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Abstract

A novel passive twist morphing concept is examined for helicopter blades.

The concept is demonstrated using a thin-walled rectangular composite beam

created with symmetric layup to obtain bend-twist property. The twist of a rotor

blade is proposed to be actuated though a movable mass at the blade tip which

is able to provide a range of lagwise bending moment during rotation as a result

of the centrifugal force. First a set of static bending test is performed which

provides detailed characterisation of the deformation and strain distribution

of the composite beam subjected to a number of bending loads. The results

of the experiment fully verify numerical predictions including finite element

approach (FE) and beam cross sectional analysis. A series of simulations are

then conducted using the verified numerical model to demonstrate how the

desired twist can be effectively achieved by manipulating the size and location

of the mass.
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1. Introduction

The development of morphing technologies provide a wide range of strategies

to allow for the adjustment of the blade configuration under different flight

conditions to reach optimum aerodynamic performances[1, 2, 3]. Morphing

achieved passively is particularly of interest due to the tremendous advantages of5

the energy saving and design simplicity [4]. A novel passive morphing concept,

inertial twist, has been proposed in a recent study to be deployed in helicopter

blades[5]. The concept involves introducing a bend-twist coupled composite

beam and a movable mass to a rotor blade. Therefore the twist can be actuated

during rotation as a result of the bending moment caused by the centrifugal10

force as illustrated in Figure 1. Although the basis of the concept and the

aeroelastic stability of the mechanism has been explored through a simplified

one-dimensional beam model[6], there is little experimental data to verify the

results and examine the morphing strategy. The work described here aims

to provide accurate experimental characterisation of the bend-twist behaviour15

achieved in the composite beam and a comprehensive demonstration of the

morphing concept with the verified numerical models.

Figure 1: Schematic drawing of the inertial twist morphing concept.

A large body of research work has developed efficient morphing solutions

with small penalties in cost and weight. To achieve this goal, a number of active
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materials have been employed as actuators, which allow for the controlled shape20

of the blade without introducing the complexity of mechanisms [7, 8, 9]. The

potential of piezoelectric materials in morphing applications has been widely

explored. These materials can be deformed by electric current which is capable

of introducing a local strain field on the surface. Lim et.al [10] deformed the

trailing edge of a wing blade by embedding a stack of piezoelectric actuators25

into composite laminates, where a deflection angle of 5◦ was measured at 300V

voltage input. In the work of Chen and Chopra [11], an array of orientated

piezoelectric patches were embedded in the top and bottom surfaces of a rotor

blade to obtain a controlled twist during rotation. However, the magnitude

of the twist was limited by the torque generated by the piezoelectric patches,30

particularly with the presence of aerodynamic forces. It has been reported

that approximately 0.1 degree twist was measured at an operating speed of 900

rpm. Shape memory alloys(SMA) are popular active materials, which are able

to return to their original shape from any deformed state when the threshold

temperature is reached. A pre-twisted SMA tube was employed by Ameduri and35

Concilio [12] to produce a spanwise twist in a rotor blade, where the torque was

transmitted though the entire blade during the strain recovery process. Despite

of the fact that a reasonable amount of twist can be achieved using the SMA

actuator, the success of the method for rotor blades depends critically on the

speed that the heat can be transmitted and absorbed away from the material.40

One possible solution for this is to use thermoelectric modules(TEMs) which

are able to pump heat from one side to another with the aid of electric current

[13]. The other issues of SMA actuators in morphing applications, such as heat

treatment and bandwidth, have also been discussed in the work of Prahlad and

Chopra[14].45

Elastic coupling has been used extensively in morphing blades [15, 16, 17,

18]. The twist of the blade is often coupled by the axial and bending loads,

which enables the direct control of the angle of attack. The coupling behaviour

is most commonly obtained by the stiffness tailoring of composite laminates.

