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Abstract

This study is focused on the development of a semi-active cushion based on the concept proposed by
the National Research Council of Canada with the objective of mitigating the vibrations felt by the air-
crew of a helicopter in-flight. This semi-active cushion proposes the use of magnetorheological materials
to vary the cushion’s stiffness and damping properties. Samples of encapsulated magnetorheological flu-
ids (MRF-Es) and magnetorheological elastomers (MREs) are developed and characterized to estimate
its damping coefficient (MRF-Es) and elasticity and shear modulus (MREs) for different magnetic fields.
In the MRE case, its performance is compared against commercial samples. The results shows that the
MRF-Es damping coefficient and the MREs stiffness are highly dependent on the applied magnetic field.
A cushion prototype is developed and manufactured. This cushion prototype has a modular design
with nine cells that can be controlled independently. Preliminary tests show that its natural frequency
is 21 Hz and that by applying a magnetic field the natural frequency can be increased to 28 Hz.
By energizing the cells with MRF it is possible to verify that the resonance peak can be reduced by 70%.

Keywords: Semi-active vibration control, helicopter seat cushion, magnetorheological materi-
als, material characterization, prototype development

1. Introduction

Helicopter vibrations are one of the helicopter’s
main problems as they are harmful for the aircrew’s
health, reduce the comfort and increase mainte-
nance costs. These vibrations are mainly caused
by the rotor blades as they suffer from asymmetri-
cal loading that excite the cabin at N/rev harmonic
frequencies [1]. Other sources of vibration include
inertial loads, blade-vortex interactions and exter-
nal interferences (i.e. gusts) that are conducted
through the seat structure to the pilots, subjecting
them to Whole Body Vibrations (WBV). The short
term effects of the exposure to WBV include fatigue
and lower back pain that although don’t carry long
term implications might cause distractions that can
jeopardize the flight’s mission. Truszczyska et al.
[2] study reports that 70% of the interviewed pilots
complained of lower back pain and 23% of them
highlighted it as an impediment to fly the heli-
copter. Long term exposure to this type of vibra-
tion can lead so severe health issues like spinal mis-
alignment and vibroacoustic disease (thickening of
pericardial and arterial walls) [3].

The scientific community is committed on reduc-
ing the vibrations transmitted to the pilots in order

to minimize the health risks and increase the com-
fort inside a helicopter.

This project is part of research partnership be-
tween the National Research Council of Canada
(NRC) and the University of Victoria whose ob-
jective is to develop an adaptive seat cushion made
with smart materials that can cancel the vibrations
transmitted by the helicopter’s cabin floor and that
have the ability to adjust itself to different pilots
and flight profiles.

2. Background

When a helicopter is flying it is subjected to high
levels of structural vibration due to inertial and
aerodynamic loads. These loads come from reac-
tions to the blade passage, blade vortex interac-
tions, blade stall, gusts, among others and vary
with the maneuver that the helicopter is perform-
ing. Wickramasinghe [1] evaluated the effect of vi-
brations in a 50th male percentile pilot and a 95th

percentile male co-pilot aboard of a Bell-412 heli-
copter and concluded that the vibration exposure
felt by the co-pilot was superior to the pilot and
that it was deemed ”not safe” according to the ISO
2631 standard. These results show that is urgent to
find effective ways to mitigate the vibration felt by
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a helicopter’s aircrew.

2.1. Vibration Control Techniques

To reduce the vibrations caused by a helicopter, the
research community have come up with different
kind of solutions: passive, active and semi-active
which can be applied to the rotor, the blades or to
local components.

2.1.1 Passive solutions

Passive systems are the simplest solutions in terms
of implementation to reduce helicopter vibrations.
Due to the simplicity of these systems they can
be described by sets of springs and dampers that
are tuned in a way that the target excitation fre-
quencies lies within the base isolation area of the
system’s transmissibility curve. These systems are
cheap, easy to implement and can achieve relevant
vibration reduction; however, since they need to be
tuned for a specific frequency and do not have the
ability to be tuned to adapt to different conditions
[4, 1].

