ΔCl = ±0.5 

for a 20% chord morphing flap.
8 

In review of the literature, another morphing concept was 

found which employed a “fishbone” geometry.
9
  NASA 

developed a prototype mechanism which was described in this 

way: “the main load-bearing component resembles the spinal 

cord of a fish covered with an elastomeric material to transfer 

pressure loads to the main structure”.  As can be seen in Figure 

4 the resemblance to a fishbone is on a planform level, with the 

“ribs” forming leading edge and trailing edge ribs (in the 

normal aircraft design meaning) on a spanwise spine, which is 

the main wing spar.  The specific design of the spine and 

individual ribs are not described, although it appears the spine 

is intended to be rigid, with the ribs articulating or flexing from 

it.  It also appears that the elastomer is a solid block in the 

shape of an airfoil cast around the ribs. 

 
Figure 4. NASA spanwise “fishbone” concept

9 

The manufactured demonstrator was capable of large 

unloaded chordwise and spanwise deflections, achieving up to 

± 20 degrees in camber and ± 25 degrees spanwise.  However 

this concept does not appear to have been analyzed or 

experimentally tested.  No mention is made of how actuation 

would be achieved.   

DESIGN CRITERIA  

The morphing technology developed here is envisioned to 

be universally applicable to fixed wing applications ranging in 

scale from small UAVs to commercial airliners, and on rotary 

wing applications including wind turbines, helicopters, tilt-

rotors, and tidal stream turbines.  While specifics of the design 

would be expected to change to account for differences in 

loading and operating conditions, a basic universal concept is 

sought. 

In order to be successful across such a broad range of 

applications, it is the opinion of this author that three key 

factors must be present in the design; control authority, 

simplicity, and reliability. 

First and foremost, the control authority of the morphing 

mechanism must be substantial.  The primary motivation for the 

use of a given morphing technology must be that it can 

radically alter the performance of the wing or blade it is being 

used on.  Without a significant impact on the net aerodynamic 

performance, it is very hard to justify the added weight, 
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complexity, and cost of morphing systems, and they are 

therefore not likely to come to fruition.  Active camber systems 

which can only increase lift coefficient by 10% are much less 

likely to see widespread adoption than those that can generate a 

50% increase, even if the 10% is obtained at a fairly low weight 

penalty. 

Given sufficient authority, it is then necessary that the 

technology be simple.  While simplicity in its own right does 

not directly influence the success of the concept, it correlates 

highly with a number of factors which do.  Cost, for instance, 

increases rapidly with part count, with the complexity and 

tolerances of the parts, and with increased use of mechanical 

elements such as bearings, sliders, gears, actuators etc.  System 

weight also correlates with simplicity.  Mechanical complexity 

leads to reduced structural efficiency and increased mechanism 

weight.  Maintenance requirements increase with design 

complexity as well.  

Reliability also correlates with simplicity, but it is 

important enough of a concern to deserve separate treatment.  

While simpler designs are often more reliable, simplicity alone 

does not guarantee reliability.  For all of the above mentioned 

applications of morphing technologies, reliability and safety 

must be exceptional.  Loss of control of a morphing wing could 

lead to total vehicle loss in a UAV or to much more dire 

circumstances in the case of commercial airliners.  Rotary wing 

applications are very sensitive to force and mass imbalances, so 

even a partial failure of a morphing component could lead to 

catastrophe.  In the highly commoditized large scale wind 

turbine industry, and presumably in the nascent tidal stream 

turbine market, operational availability is often considered 

more important than power generation efficiency.  So a 

morphing turbine blade would have to be significantly more 

efficient at extracting energy from the air and very nearly as 

reliable as current technology to buy its way onto a tower. 

DESIGN PHILOSOPHY 

The three design criteria of authority, simplicity and 

reliability guided the development of the FishBone Active 

Camber concept.  What was sought was an alternative approach 

that would fulfil the design criteria by combining several 

different structural aspects into a single concise design concept. 

The FishBAC concept is built around a highly anisotropic 

compliant structural core with a pre-tensioned Elastomeric 

Matrix Composite (EMC) skin.  Both core and skin are 

designed to exhibit near-zero Poisson’s ratio.  Smooth, 

continuous bending deflections are driven by a high stiffness, 

non-backdrivable, antagonistic tendon system.  A schematic 

overview of one possible configuration of the concept is shown 

in Figure 5. 

