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This paper develops a finite element (FE) approach using commercial ANSYS V11.0 software to accurately
predict the cured shape of bistable composites by including the influence of manufacturing imperfec-
tions, such as resin rich areas and ply-thickness variations. Laminate composition was characterised by
optical microscopy and their cured shapes measured using a Peak Motus motion analysis system. The
FE model accurately predicts observed differences between laminate curvature in the two stable states.
Localised reversal of curvature resulting from through-thickness shear stress is also predicted. Structural
response to thermal loading was experimentally characterised showing a temperature dependent deflec-
tion rate and a residual curvature caused by non-reversible residual stresses. FE-predictions show good
agreement with experiment over the range 20–110 �C. The presented data highlights the importance of
manufacturing processes and materials selection in the design of thermally stressed multi-stable com-
posite structures.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Bistable composite laminates have been proposed as a method
to generate novel shape changing (or ‘morphing’) structures within
a range of engineering sectors such as aerospace and automotive
[1,2]. The interest in bistable composites stems from the fact that
they are able to sustain significant changes in shape without the
need for a continuous power supply [3–7]. Bistable composite lam-
inates are relatively thin unsymmetric laminates, commonly [0n/
90n]T, which have been cured at elevated temperature [8]. Such
composites are multi-stable and exhibit as at least two distinct
structurally stable shapes as a result of anisotropic thermal expan-
sions of the composite plies creating a residual stress field during
manufacture [8–10]. To induce snap-through from one stable state
to another, actuator materials such as shape memory alloys and
piezoelectric materials have been employed [4,5,7,11]. Many fac-
tors influence the cured shape of bistable laminates including lay-
up and material selection [12,13]. In addition these laminates will
inevitably contain imperfections from the manufacturing process.
Common imperfections from the idealised models used to predict
their behaviour include; variations in ply-thickness, compaction, fi-
bre fraction and ply-angle. It has been shown that small variations
in ply-angle can alter the behaviour of bistable laminates during
ll rights reserved.
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post-cure cooling [14]. However, little is known relating variations
in composition and architecture to laminate behaviour.

Regions of locally reversed curvature which are seen near the
corners and edges of bistable laminates are not currently predicted
by analytical methods [15]. While localised variation in curvature
has been predicted using commercial finite element software
[16], no comments on the likely physical causes or comparison
with experimental measurement of the phenomenon was made.

For the potential application areas, it is likely that multi-stable
structures will be exposed to wide ranging thermal conditions,
which will affect their performance and stable shapes. For exam-
ple, during a typical passenger jet flight cycle the temperature
may vary in the range �60 �C to 40 �C [17] and to operate reliably
it is vital that the response of these laminates is well understood
and may be accurately predicted. ‘Active laminates’ have also been
proposed with internal heat sources and are formed using materi-
als with different coefficient of thermal expansion (CTE). These
have been used to produce a shape change in fibre-metal compos-
ites with a layer of low CTE carbon fibre reinforced polymer acting
as an electrical resistance heater and to induce bending [18,19]. Re-
cent work has also developed a Controlled Behaviour Composite
Material (CBCM), in which the different thermo-mechanical prop-
erties of the composite components to induce a change in shape of
a structure [20].

The aim of this paper is therefore to characterise the composi-
tion and architecture of bistable laminates and their structural
response under a range of temperature conditions to aid in the
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design of morphing structures which are likely to experience dif-
ferent thermal environments. This paper will use commercial FE
software ANSYS V11.0 to develop models of bistable laminates
including full three dimensional stress fields in order to accurately
predict cured shape and structural response to thermal loading.
The proposed model will also include manufacturing imperfections
of manufactured composites determined by optical microscopy.

2. Methodology

2.1. Laminate composition and cured shape measurement

[0/90]T and [�30/60]T T800/M21 laminates were manufactured
using a single-dwell autoclave cure cycle as specified for the M21
resin system. After trimming to remove both resin-poor areas
and defects introduced by thermocouple placement the [0/90]T

and [�30/60]T laminates measured 75 mm � 75 mm and
150 mm � 150 mm respectively. Since the laminates were placed
on a flat metallic surface within the autoclave, the side in contact
with the surface has a smooth finish while the opposite side has
a thin layer of resin which bleeds from the top ply and cures on
the surface. The influence of this thin resin layer will be included
within the model to be discussed in this work. To characterise
the resin layer and mean-ply-thickness, optical microscopy speci-
mens of both laminates were prepared from the trimmed material,
set in optical microscopy resin and digitally photographed using a
Nikon Eclipse Iv150 optical microscope with a Qimaging 3.3RTV
digital camera attachment. Mean ply-thickness of each specimen
was calculated using image processing software for use in material
properties specification for subsequent FE modelling.