Two types of configurations have been widely used which are referred to as the50
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symmetric and antisymmetric layups [19]. The symmetric layup provided the

bend-twist coupling while the extension-twist coupling can be obtained from the

antisymmetric layup. The Grumman X-29, a well-known forward-swept aircraft,

utilised bend-twist coupled laminates to avoid aeroelastic divergence by making

use of the coupled torque [20]. A number of metamaterials have been proposed as55

alternative candidates to produce the coupling effect. For example, the tension-

twist coupling can be obtained from three-dimensional metamaterials which

are able to convert the axial deformation to the cell rotation by using a series

of inclined rods or faces[21, 22, 23]. A bend-twist coupled metamaterial has

also been created by adding antisymmetrical features to the unit cell where an60

efficient coupling behaviour can be obtained[24].

In this paper, the inertial twist morphing concept is examined and demon-

strated using a thin-walled composite beam manufactured with a symmetric

layup configuration. First a number of static bending tests are performed and

the measured results are compared with the numerical predictions. Then the65

verified numerical model was adopted to investigate the twist distribution of

the beam subjected to a tip inertial mass under rotation. The results show the

relationship among the twist angle, size and locations of the mass. Finally, a

numerical analysis is performed to explore the optimum ply angle which is able

to provide the highest actuation efficiency.70

2. Experiment

2.1. Specimen fabrication

A rectangular thin-walled composite beam was built using the autoclave

facility at the University of Bristol, with the outer dimensions as shown in

Figure 2(a), where the thickness of the beam, T , was chosen based on the cross75

sectional size of the main rotor blade of the BO-105 helicopter [25]. The beam

was fabricated by wrapping six layers of graphite/epoxy prepregs (Hexcel 8522)

with fibre volume fraction of 0.55 over a rectangular mold with corner radius

of 2.5mm cut from a Rohacell foam sheet(110 XT-HT). The foam was able to
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resist a 7 bar pressure at 190◦, which was capable of withstanding the required80

curing conditions [26]. A symmetric layup configuration was used to obtain

the bend-twist property as illustrated in Table 1 and Figure 2(a). The prepreg

widths were cut to size and laid up in a way that the joints were staggered

around the corner to avoid resin or fiber-rich areas, as shown in Figure 2(b),

where the prolonged length, wp, was approximately 1 mm at each corner.85

A vacuum pump was used after laying every two laminates to remove possible

air bubbles between the layers. After finishing the layup process, a release film

was wrapped around the beam to maintain a good surface condition. Next the

entire beam was covered by a breather layer and placed into a vacuum bag for the

curing process, as shown in Figure 3. The autoclave was set to provide a curing90

pressure of 5 bar and a temperature of 185◦, following the recommendation of

the prepreg supplier. Finally the vacuum bag, breather layer and release film

were removed from the beam at the end of the curing cycle.

Top wall Bottom wall Left wall Right wall

[45]6 [45]6 [+45/− 45]3 [+45/− 45]3

Table 1: Layup of the thin-walled rectangular beam.

2.2. Bending test

A set of cantilever beam tests was conducted to characterise the bend-twist95

property and strain distribution of the composite beam subjected to a number

of bending loads. At the supporting end, the beam was firstly slotted into a

steel hub built with a 80 mm long sleeve and bonded using epoxy resins. The

hub was then bolted to a rigid fixture made from 8 mm thick steel plates shown

in Figure 4 and 5(a). The bending loads were applied by hanging incremental100

weights on the beam. A small fixture was installed at the tip consisting of two

semi-rectangular metal pieces with a 500mm screw bar fixed in place using two

locking nuts, allowing for the weights to be applied at different locations along

the Z-axis as shown in Figure 5(b), to enable the torque loading, Tx, to be

varied independently of the bending moment, Mz. Five equally spaced loading105
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(a)

(b)

Figure 2: Schematic drawing of the specimen (a) geometry (b) layup configuration.

points were pre-selected, denoted L2,L1,C,R1 and R2, with a spacing of 50mm

between each. The point C indicates the location of the shear centre where the

application of loads will generate zero torque. In contrast, a combined torque

and moment will be applied to the beam for the masses placed at the other

loading points.110

The strain distribution on the beam was measured using rectangular strain

rosettes as shown in Figure 4. Each rosette includes three measuring grids

arranged at angles of 0◦ and +45◦/-45◦ to allow for the measurement of both

axial and shear strain at the target point. The axial strain was directly measured
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Figure 3: The vacuum bagged beam inside the autoclave.