A highly anisotropic, compliant structural design was 

chosen over a mechanism due to the lower part count and 

reduced use of components such as bearings and sliders.  This 

generally simpler approach increases reliability.  With a 

compliance based approach, a very low chordwise bending 

stiffness is needed to allow for the desired large magnitude 

deflections with minimal actuation forces and internal stresses. 

Minimizing stiffness therefore simultaneously improves the 

authority and reliability of the concept.  Having a high 

spanwise bending stiffness benefits reliability by allowing the 

morphing section to help carry the global bending loads.  This 

reduces the load carried by the non-morphing region, and 

therefore the resulting stresses.  Spanwise axial stiffness is 

particularly important for rotary wing applications to withstand 

high centrifugal forces.  The concept of a thin bending spine 

with stringers similar to a fish’s ribs creates the desired 

anisotropy in a simple and efficient manner. 

 

 
Figure 5. FishBone Active Camber concept 

A highly compliant EMC skin was envisioned as a simple 

way to fulfil the design criteria.  Low chordwise stiffness in the 

skin contributes to an overall low level of chordwise bending 

stiffness, increasing morphing authority.  Since EMCs are 

capable of very large strains on the order of 100%,
10

 the few 

percent strain needed for a camber morph would be far from the 

failure strain, thereby increasing fatigue life and reliability.  

Adding transverse fiber reinforcement to the EMC effectively 

mitigates Poisson’s ratio affects.  Pre-tensioning the skin 

increases out-of-plane stiffness, decreasing aerodynamic 

induced changes to the airfoil profile and increasing the 

effectiveness of the morphed airfoil shape.  Pre-tensioning also 

eliminates skin buckling on the compression side of the 

morphing deflection. 
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Smart materials were specifically excluded from this 

structural design.  While smart materials are being considered 

as actuators to drive the tendons, a combined actuator/structure, 

i.e. a “smart structure”, approach was not pursued here.  The 

control authority of smart structures has to date been fairly 

limited.  The use of high fields (be they electric, thermal, or 

magnetic) in the primary structure introduces reliability and 

safety issues.  Maintainability, fatigue life, and cost of smart 

structures are other areas of concern. 

The tendon drive system provides several benefits.  It 

moves the actuator into the central section of the airfoil, where 

available volume is greatest, and where the effects on 

chordwise mass balance are minimized.  The tendons are to be 

used with a spooling pulley and connected to the actuator 

through a non-backdrivable mechanism such as a worm gear.  

The advantage of the worm gear is that it separates the stiffness 

of the morphing section from that of the actuator.  A relatively 

“soft” actuator will therefore not affect the morphing section 

stiffness.  A very stiff pair of antagonistic tendons can be used 

to increase the bending stiffness of the morphing section 

without increasing the energy required to morph that section.  

Additionally, the tendon drive and non-backdrivable 

mechanism provide a friction based holding effort to any 

prescribed actuated position, such that no input energy is 

required to maintain the morphing deflections, no matter what 

type of actuator is used.   

Table 1. Potential FishBAC actuator technologies.
11-14 

Actuation 

Technology 

Max 

Strain 

Actuation 

Stress 

(MPa) 

Specific 

Work  

(J/kg) 

Max 

Frequency 

(Hz) 

 Hydraulic  1 70 35000 100 

Electomechanical  0.5 1 300 ̶ 

 Solenoid  0.4 0.1 5 80 

 Piezoelectric  0.002 9 1 107 

 Magnetostrictive  0.002 200 20 107 

 Shape Memory Alloy  0.07 700 4500 7 

 Pneumatic Cylinder 1 0.9 1200 100 

 Pneumatic Artificial 

Muscle 
0.4 16 4000 100 

 

The tendon drive allows for any actuation technology to be 

used which can be configured to create rotary motion.  This 

includes traditional hydraulic and electromagnetic actuators, as 

well as pneumatic artificial muscles and pistons.  Smart 

material actuators may also be used.  Due to their high specific 

work (see Table 1), shape memory alloys would work well for a 

low frequency system, although fatigue life would be a 

concern.  Piezoelectrics have poor specific work and so are not 

attractive when used directly, although frequency leveraging 

schemes exist which take advantage of the high bandwidth of 

piezos to give a good power density.  The ultrasonic motors 

used in the DARPA Smart Wing program are a good example of 

this.
7
   

By leaving actuator technology as an open design variable, 

the actuation reliability and authority of the FishBAC can be 

ensured.  Design simplicity in this instance may be traded off 

for reliability and/or authority to suit the specific application.  