Chen et al. [5] evaluated a seat cushion proto-
type made with made with a combination of pas-
sive elements. This seat cushion was then tested
in a Bell 412 helicopter with a 50th percentile pi-
lot and a 85th percentile co-pilot and the results
show that the cushion was more effective in miti-
gating vibrations for the co-pilot. This difference
in performance visible just by swapping the oper-
ational conditions is the main drawback of passive
solutions.

2.1.2 Active solutions

Active systems take advantage of actuators (pneu-
matic, hydraulic, piezoelectric, et cetera) to coun-
teract the forces produced by the helicopter in the
different stages of flight. The actuators can be
placed on the rotor or blades or in specific points
of the structure to reduce vibrations locally (seat
mounts). These systems are controllable so they
can be tuned according to certain performance pa-
rameters that can be maintained even if the opera-
tional scenarios change, however, they are complex
and expensive systems, due to all sensors and actu-
ators so they have high weight and power consump-
tion penalties [6].

In a recent study Gan et al. [7] developed a sys-
tem composed by a passive suspension to deal with
the static load in parallel with two electromagnetic
linear actuators that provide the active control au-
thority over the structure. This prototype proved
to be effective in canceling multiple harmonic fre-
quencies in the low range spectrum (4 Hz - 12 Hz).

2.1.3 Semi-active solutions

Semi-active systems use materials with controllable
properties to improve the general performance of
the system. These materials have adjustable char-
acteristics like variable damping or stiffness that are
sensible to external stimuli and that allow to mit-
igate vibrations in different scenarios without the
weight and power penalties of an active solution.
The main drawback of semi-active systems is that
their force range is limited so they can only be used
to dampen vibrations locally.

The smart materials that are used in vibration
control applications are usually magnetorheological
materials, i.e. materials whose properties change in
the presence of a magnetic field. Hiemenz et al. [8]
retrofitted a magnetorheological damper in a SH-
60 Seahawk helicopter seat and their results show
that the incorporation of this device reduced 61%
to 70% the most dominant harmonic felt by a 50th

percentile aviator when compared to the unmodified
seat cushion.

2.2. Magnetorheological Materials

2.2.1 Magnetorheological Fluids

Magnetorheological Fluids (MRFs) were discovered
by Jacob Rabinow at the U.S. National Bureau of
Standards in the late 1940s. Although they pre-
sented several advantages in regard to its main com-
petitor, the electroheological fluid, they also pre-
sented a non-predictable behavior due to thicken-
ing, sedimentation and abrasion problems that lim-
ited the potential of this technology. It was only in
the 1990s that the MRFs started to be considered
for applications mainly due to Lord Corporation’s
research and development [9].

The MRFs main components are a carrier fluid,
usually water or oil, soft magnetic particles and ad-
ditives to stabilize the mixture to prevent the prob-
lems mentioned above. When there is no applied
magnetic field, the magnetic particles are suspended
throughout the carrier fluid and it behaves like a
Newtonian fluid; however, when a magnetic field
is applied each magnetic particle becomes a dipole
and is attracted to adjacent particles. In a matter
of milliseconds, the magnetic particles form chains
in the direction of the magnetic field changing the
MRF from a liquid to a semi-solid state.

This material has three modes of operation: the
flow mode, the shear mode and the squeeze mode.
Several studies have been made to understand and
predict the behavior of MRFs in squeeze mode: Far-
joud et al. [10] introduced a mathematical model
that assumes that the damping force is obtained by
adding the pressure caused by the MRF’s viscosity,
inertia and MR effect. Guo et al. [11] developed a
custom test rig where a small quantity of MRF is
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squeezed between two steel cylinders capable of sup-
plying the samples with a uniform magnetic field.
Using this test rig, Guo et al. registered a 132%
increase in yield stress while increasing the applied
magnetic field from 0.158 T to 0.28 T.

Despite the ability of providing a larger damp-
ing force with small amplitude displacements, us-
ing MRF dampers in squeeze mode has its disad-
vantages due to containment issues and a high de-
pendence on the gap size between the two parallel
plates. To overcome this containment issue, Wang
et al. [12] developed a new MR composite where
the MRF is encapsulated inside a regular elastomer
pocket called Magnetorheological Fluid-Elastomer
(MRF-E).