from the 0◦ grid, while the shear strain,γ, was calculated based on the values115

acquired from the +45◦ and -45◦ grids:

γ =
ε45◦ − ε−45◦

2
(1)

Four strain rosettes were installed on the top wall (SG1 to SG4) along the

centre line to characterise the strain distribution in the spanwise direction as

shown in the Figure 4. Three additional strain rosettes (SG5, SG6 and SG7)120

were bonded to the left and bottom walls to measure the strain distributions

across the beam section. The locations of the strain gauges were chosen accord-

ing to a preliminary finite element analysis (FEA) to avoid the effects caused

by the root fixture.
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The deflection and twist of the beam were captured using a set of Omron125

laser sensors ZX2-LD 100, which offer a measurement range of 100 ± 35mm

and resolution of 5µm, sufficient to provide accurate measurements. Two types

of sensor configurations were adopted, as shown in Figure 6. For the deflection

measurement, a single laser sensor was mounted approximately 100mm above

the top wall of the beam. To measure the twist angle, a rigid foam strip was130

firstly aligned and clamped to the beam and then the angle of twist, φ, was

evaluated by measuring the transverse displacements of the foam strip using

two sensors installed vertically:

φ = tan−1(
∆d

d0
) (2)

where the ∆d indicates the difference in the transverse displacements measured

from two locations and d0 is the vertical distance between the sensors. For each135

loading condition, the measurements were repeated at 9 different locations along

the beam span to evaluate the distribution of the deflection and twist.

Figure 4: Strain gauge configuration on the beam.
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(a)

(b)

Figure 5: Experiment configurations: (a) assembly at the supporting end (b) fixture at the

tip.

2.3. Numerical prediction

Finite element analysis (FEA) of the bend-twist coupled beam was per-140

formed using the commercial package ABAQUS 2017 [27]. The motion at the

supporting end was fixed in all directions to replicate the condition of the exper-

iment. The laminate behaviour was modelled using 4-noded three-dimensional

shell elements with reduced integration (element code S4R in ABAQUS). Ap-

proximately 40 thousand elements were used in the model, which was sufficient145

for the simulation according to a preliminary mesh refinement study. The in-

fluence of the foam core was simulated by adding a layer of elastic isotropic
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(a) (b)

Figure 6: Omron sensor configurations for the measurement of (a) deflection and (b) twist.

laminate into the thin-walled beam model created with Young’s modulus and

Poisson’s ratio of 180 MPa and 0.42 respectively [26]. The effect of the staggered

joints was neglected in the model where the laminate on each wall was assumed150

to be jointed perfectly at each edge with no prolonged plies. The tip fixture

was simulated by mounting a 500mm long rigid shell to the tip of the beam

model using the tie constraint as shown in Figure 7. The laminate properties

used in the model are listed in Table 2. The deflection distribution of the beam

model was obtained by plotting the vertical displacement of the beam along the155

centre line of the top surface, while the angle of twist was calculated from the

transverse displacements of the top and bottom edges of the side wall using Eq.

2.

E11 (GPa) E22(GPa) G12 (GPa) v12 ρ (kg/m3)

154 8.9 5.3 0.32 1400

Table 2: Material properties used in the finite element(FE) model.
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Figure 7: FE model configuration.

3. Results

3.1. Deflection and twist160

Figure 8 presents the deflection of the beam when a mass of 1200g was placed

at the tip, where the marker points represent the measured results and the solid

curves are the numerical predictions obtained from FEA. Small differences in

deflection have been found when the weight was applied at different loading

points: more deflection is obtained by adding the mass at L2, compared to that165

at C and R2. This effect is caused by the influence of the applied torque which

induces an additional bending moment to the beam, leading to the change in

curvature.