For example, SMA may be chosen to produce a design that is 

potentially simpler and lighter weight than an 

electromagnetically driven counterpart, but it would be hard to 

match the established reliability of an electric motor. 

DESIGN CONFIGURATIONS 

Several basic design configurations are presented here that 

allow the FishBAC mechanism to be optimized to different 

applications and operating conditions. 

The bending spine can be employed to create trailing edge 

camber, leading edge camber (or droop as it is often called), or 

both.  In the case of a trailing edge morph, a rigid D-spar 

leading edge is ideal for carrying global loads, in the case of 

morphing leading and trailing edges, a rectangular box spar 

would be employed in between the morphing sections. 

The distribution of camber along the morphing section of 

the chord can be altered to create different effects as well.  For 

example, fixed wing applications would primarily use the 

FishBAC to change local lift coefficient, and so a shape 

distribution with optimal Cl/Cd (or Cl
3/2

/Cd) is desired.  

Alternatively, for rotorcraft and wind turbines, the morphing 

device may likely be used as a “servo type” flap
15

 where the 

desired effect is not a change in lift, but a large change in 

pitching moment to induce elastic torsion deflections in the 

passive portions of the blade.  The design parameter to 

maximize might therefore be Cm/Cd, with Cl being 

simultaneously minimized.  This configuration may lead to 

significantly different FishBAC geometries. 

Many potential configurations exist for the Elastomeric 

Matrix Composite skins employed.  The general goal with the 

skin is to maximize out-of-plane stiffness with minimal in-

plane stiffness.  While a pure elastomer skin with no fiber 

reinforcement could be used, such a skin would have a high in-

plane Poison’s ratio, which would lead to necking-in of the skin 

at its spanwise extents.  Besides the loss of airfoil surface 

continuity that would result at the edges of the morphing 

section, there would also be large spanwise shear strains 

induced between the skin and the adhesive holding it to the 

stringers, which would affect strength and reliability.  This 

effect is best negated by reinforcing the elastomer with 

spanwise unidirectional fibers.  As has been shown in other 

work,
10,16

 the fibers effectively restrict the necking in of the 

elastomer, reducing the spanwise Poisson’s ratio to near zero.  

Spanwise oriented fibers would also give the lowest possible 

chordwise stiffness obtainable with fiber reinforcement.  

However, the out-of-plane stiffness between stringers is not 

significantly increased over the baseline elastomer with 

spanwise fibers.  This motivates the consideration of alternative 

geometries.  Offsetting the fibers slightly from the spanwise 
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direction could potential provide a meaningful increase in out-

of-plane stiffness with a tolerable increase in chordwise 

stiffness and Poisson’s ratio.  The use of curvilinear fibers 

offers promise as well, as fibers which are aligned with the 

chord on a global level but which have large amounts of in-

plane curvature (as in Figure 6) would allow the fibers to bridge 

between stringers, thereby increasing out-of-plane stiffness,  

while also allowing sufficient chordwise strains since the fibers 

would be able to straighten out instead of having to directly 

strain along with the matrix.  Design studies of curvilinear 

EMC skins for the FishBAC are currently underway.  Since 

curvilinear fibers would not have near-zero Poisson’s ratio in 

the spanwise direction, it may be desirable to combine 

curvilinear fibers and spanwise fibers in a laminate structure.   

 
Figure 6. Curvilinear fiber geometry 

Locating the curvilinear lamina at the outer faces of the 

skin laminate would increase their effectiveness at resisting out-

of-plane loads, due to increased distance from the neutral axis, 

without increasing their effect on in-plane stiffness.  Pure 

elastomer or spanwise oriented unidirectional EMC could be 

used as the core of the laminate to increase thickness (and 

therefore out-of-plane stiffness). 