Cured shape of the 75 � 75 mm2 [0/90]T sample at room tem-
perature of 22 �C was assessed via laser profilometry, generating
3D-coordinates defining the laminate surface. A Scantron Proscan
2000 laser profilometer was used to record laminate surface height
relative to a datum-plane at nodes on a 300 lm grid with a resolu-
tion of 1 lm over the measurement range. These raw data were
then normalised against the datum-plane to create the surface-
coordinates of the deformed laminate in both stable states. The
cured shape of the [�30/60]T laminate at room temperature of
22 �C was measured using a Peak Motus (v. 8.5, Vicon, USA) motion
analysis system to provide a non-contact measurement of the
spatial-coordinates of reference-points applied to the laminate.
Coordinates produced are irregularly spaced across the laminate
surface, creating three column-vectors x, y and z. Irregularly spaced
spatial-coordinates were imported into MATLAB and the Delaunay
triangulation of those data determined to form an irregular sur-
face-mesh. A continuous surface of the form Zi = f(Xi, Yi) was fitted
to this mesh using spline-based interpolation [21] to generate reg-
ularly spaced surface-coordinates. The matrix [Xi, Yi, Zi] therefore
describes the interpolated surface-approximation to the experi-
mental data.

2.2. Thermal deformation

The experimental analysis of the laminate was performed in or-
der to determine structural response to externally imposed thermal
loading. For the thermal experiments a [0/90]T laminate with a
higher aspect ratio (250 mm � 80 mm) was used to exaggerate
the change in curvature with temperature. This was carried out uti-
lising standard motion analysis techniques described in Bowen
et al. [7]. The laminate was balanced on a small metal block inside
a Gallenkamp vacuum oven so that the front edge of the laminate
lay on the xz-plane parallel with the plane of the oven door. A
type-K thermocouple was attached to a separate laminate to allow
accurate temperature measurement without imposing additional
mechanical loading to the test-laminate.
A digital video camera recorder (Sony DCR-TRV 900E, Sony Cor-
poration, Japan) was positioned perpendicular to the xz-plane. The
camera was located 2.46 m from the laminate edge at the height of
the middle of the oven and operated at 50 fields per second. To al-
low accurate scaling of images a rectangular calibration object of
303 mm � 247 mm was located at the back of the oven (130 mm
behind the front edge of the laminate). The camera view was re-
stricted just outside the calibration object. The calibration object
dimensions were scaled to the front edge of the laminate using
trigonometry. Oven temperature was increased from room tem-
perature, with video clips of the laminate taken at 10 �C intervals
between 30 �C and 170 �C. Video images were acquired by briefly
opening the oven door when the laminate had reached the re-
quired temperature. The video clips at each temperature reading
were subsequently captured to a computer. The edge of the bent
laminate, and the four corners of the calibration object, were man-
ually digitised on Peak Motus�; achieved by using a mouse to se-
lect 33 points at the edge of the laminate in a random fashion.

Despite careful set up, a slight roll (�0.6�) of the camera was no-
ticed during digitising and this was corrected by rotating the coor-
dinate system accordingly within Peak Motus� software. The
digitised area consisted of 1440 � 1152 pixels, resulting in an
effective resolution of digitisation of �0.6 mm in both horizontal
and vertical directions. After the scaling and reconstruction, the
raw coordinates of 33 points were exported to Excel� software. A
fifth polynomial trend line was applied to the raw coordinates in
order to recreate the profile of the laminate in each condition.

2.3. Finite element modelling

Predictions of cured shape and response to thermal loading for
the manufactured laminates were made using the FE software
ANSYS 11.0. Models were created using the 20-node brick element
SOLID186 which allow layers to be defined through the element
thickness. SOLID186 elements use quadratic displacement func-
tions to approximate displacement between nodes improving
accuracy for highly curved geometries. Material within a layer
and the orientation of any anisotropic properties may be varied be-
tween layers to accurately model composites without increasing
the number of elements used.