The bend-induced twist has been measured and is shown in Figure 9. It

was found that the FE predictions correspond very well with the experimental170

results, with only a small discrepancy likely caused by some occasional man-

ufacturing defects occurring in vicinity of the ply drops at corners as shown

in Figure 2(b) such as wrinkles. Note that the twist distribution significantly

depends upon the location of the mass as a result of the applied torque. An

increased twist was observed, when the mass was placed at the loading points175

L1 and L2, suggesting the applied torque twisted the beam in the same direction

to the bend-induced torque. While for the mass placed at R1 and R2, lower

angles of twist were measured, because the bend-induced torque was partially

balanced by the torque produced by the weight. It was also noted that when
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the mass was placed at R2, the maximum angle of twist occurred at 60% of the180

span, X/L = 0.6, indicating the magnitude of the applied torque was equal to

the bend-induced torque arising at the beam section.

3.2. Strain distribution

Figures 10 and 11 show the spanwise distribution of the axial and shear

strain for the masses placed at the shear centre (location C). The square mark-185

ers denote measured results obtained from the strain gauges SG1 to SG4 as

illustrated in Figure 4, while the solid lines represent the FEA predictions. It

was found that both axial and shear strain changes linearly along the beam

span, despite the noticeable end effect in vicinity to the supporting end. Scatter

was also observed in the measured data, particularly for the measured shear190

strain, which was most likely caused by the differences in the bonding condition

of the stain gauge due to the inconsistent surface finish on the beam surface.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-15

-10

-5

0

Figure 8: Distribution of the beam deflection with respect to a 1200g mass placed at different

loading points.
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

0.005

0.01

0.015

Figure 9: Distribution of the twist with respect to a 1200g mass placed at different loading

points.

The strain distribution across the beam section was measured from strain

gauges SG2, SG5, SG6, SG7, and the results are presented in Figures 12 and195

13. The axial strain varies linearly with the beam thickness which satisfies the

kinematic assumptions of beam theories. Both experimental data and numerical

results suggest that the shear strain on the top and bottom walls are significantly

higher than that in the side walls as shown in Figure 14. This is due to the

extension-shear coupling behaviour exhibited in the [45]6 laminate: a significant200

shear strain was induced by the axial strain produced by the bending moment,

Mz. Besides, the laminate analysis suggested that the shear rigidity of the

[±45]3 laminates were equal to 39.5 GPa, approximately 5 times that of the

[45]6 laminate, and this is another likely cause for the high shear strain in the

top and bottom walls.205

A minor difference in the axial strain was observed when the mass was

placed at different loading points as shown in Figure 15 and 16. A slightly

higher axial strain was observed when the mass was placed at L2 compared to

that measured from other loading points, which agrees well with the measured

13



deflection curves shown in the Figure 8. The switch of the loading points resulted210

in a significant change in the shear strain shown in Figures 17, 18 and 19. It

was found that the shear strain increased when the mass is moved toward to

L1 and L2, indicating a higher torque was applied to the beam. Conversely,

when the mass was applied to the other side of the shear centre i.e. R1 and R2,

the overall torque was reduced which also verified the phenomenon observed in215

Figure 9. Furthermore, it is also shown in Figure 17 that the bending induced

shear strain is significantly higher than that caused by the applied torque near

to the root.

3.3. Simplified beam analysis

Based on the work of Hodge [28], the bend-twist behaviour of an anisotropic220

composite beam can be described by the following linear equations in matrix

form:





Tx

Mz



 =





GJ −g

−g EI









φ
′

x

kz



 (3)

The above 2 by 2 matrix is known as the stiffness matrix of the beam, with g

being the coupling term, and GJ and EI are the effective torsional and bending225

rigidity. The variables Tx and Mz are the applied torque and bending moment,

while kz and φ
′

x are the corresponding curvature and rate of twist. The obtained

FE results have been used to determine the quantities in the stiffness matrix.