Material choice for the EMC skin also gives several 

possible configurations.  Silicone or polyurethane elastomers 

may be used for the matrix.  Silicones are generally softer and 

easier to work with, but polyurethanes can be easier to bond 

and are more abrasion resistant.  Several types of fiber 

reinforcement are applicable.  Carbon fibers are very 

appropriate given their high stiffness and strength.  The high 

strength and resilience of aramid fibers makes them another 

attractive choice.  Fiberglass is a good option if cost is an 

important driver.  Other high performance synthetic fibers such 

as Dyneema and Zylon have attractive properties, although 

achieving effective fiber bonding can be an issue.  Fiber 

compressive strength is an important issue, not necessarily for 

in-plane buckling under compression though, given that the 

FishBAC skin is pre-tensioned to avoid buckling.  Instead, fiber 

compressive strength is important in resisting the transverse 

necking in of the elastomer due to Poisson’s effects.  In the 

FishBAC concept, the initial skin tension and the chordwise 

morphing strains will generate spanwise stresses which will 

compress the fiber reinforcement, and sufficient strength is 

needed to avoid buckling. 

The bending spine would most likely be made of metallic 

or composite materials.  Composite materials would give the 

benefit of material anisotropy, providing low chordwise 

stiffness with high spanwise stiffness.  A composite laminate 

with a majority of its fiber content aligned with the span would 

make an ideal bending spine.  Additionally, the properties of the 

spine could be changed along the chord to control the final 

deformed shape of the airfoil.  Having a thicker spine towards 

the leading edge, for example, would bias the output deflections 

towards the trailing edge, which may be desirable for 

increasing the aerodynamic lift or moment produced.  A 

composite tapered spine can be easily accomplished through 

ply drop-offs or by using a tapered core material. 

The number, size, and spatial distribution of the stringers 

can be changed to best match the aerodynamic loading.  For 

low speed applications, or for configurations with large skin 

thickness, very few stringers may be needed.  For highly loaded 

cases it may be necessary to have many, closely spaced 

stringers to keep skin deflections within the aerodynamic 

requirements.  In all cases, it would be more structurally 

efficient to change the spacing of the stringers along the chord 

to match the changing aerodynamic pressure loading.  

Generally this would mean closer spacing towards the leading 

edge.  In a similar fashion, the thickness of the skin could be 

tapered to match the tapering aero load.  Another potentially 

desirable configuration would be to stagger the location of the 

stringers along the span, such that the stringers of adjacent 

morphing cells would not be coincident.  This configuration 

would reduce the unsupported length of the skins in between 

stringers, as adjacent morphing cells would provide support for 

the skin in between any two stringers.  The decrease in skin 

out-of-plane deflections would have to be weighed off against 

the increased manufacturing complexity and reduced spanwise 

strength and stiffness. 

PRELIMINARY AERODYNAMIC ANALYSIS 

In order to investigate the potential benefits of large 

authority camber morphing with the FishBAC mechanism, an 

initial study was performed using the XFOIL vortex panel 

method aerodynamic software.  Deflected trailing edge airfoil 

shapes were first created in MATLAB by superposing a 

deflected bending spine shape onto a NACA 0012 airfoil.  For 

this initial analysis, the spine was assumed to deflect according 

to: 

 𝑦𝑠𝑝𝑖𝑛𝑒 = 𝑘(𝑥 − 𝑥𝑟)
2 (1) 

where yspine is the normalized y-coordinate of the neutral axis of 

the bending spine, k is the deflection coefficient, x is the 

normalized length along the undeflected chord, and xr is the end 

of the rigid leading edge.  This shape function was chosen 

because it is equivalent to the shape on an Euler Bernoulli beam 

of constant cross section under a concentrated tip moment.  

While not equivalent to the actual structure and loading of the 

FishBAC mechanism, it is representative.  This shape function 

also agrees well with the shapes seen in the initial prototype 

discussed below when actuated via the tendons (Figure 12).   

The goal of this initial study was to compare the 

aerodynamic coefficients of a representative FishBAC 
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deflection with a standard NACA 0012 airfoil, and a NACA 

0012 with a discrete trailing edge flap. 

An operating condition of M = 0.3 and Re = 1x10
6
 was 

chosen as a representative operating point for a UAV or wind 

turbine blade tip.
17

  Additionally the Mach number is low 

enough to avoid significant compressibility effects, and the 

Reynolds number is large enough to avoid the highly non-linear 

increases in drag which occur with lower Reynolds numbers.
18

  

While the FishBAC concept is intended for use at both higher 

Mach numbers and lower Reynolds numbers, this initial 

analysis considers only a single representative operating 

condition.   