The mean-ply-thicknesses determined by optical microscopy
were entered as layer thicknesses with corresponding ply-orienta-
tions in the SOLID186 element. To fully represent the architecture
of the laminates the excess resin layer was included in the element
definition. The reduction in mean in-plane stress resultants caused
by local edge-effects at boundaries of discontinuities in the resin
layer was approximated by reducing the Young’s modulus of the
layer by 50%.

The materials properties of the cured T800/M21 pre-preg mate-
rial and resin layer are shown in Table 1 with typical composition
for the [0/90]T laminate shown in Table 2, where subscripts 1 and 2
denote longitudinal and transverse direction in the plane of the fi-
bre and 3 the thickness direction. Subscript r denotes properties of
the bulk M21 resin system.

Laminates were modelled and meshed using SOLID186 ele-
ments of aspect ratio five for all models. A global change in temper-
ature of (T) was applied to all nodes in the model to simulate a cool
down from the 180 �C cure temperature to a temperature match-
ing the relevant experimental conditions. It is important to note
that the NLGEOM option of ANSYS static solution was imple-
mented to include geometric non-linearities in the calculation of
laminate deformation; NLGEOM specifies the use of rotated ele-
ment coordinate system in the formulation of the element stiffness
matrix.

Two types of FE models were developed (Table 2). Firstly an
‘idealised model’ which used the laminate composition based on



Table 1
Elastic properties of 268gsm�1 T800/M21 material.

Property Value

E1 (GPa) 172
E2, E3 (GPa) 8.9
G12 and G13 (GPa) 4.2
G23

* (GPa) 0.0225
V12–V13 0.35
V23

* 0.01
a1 (1 � 10�7) �0.9
a2 and a3 (1 � 10�5) 2.65
Er (GPa) 1.5
vr 0.4
ar (1 � 10�5) 9
Density (kg m�3) 1072

* Indicates values calculated using stress–strain relations described in [22].

Table 2
Mean and standard deviation (r) of ply and total laminate thickness for [0/90]T

laminates made from 268gsm M21/T800.

Idealised model Improved model

Thickness (mm) Thickness (mm) r

0� Ply 0.25 0.255 0.013
90� Ply 0.25 0.233 0.018
Resin layer 0 0.017 0.021
Total laminate 0.5 0.515 0.045
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the nominal ply-thickness (0.25 mm) used to fabricate the lami-
nates and did not include the resin layer. The idealised model re-
quired a temporary mechanical force to be applied during the
first 0.1 �C of cooling to allow convergence to the cylindrical states.
The ‘improved model’ used the data from the optical microscopy to
capture more precise details and mean-ply-thickness and the pres-
ence of the resin rich layer. The ‘improved model’ enabled conver-
gence to the cylindrical states without externally imposed
imperfections or loads, in contrast to work by previous investiga-
tors [2,4,23]. No external loads or imperfections were required
since the resin layer was a sufficient imperfection to achieve con-
vergence. The stable cylindrical state with the largest value of max-
imum deflection was designated State A; this coincided with the
state where the resin layer lies is on the concave surface. State B
is the secondary state, showing reduced maximum deflection and
the resin layer lies on the convex surface.

Once the solution converged to an initial first stable state (State
A) it was necessary to ‘snap’ the bistable laminate to the second
stable state (State B) to fully determine the shape profile of both
states. In order to achieve this within the FE model a displacement
constraint was applied to the corner nodes of the laminate. Nodes
were displaced to a value equal in magnitude but of opposite sign
to their displacement in State A. The constraint was only applied in
the z-direction and nodes were free to move in the plane normal to
the z-direction. Once the displaced solution converged, the dis-
placement constraint was removed and the model relaxed into sta-
ble State B. In each state the calculated through-thickness shear
stresses (cxz and cyz) in the rotated element coordinate system
were read to an output file and plotted against the corresponding
nodal z-coordinate. The element coordinate system must be se-
lected to correctly assess the stress acting through the laminate
thickness and not those acting in the xz-plane of the global coordi-
nate system.