2.2.2 Magnetorheological Elastomers

Another MR material used in vibration control are
the Magnetorheological Elastomers (MREs). The
MREs are composed by three main components:
regular elastomer or another rubber-like material,
magnetic particles and additives. During the man-
ufacturing process, these components are mixed to-
gether to form a compound with the magnetic par-
ticles randomly dispersed in the mixture. Then,
the mixture is cured, where the crosslinking be-
tween the elastomer molecules happens, and locks
the magnetic particles in place. This process can
be done without the presence of a magnetic field,
which leads to an isotropic MRE, or while exposing
the mixture to a strong magnetic field that causes
the particles to become aligned with the magnetic
field’s direction, creating anisotropic MREs.

The MREs also have three modes of operation,
the shear, the squeeze modes and the field-active
mode where the MREs can change its shape due to
the effect of the magnetic field in a process called
magnetostriction [13].

The MREs present a field-depending elasticity
and shear modulus instead of presenting a field-
dependent viscosity and yield stress, like the MRFs,
which make them cooperative instead of competing
technologies [14]. This ability to control the shear
and elasticity modulus allows to tune the stiffness
of the system as is demonstrated in previous studies
by Ginder et al. [15] that report a 24% increase in
natural frequency.

The increasing use of MREs in commercial appli-
cations lead investigators to perform tests to opti-
mize its performance: Jolly et al. [16] investigated
the behavior of MREs with different magnetic parti-
cle concentrations and concluded that the optimal
concentration is 30% (V/V); Lokander et al. [17]
concluded that MREs with softer matrices have a
higher relative MR effect; To use MREs in the afore-
mentioned applications it is necessary to predict

how they react under different loading amplitudes,
frequencies and magnetic fields.

3. Prototype Conceptual Design
The figure 1 presents the conceptual design of the
semi-active cushion proposed by the NRC [18]. This
cushion should fit on a Bell-412 helicopter seat
therefore its maximum dimensions have to be ap-
proximately 50 cm x 50 cm.

Figure 1: Semi-active cushion conceptual design
[18]

Although not shown in figure 1, the cushion has a
modular design where it is divided in 25 cells, each
with 10 cm x 10 cm. Each cell has its own set of coils
and MR materials (MRF or MRE) able to work in-
dependently from adjacent cells. In this conceptual
design, the MRF is used in squeeze mode which is
the most suitable mode of operation for a vibration
control application with a very small stroke (under
1.5 mm). On the other cells, the MREs are inclined
in regards to the applied force to engage them in
shear and compression mode. It is assumed that the
combination of these two operational modes provide
a wider range of controllability over the variable
stiffness properties of the MRE.

4. MR Materials Development and Charac-
terization

This section includes the development and the char-
acterization of the MR materials necessary to build
the semi-active cushion.

4.1. MR Samples
4.1.1 MRF-E samples

The developed MRF-E samples have two main el-
ements, the MRF-140CG which is acquired from
Lord Corporation and the regular elastomer used
to encapsulate it, that is obtained from American
Polyfilm Inc. This elastomer obtained is DT-2001
Thermoplastic Polyurethane (TPU), which is listed
as having good compatibility with the MRF, and it
is available in sheets with 10 and 20 mil thicknesses.

In order to manufacture the MRF-E samples, an
aluminum mold with a hole and a hollow steel cylin-
der are manufactured. Then, a 20 mil sheet of TPU
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is placed on top of the mold and it is softened with
a heat gun to gain a pocket with the mold form.
Once it has cooled down, 4 ml of MRF are placed
in the TPU pocket using a syringe and a sheet of
10 mil TPU is placed on top. The two are sealed
together with the steel cylinder that is previously
heated to a temperature of 160oC.

4.1.2 MRE samples

The main objective of developing in-house MREs
was manufacturing the softest MREs possible. This
way, the elastomer chosen to be the MRE matrix is
the Ecoflex 00-10 from Smooth-On Inc. that has
a shore hardness of 00-10. The magnetic particles
chosen are made from carbonyl iron powder and an
additive is used to enhance the adhesion between
the matrix and the magnetic particles. To fabri-
cate the MRE samples, the magnetic particles were
poured into a container. Then, 5 ml of the primer
is added for 180 g of magnetic particles. The two
components are mixed together and the mixture is
left resting for 1 hour. Then, Ecoflex part A and
Ecoflex part B are added to the mixture in a 1:1 ra-
tio.After mixing the elastomer’s part A and B, the
cross-linking process begins and the pot-life of the
mixture is 30 min therefore it has to be poured into
the molds as quickly as possible.