Note that the rate of twist, φ
′

x, was equal to zero at 60% of the span in the case

when a 1200g mass was applied at R2 shown in Figure 9. At the beam section230

where φ
′

x = 0, Eq. 3 can be simplified as:

Tx|X/L=0.6 = −g kz|X/L=0.6 (4)

Mz|X/L=0.6 = EI kz|X/L=0.6 (5)
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Hence the values of g and EI can be obtained directly from these expressions

where the curvature kz was calculated based on the deflection curve given in

Figure 8. The torsional rigidity, GJ , can be evaluated by using the measured235

twist and deflection for the weight placed at the shear centre where the applied

torque, Tx, was equal to zero. Therefore the GJ can be related to the bending

curvature and rate of twist as:

GJ =
gkz
φ′

x

(6)

The calculated quantities of the stiffness matrix are listed in Table 3, and the240

values are compared to the results generated by the variational-asymptotic beam

cross-sectional(VABS) analysis, a commercial code developed by Hodges and

his co-workers [29]. Compared to the three-dimensional FE model described in

Sec. 2.3, VABS simplifies the three-dimensional problem into a two-dimensional

cross sectional analysis and one-dimensional beam analysis with the aid of the245

variational asymptotic method [30, 31]. The quantities of the stiffness matrix

are determined based on the evaluated three-dimensional warping function and

the corresponding strain energy within the beam cross section. It is shown

that the torsional rigidity calculated from the experimental results matches well

with the FEA prediction. However, the measured bending rigidity and the cou-250

pling term is about 20% higher than the FEA predicted values, which is mainly

due to the discrepancy between the measured deflection and the FE results, as

shown in Figure 8. Furthermore the bending rigidity evaluated from the three-

dimensional finite element model agrees well with the VABS results but the

torsional rigidity GJ and the coupling term, g, calculated by VABS are approx-255

imately 15% higher than the FEA predictions. This discrepancy is attributed

to two factors: (i) the neglect of a second order effect, a small flapwise bending

curvature, ky, (approximately 1% of the kz) induced by the applied torque, Tx,

was ignored in the current formulation for the sake of the simplicity, which re-

sulted in a small underestimation of the torsional rigidity; (ii) the presence of260
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the end effect in the three-dimensional FE model: the shear stress concentration

occurs near to the supporting end and leads to a significant effect in the local

twist distribution which has not been considered in the simplified beam model

adopted in VABS. It can be observed from Figure 9 that the influence of the

end effect is significant for X/L < 0.1.265

Bending rigidity, EI Torsional rigidity, GJ Coupling term, g

(N m2) (N m2) (N m2)

Experiment 390 210 96

FEA 310 220 75

VABS 320 260 89

Table 3: Comparison of the quantities in the stiffness matrix evaluated from experimental

data, FEA and VABS.
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Figure 10: Distribution of the axial strain along the spanwise direction.
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Figure 11: Distribution of the shear strain along the spanwise direction.
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Figure 12: Distribution of the axial strain across the section.
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Figure 13: Distribution of the measured shear strain across the section.
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Figure 14: Comparison between the measured shear strain across the section with FE predic-

tions subjected to a mass, mp, of 1200g.

18



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
10

-3

Figure 15: Spanwise axial strain distribution with respect to the mass added on different

loading points.
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Figure 16: Axial strain distribution across the beam section with respect to the mass added

on different loading points.
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Figure 17: Spanwise shear strain distribution with respect to the mass added on different

loading points.
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Figure 18: Shear strain distribution across the beam section with respect to the mass added

on different loading points.
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Figure 19: Comparison between the measured shear strain on the top surface (SG2) and FE

prediction for the mass placed at different loading points.

4. Inertial twist concept

In this section, a passive twist morphing concept is examined using FEA,

where a schematic drawing of the model configuration has been illustrated in

Figure 20. The beam dimensions and material properties were identical to

the experimentally verified model described in section 2.3. The rigid shell was270

mounted to the tip of the beam model using the tie constraint in ABAQUS

which allowed for the inertial mass to be applied at different chordwise locations,

yp. The tip mass, mp, was simulated by assigning the inertial property to the

element at the target locations on the rigid shell. A rotational body force was

then applied on the whole model to replicate the loading condition of a rotor275

blade.