In order to compare FE-predictions to experimentally measured
laminate shapes the deformed nodal coordinates were calculated
within ANSYS by summing undeformed nodal coordinates with
the respective displacements in the three orthogonal directions.
The surface fitting procedure described in Section 2.1 was used
to create a regularly spaced matrix of laminate surface coordinates
as the calculated nodal coordinates were not regularly spaced in
the xz-plane.

To determine the response of the laminates to thermal load
using FE, the cured shape at room temperature (State A) was ini-
tially determined, as previously described. Gravity loading was ap-
plied with an acceleration of 9.81 m s�1 acting on all nodes within
the laminate since the laminate was held horizontally during the
thermal experiments. With gravity loading applied, a temperature
constraint on all nodes was applied to predict deflection and shape
profile at each experimental data point. Nodal coordinates for all
nodes at the free-edge of the laminate (x = 80 mm) were calculated
within ANSYS for comparison with the experimental data. The
maximum nodal displacement was plotted against laminate tem-
perature and a linear trend line fitted to the data.
3. Results

3.1. Laminate composition

Fig. 1 shows typical images from optical microscopy of a [0/90]T

laminate. The nominal thickness of the initial composite pre-preg
was 0.25 mm, suggesting an idealised laminate thickness of
0.5 mm. The thickness of the total laminate and individual plies
differ from idealised values in the range ±6%. An uneven layer of re-
sin on the uppermost surface of the laminate is also visible in Fig. 1,
the lower face is pressed against the composite tool during curing
and therefore has very little surface texture. The observed resin
layer varies randomly in thickness between negligible thickness
and 0.08 mm over the entire surface of the laminate.

Table 2 shows the mean and standard deviation of ply-thickness
and total laminate thickness for the tested laminates. The mean
values presented in Table 2 were used to specify layer thickness
values within the ‘improved model’ and SOLID186 element
formulation.

The cured shapes of one [0/90]T laminate measuring 75 mm �
75 mm and a second [�30/60]T measuring 150 mm � 150 mm were
predicted using the FE model. Fig. 2 shows cured shape of the [0/90]T

75 � 75 mm2 laminate in State A (resin layer on the concave lower
surface) with maximum deflection (Dmax) indicated. Dmax is defined
in this paper as the maximum displacement in the z-direction rela-
tive to the centroid of the undeformed laminate. Fig. 2 has the exper-
imental shape profile along with the overlaid FE-predicted profile,
indicating good agreement. Table 3 summarises all the experimental
and modelling data and compares the measured maximum deflec-
tions of the [0/90]T and [�30/60]T laminates with those predicted
by the ‘idealised’ and ‘improved’ FE models.

3.2. Cured shape and finite element prediction

Experimentally measured maximum deflection (Dmax) in States
A and B were not of equal magnitude in all laminates. States A
and B should theoretically be of equal magnitude if the individual
ply-thicknesses were exactly 0.25 mm. In both cases the Dmax was
the greatest in State A, in which the thermal contraction of the ex-
cess resin layer acts to increase Dmax by increasing curvature. It was
observed during manufacture that all laminates cooled into State A
immediately after curing. For the ‘idealised model’, in which the
plies are of equal thickness and do not contain a resin layer, the
magnitude of Dmax is equal in States A and B (Table 3) and agree-
ment with experimentally measured values is relatively poor. The
‘improved model’ showed excellent qualitative agreement with
experiment and both states were accurately modelled. The largest
error between FE-predictions of the ‘improved model’ and experi-
ment was observed for Dmax on the surface of the [�30/60]T



Fig. 1. Two sample images showing composition for T800/M21 [0/90]T laminate. White scale bar in (a) is 100 lm and both images are at same magnification.

Fig. 2. State A cured shape for 75 � 75 mm [0/90]T laminate, experimental surface
with overlaid FE-predicted mesh.

Fig. 3. xz-shear stress (cxz) and deflection (D) at the x = 150 mm of [�30/60]T

laminate free-edge as a function of z-coordinate, expanded view of the corner
region (inset).
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laminate with FE underestimating Dmax by 6.8%. By comparison, in
this extreme case, the ‘idealised FE’ solution underestimated Dmax

by 73.5% with the predicted laminate adopting a saddle shape
and not the experimentally observed cylindrical curvature. As seen
in Fig. 2 the [0/90]T laminate shape profile was very well predicted
by the improved model, with a peak error of 3.3% and an accurate
reproduction of the local reversal of curvature near the edges and
corners of the laminate. It should also be remembered that the ‘im-
proved model’ converged to State A without the use of temporary
forces in the solution process, thus reducing user intervention in
the FE-solution process.