4.2. Test Rigs
In order to characterize MR materials, the NRC
provided its own custom rigs, one to test materials
in shear and other in squeeze mode. Figures 2 and
3 shows the CAD models of these rigs with their
main components highlighted.

Figure 2: Compression test rig

The test rigs offer the capability of measuring the
magnetic field that is applied to the samples in real-
time. This means that reaching the target magnetic
field is a matter of adjusting the current that is be-
ing supplied to the coils. This eliminates the need of

Figure 3: Shear test rig

relying on numerical analysis to calculate the cur-
rent needed to provide the target magnetic field.
The Hall effect sensor used in this study to mea-
sure the magnetic field is a model HGT-2010 from
Lakeshore. To make sure that the Hall effect sensor
measurements are accurate, the test rigs are analyt-
ically analyzed with Hopkinson’s Law that relates
the magnetomotive force produced by the coils with
the magnetic flux going through the magnetic cir-
cuit.

The custom test rigs fit in a MTS 858 frame and
are secured in place by two MTS 647 wedge grips.
Figure 4 shows the experimental rigs fit in the MTS
machine. The force is applied from the top of the
frame by a hydraulic actuator and it measured at
the bottom by a MTS 19F-03 force transducer.

Figure 4: Experimental setup

4.3. Experimental Results
4.3.1 MRF-E

The experimental results shown below refer to tests
made with the MRF-E samples that are cycled be-
tween displacements of ± 0.35 mm with loading fre-
quencies of 1 Hz, 2.5 Hz, 5 Hz and 10 Hz and applied
magnetic fields ranging from 0 T to 0.4 T in 0.1 T
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steps. The figure 5 presents an example of the hys-
teresis curves obtained for the tested MRFs cycled
with a loading amplitude of ± 0.35 mm, a loading
frequency of 1 Hz and various magnetic fields.

(a) MRF-140CG

Figure 5: Force-displacement curves for a sample
with MRF-140CG

It is possible to conclude that the energy loss per
cycle increases with the increase in the applied mag-
netic field as it is represented by the hysteresis area.
This effect suggest that the damping properties of
MRF-E sample are enhanced with the increase in
applied magnetic field.

4.3.2 MRE

4.3.3 Shear mode

The MRE samples in shear mode are tested with
loading strains of ± 1%, ± 2%, ± 3%, ± 4%, ± 5%
and ± 10%, loading frequencies of 1 Hz, 2.5 Hz, 5 Hz
and 10 Hz and applied magnetic fields up to 0.4 T.
The figure 6 presents the stress-strain relationship
obtained when cycling the sample with loading a
strain of ± 2%, a loading frequency of 1 Hz and
increasing magnetic field.

Figure 6: Stress-strain relationship for the in-house
developed MRE in shear mode with a loading strain
of ± 2%, a loading frequency of 1 Hz and varying
magnetic field

The results show that with the increase in ap-
plied magnetic field the slope and area of the hys-
teresis curve increase with the increase in magnetic
field. These increases are quantified by calculating
the shear modulus and the loss factor for each of
the applied magnetic fields and across the tested
frequencies.

4.3.4 Squeeze mode

In order to simulate the static load applied to the
cushion when the pilot is seated, the MRE samples
are subjected to a representative pre-strain of 11.5%
. From this pre-strain value, the samples are sub-
jected to strains of ± 2% with loading frequencies of
1 Hz, 2.5 Hz, 5 Hz and 10 Hz and applied magnetic
fields varying from 0 T to 0.6 T in 0.1 T steps. Fig-
ure 7 presents the hysteresis curves obtained when
cycling these samples at a frequency of 1 Hz for a
pre-strain of 11.5%.