A moderately high FishBAC deflection of k = 0.3 was 

chosen for this analysis.  The rigid portion of the leading edge 

was set to 35% (xr = 0.35) as typical of the D-spar found in 

many rotorcraft blade designs.
19

  In order to allow for an 

effective comparison, the parameters of the flap were set to 

create an equivalent Cl,max between the FishBAC and flap at the 

chosen operating condition.  It was found that a 25% chord 

plain flap deflected 20 degrees gave a very similar Cl,max to the 

chosen FishBAC geometry.  Note that the XFOIL analysis 

assumes a sealed flap with no leakage flow. 

Figure 7 shows the three airfoil geometries used in this 

study.  Note the smooth deflected shape of the FishBAC.  The 

airfoil coordinates are not rotated upon deflection to align the 

chord line with the horizontal axis.  The angle of attack is 

therefore the geometric angle of attack of the rigid leading edge 

portion for the FishBAC and flapped airfoils. 

 

 
Figure 7. Geometries analyzed  

In Figure 8 the lift polars for the three airfoils can be seen.  

The effect of adding a flap to the NACA 0012 airfoil is as 

expected: a large increase in lift coefficient at a given angle of 

attack until the onset of stall, which occurs earlier than the 

unflapped airfoil.  For this configuration, Cl,max = 1.63.  The 

FishBAC airfoil can be seen to have a similar behavior, 

although there appears to be a reduction in the lift curve slope 

above α = -4° (Cl = 1.1).  The mechanism behind this is not 

immediately apparent.  It was observed to varying degrees with 

several different values of deflection coefficient and operating 

conditions. Experimental tests will show if this behavior occurs 

outside of analysis and if it has any ramifications for operation 

of the FishBAC concept.  Again for the FishBAC, the predicted 

Cl,max = 1.63.  The change in lift curve slope is the reason why 

the FishBAC and flapped airfoil have the same maximum lift 

coefficient despite the significantly larger trailing edge 

deflections of the FishBAC (as seen in Figure 7).  If the lift 

behavior of the FishBAC were linear up until the point of stall, 

then a higher Cl,max would be expected.  This behavior is not 

intrinsically bad, it is just a noteworthy difference from the 

more traditional behavior seen in the NACA 0012 unflapped 

and flapped airfoils. 

 
 

Figure 8. Lift polars 

The drag polars shown in Figure 9 begin to show the 

advantage of the FishBAC.  Here it can be seen that the smooth 

continuous trailing edge morph has considerably lower drag 

than the flapped airfoil, and for lift coefficients above Cl = 0.42, 

the FishBAC has even lower drag than the unflapped NACA 

0012.  The improvement is significant in both cases.  Note also 

that the change in FishBAC lift curve slope seen for lift 

coefficients above Cl = 1.1 also corresponds to a rapid increase 

in drag coefficient.  For lift coefficients above Cl = 1.5, the 

flapped airfoil and the FishBAC have similar drag behavior.  

Note that the data post stall is shown for illustrative purposes 

only.  XFOIL is not expected to produce accurate drag 

estimates in this regime. 

 
Figure 9. Drag polars 

The combined effect of lift and drag can best be seen in 

Figure 10, which shows the lift-to-drag ratio (Cl/Cd) versus lift 

coefficient.  This figure shows the significant improvements in 

lift efficiency obtained with the FishBAC over both the flapped 

and unflapped NACA 0012.  Indeed, there is an 86% increase 

in maximum Cl/Cd over the baseline NACA 0012, and a 190% 
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increase over the flapped airfoil.  While it is important to bear 

in mind that the results presented here are generated for an 

assumed FishBAC displacement shape using an analytical 

method which is known to underpredict drag and overpredict 

lift, the results are still quite encouraging.  Even though 

experimental results for the three airfoils may differ from these 

predictions, the XFOIL analysis provides a consistent 

comparison, and the magnitude of improvement seen with the 

FishBAC warrants further research, even if the gains achieved 

in experiment and practice are less than predicted. 

 
 

Figure 10. Lift efficiency vs. lift coefficient 

INITIAL PROTOTYPE FABRICATION 

In order to investigate the behavior of the FishBAC 

structure and to explore the construction techniques required, a 

30 cm chord, 2.5 cm span section of a NACA 0012 based 

FishBAC morphing airfoil was fabricated.  For this initial 

prototype, an HP DesignJet 3D printer was used to print the 

components out of high quality ABS plastic.  This prototype 

has a 35% chord D-spar at the leading edge and a 15% chord 

solid trailing edge.   