Fig. 3 shows measured and FE-predicted (‘improved model’)
values for D along the x = 150 mm edge of the [�30/60]T laminate,
and the inset shows an expanded view of this data for the corner
region near y = 150 mm. D is height of the laminate as a function
of distance in the y-axis, as defined in Fig. 2. The observed corner
effect, seen as a reversal of local curvature near y = 0 and
y = 150 mm is predicted by the FE model. Through-thickness shear
stress cxz (expressed in the deformed element’s coordinate system)
is also plotted in Fig. 3 and the inset. This shows that the regions of
reverse curvature also experience an increased through-thickness
Table 3
Maximum deflection (Dmax) for States A and B of 75 � 75 mm2 [0/90]T and 150 � 150 mm

Bistable laminate Experimental data (mm) Ide

State A State B Sta

[090]T 5.12 3.55 3
[�30/60]T 45.11 38.22 11
shear stress in order to maintain equilibrium under the imposed
boundary conditions at a free-edge. Although not shown in this pa-
per, it was observed that localised peaks in the other through-
thickness shear stress cyz exhibited a similar variation in the corner
regions to those seen for cxz.

The improved FE model captured the edge and corner effects of
both the [�30/60]T and [0/90]T laminates. Good agreement was ob-
served between model predictions and measured values (Table 3),
including the reversal of curvature, with the error between FE and
experiment remaining constant in the corner regions. For example,
Fig. 4a shows the measured surface profile (dots) of the [�30/60]T

laminate in State B, with the FE prediction (mesh) superimposed
for comparison; both surfaces reverse curvature with the FE-sur-
face following the experimental data well. Fig. 4b shows the same
region of the FE-predicted surface and shaded to illustrate the
magnitude of the in-plane shear stress (cxy). The region of maxi-
mum cxy corresponds to the maximum reversed curvature in the
y-direction and large variations of both cxz and cyz (see Fig. 3 and
inset). In contrast to FE models, this three dimensional stress state
is not considered in the current analytical techniques and therefore
edge-effects are not predicted.
2 [�30/60]T laminates.

alised model (mm) Improved model (mm)

te A State B State A State B

.76 3.76 4.98 3.53

.95 11.95 42.04 33.49



Fig. 4. Close-up view of corner region: FE-predicted mesh with superimposed experimental data points (a) and surface plot of xy-shear stress (cxy) (b) for [�30/60]T laminate
in State B.

Fig. 6. Measured and FE-predicted values for Dmax as a function of laminate
temperature for 250 � 80 mm2 [0/90]T T800/M21 laminate.
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3.3. Response to thermal load

Fig. 5 shows laminate profile under imposed thermal load; as
laminate temperature increases Dmax decreases as the laminate
flattens. At low temperature, the laminate has a positive curvature
in the x-direction, however, as the temperature increases regions of
negative curvature develop at the edges of the laminate as indi-
cated at point (a) in Fig. 5.

Fig. 6 shows the measured maximum deflection of the laminate
(Dmax) for each sample temperature along with the corresponding
FE-predictions (‘improved model’); a fifth order polynomial was
fitted to the experimental data (R2 = 0.99) while a linear trend line
was adequate (R2 = 0.99) to fit to the FE data. The relationship be-
tween laminate temperature and Dmax for the experimental data is
more complex than predicted by the FE model. During heating,
Dmax initially increases at similar rates in both experimental and
FE data, however at approximately 50 �C the rate of change of Dmax

with respect to temperature reduces significantly. As the laminate
temperature increases beyond 120 �C the rate of change of Dmax

with temperature increases once more; this change in behaviour
corresponds with the observed negative curvature at the edge of
the laminate, point (a) in Fig. 5.

Epoxy resins are known to soften (reduced coefficient of ther-
mal expansion (CTE), elastic and shear moduli) in the range of
50–120 �C [24]. At approximately 120 �C the CTE increases once
more although the elastic and shear moduli continue to decrease.
Though no specific information relating to the M21 system used
here has been published, data reported in [24] relate to a structural
epoxy used in composite construction thought to be similar to
M21.