Figure 7: Hysteresis curves obtained when cycling
the in-house developed samples in squeeze mode
with the increase in applied magnetic field and a
loading frequency of 1 Hz

The hysteresis curves in figure 7 show that the
in-house developed MRE is highly influenced by the
applied magnetic field. There is a noticeable change
in the ellipsis slope and area which results in an
increase in the elasticity modulus and in the energy
dissipated by cycle.

5. Semi-Active Cushion
To facilitate the semi-active cushion certification
process, the developed prototype have to fit in the
existing seat frame of a Bell-412 helicopter which
means that its maximum dimensions have to be 50
cm x 50 cm. Maintaining a modular design as the
one shown in the conceptual design figure 1 and
using the same coils as the ones used in the mate-
rial characterization test rigs, nine cells fit in the
available space. This conclusion is based on the as-
sumption that each cell have its own coil so that the
cells can work independently of each other. Figure
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8 shows the disposition of the nine cells on the cush-
ion. It is possible to verify in this preliminary draw-
ing that the corners and the center of the cushion
are populated with cells #2. The semi-active ma-
terial inside these cells is MRE which means that
they have variable stiffness. Note that It is intended
that these cells provide as much stability and struc-
ture to the cushion as possible. The cells #1 fit
into the available spaces between the cells #2 and
provide variable damping to the structure. With
this disposition, the cushion’s MR materials are in
parallel with each other therefore the total stiffness
and damping coefficients of the cushion are the sum
of the individual coefficients of each cell.

Figure 8: Preliminary cell disposition

5.1. Cells Preliminary Design
The design process of the semi-active cushion began
with the decision of abandoning the idea of loading
the MREs in mixed mode (load in shear and com-
pression at the same time). In order for the MREs
to work in mixed mode, the magnetic field has to
excite the MRE samples in the same direction as
the applied force. Designing a magnetic circuit that
satisfied this condition would cause complications in
the design and manufacturing processes.

There are several aspects of the design process
that are common to both cells. The MR materi-
als have to be in the vibration transmission path
to have influence on the system. As a consequence,
these materials have to support the pilot’s weight as
they are placed between the seat frame and the pi-
lot. Also, to take the most advantage of the MR ma-
terials characteristics the cells need to be designed
to conduct the highest magnetic field as possible.
To maximize the cell’s magnetic field, an iron core
should be introduced inside the coil. This iron core,
that should have the maximum cross-section area as
possible and minimum length to minimize the reluc-
tance, amplifies the magnetic field produced by the
electromagnetic coils due to its steel high magnetic
permeability. Note that air gaps lead to high mag-
netic losses so they should be avoided. Taking these
guidelines in consideration, the plan is to place the
MR material in the center of the cell and to make
the two cells entirely of AISI 1018 steel which is
known for its high magnetic permeability. Figure
9 present the preliminary drawing of cell #1, con-

taining MRF-E and figure 10 shows the preliminary
drawing of cell #2, containing MRE.

Figure 9: Cell #1, containing MRF-E preliminary
design

Figure 10: Cell #2, containing MRE preliminary
design

Cell #1 is designed to have one encapsulated
MRF specimen in its center. This posed a prob-
lem on how the magnetic circuit is to be closed at
the exterior of the cell. The solution was to overlap
the top and bottom steel parts so that the air gap
remains minimal and constant when the cushion is
operating. Since the MR materials have to sustain
the static load, cell #2 allows for a higher amount
of MR material to be used. In cell #2, a MRE spec-
imen was placed in the center of the coil and a ring
of MRE around the coil. With this configuration
the air gaps between the two steel pieces are filled
with MREs eliminating the need of the overlapped
iron core strategy used in cell #1.

5.2. Cells Final Design
Figures 11 and 12 presents a 3D exploded view of
the developed cell #1 and #2, with the main com-
ponents highlighted.

Figure 11: Cell #1
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Figure 12: Cell #2

In accordance with the initial plan, the iron core
would cover the entire extension of the cells (both
the top and the bottom pieces) and these two pieces
would overlap around the cell. With the weight re-
duction, the iron core that goes around the coil was
limited to a strip with the width of the coil’s center
hole and a smaller thickness. With this modifica-
tion, the two iron cores only overlap at two sides of
the cells. The iron cores fit into two aluminum cases
that hold the supporting structures that make the
cells complete. The bottom aluminum case houses
two clamps that secure the coil in place. A guiding
system composed of two shafts and the correspond-
ing ball bearings fits in the aluminum cases to en-
sure that the top and bottom pieces remain aligned
at all times.