Figure 21 presents the twist distribution of the beam subjected to a rota-

tional speed of 1000 rpm, corresponding to a 20g inertial mass applied at the

chordwise location yp = 25 mm. It was found that the twist changes quadrati-
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cally along the span, due to the distribution of the bending moment, Mz:280

Mz = Fc cosβyp − Fc sinβ(L−X) (7)

The two terms in Eq. 7 are the bending moment, Mz, produced from the two

components of the centrifugual force, Fc, that are in parallel and perpendicular

to the beam span, and the β is the angle between the Fc and the spanwise di-

rection. Consequently, the overall bending moment increases with the spanwise

distance, X. However, for the main rotor blade of a helicopter, the length of285

the blade span is usually tens of the chord length which will result in a small

angle, β, and leads to a relatively constant bending moment distribution in the

blade. Figure 22 presents the tip twist of the beam with respect to a number

of inertial masses applied at different chordwise locations, yp. The results show

that the tip twist changes linearly with the chordwise locations, yp, suggesting290

the desired twist can be obtained by a careful manipulation of the size and

position of the inertial mass during the flight.

The analysis has been repeated for the beam models created with different

ply angles ranged from 0◦ to 45◦ to investigate the optimum layup configuration.

The results are presented in Figure 23 where the tip twist of each beam model295

is evaluated under the condition when a 20g mass placed at yp = 20mm. It was

found that the tip twist increased with the ply angle and the maximum twist

was achieved at 40◦, suggesting this ply angle will provide the highest actuation

efficiency. To verify this conclusion, Eq. 3 has been rearranged by calculating

the inverse of the stiffness matrix:300





φ
′

x

kz



 =
1

GJ EI − g2





EI −g

−g GJ









Tx

Mz



 (8)

The efficiency of the actuation is dictated by the magnitude of the twist that

can be achieved for a given bending moment, Mz, because this means a smaller

actuation energy will be required for the desired twist. According to Eq. 8, the

rate of twist, φ
′

x, subjected to a bending moment, Mz, can be expressed as:305
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φ
′

x = αMz (9)

where

α =
g

GJ EI − g2
(10)

The above shows that the rate of twist, φ
′

x, is proportional to the bending

moment, Mz and the normalised coupling term, α. The greater the value of α,

more twist will be achieve for a given bending load. The cross sectional analysis310

has been conducted to evaluate the α for different ply angles as shown in Figure

24, where the same conclusion can be drawn. Although the highest efficiency is

obtained from a 40◦ ply angle, a 45◦ ply angle which provides a similar angle of

twist at a given bending moment is recommended to use in practice due to the

ease of manufacturing.315

Figure 20: Schematic drawing the FE model for the demonstration of the inertial twist concept.
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Figure 21: Twist distribution of the beam subjected to a rotational speed of 1000rpm (mp=20g

yp = 25mm).

0 10 20 30 40 50 60 70 80 90 100

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

Figure 22: Tip twist of the beam with respect to different inertial masses,mp, and chordwise

locations, yp under rotational speed of 1000rpm.
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Figure 23: Comparison of the tip twist obtained from the beam models created with different

ply angles (mp=20g yp = 25mm ω=1000rpm).
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Figure 24: The normalised coupling term, α, of the beam models created by different ply

angles.
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5. Concluding remarks

In this paper, the application of the inertial twist concept has been examined

for rotor blades. The numerical simulation has demonstrated the possibility

that a reasonable amount of twist can be achieved by installing a relatively320

small mass at the blade tip. The numerical results also suggest that a 40◦ ply

angle provides the highest actuation efficiency, where the greater twist angle can

be obtained at a given bending moment compared to that of other ply angles.

However, a 45◦ ply angle is considered to be implemented in practice due to the

ease of manufacturing.325

A set of bending tests has been performed using the composite beam man-

ufactured with symmetric layup configuration. The detailed strain distribution

and bend-twist property achieved in the beam were measured. The experi-

mental data verified both FE predictions and the results produced from the

simplified beam analysis (VABS), although the issues of the end effects e.g.330

the local stress concentration, caused some discrepancies between the results of

FEA and VABS. The good agreement between the numerical and experimental

results also verified the fabrication technique used for the beam manufacturing.

It remains to determine the optimum aero-servo-elastic design of the morphing

concept which allows for the maximum benefit to be attained at the overall335

system level.
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