The bending spine is 1.5 mm thick.  The forward end is 

provided with an integral mounting bracket which allows it to 

be bolted to the leading edge D-spar.  The trailing end extends 

past the active region to fit into a matching slot in the trailing 

edge strip.   

A total of 14 stringers are evenly spaced along the spine. 

With a thickness of only 0.75mm each, they make up a small 

percentage of the chordwise length of the spine (7%) and as 

such do not contribute significantly to the spine stiffness in the 

morphing direction.  However, because the stringers are 

continuous along the span and are the full height of the airfoil, 

they increase the spanwise bending stiffness of the core by a 

factor of 400 over just the spine.  As can be seen in Figure 5 the 

outer ends of the stringers below the skins have 5 mm wide 

flanges parallel to the skin.  These flanges create a significantly 

larger bond area between the skin and stringers, and they 

further contribute to spanwise bending stiffness. 

The skin in this prototype is made from a sheet of silicone 

elastomer with no fiber reinforcement.  Tomps MM 928 two 

part RTV Silicone was mixed and poured onto a sheet of glass.  

Angling the glass sheet upwards allows gravity to spread the 

silicone into a smooth continuous sheet.  The resulting 

thickness of the sheet can be controlled by changing silicone 

viscosity, pour temperature, and the angle of the glass relative 

to gravity.  The silicone is degassed prior to pouring to release 

entrapped air.  Passing a heat gun over the silicone sheet after it 

has spread out helps bring any remaining bubbles to the surface 

where they rupture.  This method of making silicone sheets is 

very simple and requires minimal equipment.  As such it is 

useful for smaller skin sizes.  For large skin areas, the variances 

in thickness due to gravity and fluid flow would likely be too 

great.  The skin of this prototype was made from a single sheet 

of pure silicone without reinforcement.  EMC composites could 

be made using this technique by first making two thin sheets, 

then bonding them together with a layer of carbon fibers wetted 

out in the RTV silicone.  This is similar to the technique 

successfully employed in previous work.
10,16

  Care must be 

taken to avoid entrapped air and misalignment of the fiber 

reinforcement. 

Both the D-spar and trailing edge strip have recessed 

shelves along their spans which extend for 18 mm past the 

active region.  These provide a large area for bonding the skin 

to minimize shear stresses in the transfer region.  Recessing the 

bonding region allows for a smooth outer skin surface at the 

transition from rigid to flexible.  Momentive IS5628E silicone 

adhesive is used to bond the skin to the plastic substructure.  

Momentive SS4004P primer is first applied to the plastic 

surface to increase the number of available bonding sites.  Caul 

plates are clamped to the top and bottom of the airfoil to align 

the outer skin surfaces during cure.  Beads of the same adhesive 

are also run down each of the stringers to ensure the skin does 

not pull off the compression side when morphing. 

The FishBAC uses a pre-tensioned EMC skin to eliminate 

buckling on the compression side and to increase out-of-plane-

stiffness.  This was accomplished in the initial prototype 

through a two stage bonding process.  The skin was first 

bonded to the trailing edge only and allowed to fully cure.  

Adhesive was then applied to the flanges of the stringers and 

the leading edge bonding area.  The skin was stretched by the 

required amount away from the airfoil surface, then slowly 

pulled down on top of the adhesive.  Caul plates where then 

clamped around the top and bottom skin to hold the skin and 

lock in the desired pre-tension.  The caul plates also serve to 

align the outer edge of the skin with the outer edge of the D-

spar, creating a smooth transition and minimizing disturbances 

to the flow. 

The tendons in this prototype are braided Dyneema cord.  

Dyneema has excellent strength, stiffness, and corrosion 

resistance combined with a low density.  Newer formulations of 

this Ultra High Molecular Weight Polyethylene (UHMWPE) 

fiber are also highly resistant to creep.  Furthermore, Dyneema 

has a low coefficient of friction and is highly abrasion resistant. 

These attributes make it attractive for use as a FishBAC tendon, 

and a superior choice to both metal cable and other synthetic 

fibers such as Aramids, carbon, Vectran, fiberglass, nylon etc.  