Gravity loading in conjunction with the softened matrix cause
the ends of the laminate to reverse curvature or ‘‘sag” toward the
z = 0 plane. Despite the observed non-linearities in the laminate’s
response to thermal loading the FE-predictions remain within
10% of experimental values in the range 22–109 �C. Thereafter per-
centage errors rise as laminate deformation approaches zero, how-
Fig. 5. Variation in laminate profile between 30.3 and 169.9 �C.
ever absolute error remains less than ±5 mm over the entire
temperature range.

It was noted that although the laminate approached the cure
temperature of 180 �C, the laminate curvature did not reduce to
zero as expected. The gradient of the Dmax versus temperature line
was calculated for the experimental data by the finite difference
method [25] between 150.7 and 169.9 �C and the value of Dmax at
a laminate temperature of 180 �C was approximated using linear
extrapolation. A predicted Dmax value of 1.57 mm at 180 �C shows
that a significant residual stress field remains within the laminate.
The authors suggest that this residual curvature (once gravity load-
ing has been corrected for) could serve as a convenient measure of
the non-reversible residual stresses present within thin asymmet-
ric composites. It is likely that the residual stress field is comprised
of superposed stresses resulting from chemical shrinkage, tool
interaction [10,26] and differential curing through the thickness
of the laminate.

4. Conclusion

This paper has characterised the composition and architecture
of bistable laminates and their structural response under a range
of temperature conditions to aid in the design of morphing struc-
tures. To capture manufacturing imperfections the thin cross-ply
composite laminates were characterised using optical microscopy
in conjunction with digital image processing. The presence of an
excess resin layer was identified and ply-thicknesses within two-
ply cross-ply laminates measured and compared to idealised lam-
inate models. Both individual ply and total laminate thickness
were seen to deviate by up to 6% from idealised values.

Cured shapes for a 75 � 75 mm [0/90]T were measured using la-
ser profilometry and those a 150 � 150 mm [�30/60]T laminate
were determined via Peak Motus. Peak deflection (Dmax) was not
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equal in both stable states, rather a dominant state was observed in
which Dmax was greater; this state corresponded with the excess
resin layer being at the uppermost surface when the laminate cur-
vature was concave. Localised reversal of curvature near the edges
and corners of the laminates was observed with both effects stron-
gest with the laminate in State B.

A finite element (FE) model including the observed laminate
composition was described and implemented within commercial
FE software ANSYS V11.0 to predict the cured shapes of the test-
laminates. This improved FE model captured the inequality in
States A and B deflection to within 3–7% as compared with errors
ranging between 7% and 73% for FE models using idealised lami-
nate composition. The improved model converged to the stable
state of greatest curvature without need of imposed imperfections
to aid convergence The ‘improved model’ enabled convergence to
the cylindrical states without externally imposed imperfections
or loads, in contrast to work by other investigators.

The FE model was also able to predict edge and corner effects
which were shown to be related to localised increases in the
through-thickness components of shear stress cxz and cyz. These ef-
fects are not possible to predict using the plate theory prevalent in
the analysis of bistable laminates [13,27,28]. Promising work con-
tinues to be presented in the field of shell theories to predict bista-
ble behaviour [29], however, these techniques are not yet
established in this field.

The response of a 250 � 80 mm [0/90]T laminate to an imposed
thermal load was investigated by measuring laminate deflection
during heating using motion capture techniques. The rate at which
deflection increased in response to a temperature change was not
linear as expected, but rather influenced by temperature depen-
dent mechanical properties of the resin system and the resulting
deflection under gravitational load. The deflection at cure temper-
ature was extrapolated from the experimental data and a residual
deflection of 1.57 mm predicted. This deflection at cure tempera-
ture indicates the presence of a residual stress which is not fully re-
laxed by reheating, resulting from a superposition of stress fields
created by chemical, mechanical and thermal effects during the
cure cycle. The improved FE model was able to predict the deflec-
tion of the laminates during the heating cycle to within 10% over
the range 20–110 �C and demonstrates the importance of develop-
ing models that capture manufacturing imperfections such as
changes in ply-thickness and resin rich areas. The ANSYS FE model
described in this work is of interest as a design and scoping tool for
multi-stable structures operating within the range 20–110 �C,
however further investigation into the effects of the temperature
dependent behaviour of the polymer matrix is necessary to extend
their operating envelope.
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