While PBO fiber cordage (Zylon) would provide even higher 
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stiffness and strength, it’s sensitivity to UV light makes it a 

higher risk option, particularly in an application where any 

protective coatings may abrade off over time. 

The tendons anchor into the trailing edge strip.  The tendon 

end is tied into a bowline loop knot and slid into an internal 

passage printed into the trailing edge that allows a pin to slide 

through the loop and make it captive.  A trough is provided for 

the tendon below the skin bonding area so that its thickness 

does not create a spanwise discontinuity in the skin.  This 

feature also creates the possibility of replacing a tendon without 

having to remove the skin, which would be desirable for 

maintainability.  The tendons then travel through orifices in the 

stringers and D-spar into the interior of the leading edge, as can 

be seen in Figure 11.  The distance between the tendons and the 

neutral axis is an important design variable.  This distance can 

be constant along the chord length, or it can vary from the 

leading edge to the trailing edge to introduce mechanical 

advantage.  For this prototype the distance is constant and set to 

the maximum distance achievable with the 15% chord trailing 

edge strip.  If the passage holes through the stringers are close 

in size to the tendon diameter, then the tendons will remain a 

constant distance from the neutral axis during morphing and the 

strains in the upper and lower tendon will be nearly equivalent.  

This is helpful for maintaining tension in both tendons during 

actuation.  Loss of tension in the non-driving side tendon (for 

example the upper tendon during a downwards deflection) is 

undesirable because it reduces the stiffness of the actuation 

system and therefor the morphing section.   

Inside the leading edge the tendons attach to the top and 

bottom of a small pulley.  They wrap several times around and 

are then anchored.  This allows for a combination of frictional 

force transfer and mechanical force transfer.  It also allows the 

tendon to spool onto and off of the pulley during actuation with 

no change in radius.  The spooling pulley would then be driven 

by the actuation system, preferably through a worm gear or 

similar non-backdrivable mechanism, as described above. 

 
Figure 11. Details of tendon attachment 

This prototype includes a two part D-spar to allow for 

access to the tendons and actuation system.  This is an 

important practical consideration that should be included early 

in the design process.  A C-shaped leading edge slides over and 

bolts to the rear web of the D-spar.  For a full scale application, 

some sort of access hatch would be required at the spanwise 

locations of the actuators.  The structural impact of these access 

points would be dictated by the number and size of actuators 

chosen.  The benefits of a distributed actuation approach, which 

include redundancy, reduced structural stiffness requirements 

and the potential for spanwise morphing variation, must be 

carefully weighed against increased weight due to more 

structural cuts which require reinforcement. 

Figure 12 shows the deflection range obtainable with the 

FishBAC prototype mechanism.  For clarity the spooling pulley 

has been removed, and the tendons are pulled from behind the 

grid board.  Here the large, symmetric camber morphs this 

concept is capable can be seen.  The ±40 mm tip displacements 

seen here are 13.3% of total airfoil chord.  The deflection of the 

spine is found to closely match the shape of Eq. (1) with a 

deflection coefficient of k = 0.316.  This justifies the choice of 

shape function for the initial aerodynamic analysis, but it is 

important to note that a fully coupled fluid structure interaction 

analysis is required to properly account for aerodynamically 

induced deflections. 

 

 
Deflected upwards 

 
Neutral 

 
Deflected downwards 

Figure 12. Fishbone Active Camber prototype 

CONCLUSIONS 

This work introduces a novel morphing concept known as 

the Fishbone Active Camber (FishBAC) mechanism.  This 

design allows for large, continuous changes in airfoil camber 

with low energy input through a biologically inspired compliant 

structure and actuation mechanism.  Existing concepts capable 

of large camber changes are first shown.  Three primary criteria 

for successful morphing are then presented and used to guide 

the conceptual design of the FishBAC mechanism.  A range of 

possible configurations are presented for use with different 

applications and under different operating conditions.  One 

particular configuration is then chosen for further investigation.  
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Analytical aerodynamic predictions are generated which show 

significant increases in lift to drag ratio of the FishBAC as 

compared to a NACA 0012 airfoil with and without a discrete 

trailing edge flap.  A prototype section is designed and built to 

explore specific aspects of the structural geometry, and is 

shown to be capable of large camber changes with low 

actuation effort. 
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