5.3. Assembled cushion
Figure 13 presents the exploded view of the assem-
bled cushion with all nine cells. The configuration
of the cells is the same as presented in the prelimi-
nary design, with 5 cells #2 in the center and cor-
ners and 4 cells #1 in between.

Figure 13: Assembly drawing

Figure 13 shows that the cells fit into an alu-

minum support frame and that they are covered by
an aluminum plate where a payload mass can be
mounted. In this setup the cells have a 2.5 cm gap
between them to minimize any magnetic interfer-
ence that could have existed between the cells. It is
also worth mentioning that the encapsulated MRF
specimens are unable to sustain the static load. To
face this issue cells #1 have a smaller height than
the cells #2. This way, when the mass is placed
on the cushion, the structure will deflect without
having an impact on the MRF specimen. Since
it was hard to predict this static deflection in the
design stage, a conservative approach was taken.
The cushion was designed so that the top aluminum
plate never touches cells #1 after the static deflec-
tion. The space between the cell and the aluminum
plate is filled with aluminum shims whose thickness
was set after measuring the gap.

Figure 14 shows the manufactured assembled
cushion.

Figure 14: Semi-active cushion

5.4. Open Loop Tests

Open loop tests are performed on an assembly with
three cells to investigate its ability to change its
stiffness and damping properties. The figure 15
shows this experimental setup. The three cells are
attached to the aluminum frame that is fixed to
the shaker table and they are covered by the alu-
minum top plate. This shaker is a Unholtz-Dickie
SA30-R16A electrodynamic shaker. The assembly
is excited with a sine sweep from 80 Hz to 5 Hz at
a rate of 0.5 Hz/s with a constant magnitude of 0.1
g. The mass on this setup is 70 lb.
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Figure 15: Assembly mounted on the shaker

The first open loop test made on this assembly
evaluate the effect of varying its stiffness. To do so,
DC currents ranging from 0 A to 5 A in 1 A steps
are applied to the cells #2 and the resulting FRF
magnitude and phase are plotted in figure 16.

Figure 16: FRF magnitude and phase with the in-
crease in stiffness

It is possible to observe that when the current is
applied to cells #2 the system’s natural frequency
increases. This increase is a function of the applied
magnetic field to the cells and for lower currents
(below 2 A) its barely noticeable. For higher cur-
rents (above 2 A), the rate of the natural frequency
increase is greater with the increase in applied cur-
rent. Comparing the natural frequency at 0 A and
5 A it increases from 21 Hz to 28 Hz. These are en-
couraging results because they prove that the cell’s
#2 have the ability to control the natural frequency
of the cushion. These open loop tests also show
that the magnitude of the FRF decreases when the
current increases denoting an increase in the cell’s
damping properties.

The second open loop test has the objective of
verifying if the damping properties of the cell #1
are enhanced with the application of magnetic field.
To do so, the assembly’s cell #1 is subjected to

DC currents of 0 A, 1 A, 2 A and 3 A. The FRF’s
magnitude and phase are presented in figure 17.

Figure 17: FRF magnitude and phase with the in-
crease in damping

The results are, once again, according to what is
expected. The increase in applied current increases
the damping properties of this assembly as the mag-
nitude of the FRF decreases approximately 70%.
The disadvantage of increasing the damping coeffi-
cient of a structure without any type of control is
patent on figure 17 as the magnitude of the higher
frequency excitation increases with the increase in
applied current.

6. Conclusions
A semi-active cushion prototype was developed
based on a conceptual design. This cushion relies
on magnetorheological materials to mitigate vibra-
tions produced by a helicopter. It was necessary
to develop and characterize samples of these ma-
terials in order to predict how would they perform
when incorporated in the cushion. The first mate-
rial that was developed was the MRF-E. The test re-
sults showed that the sample’s damping coefficient
increased with the increase in the applied magnetic
field strength.The second material tested was the
in-house developed MRE where all of its compo-
nents were selected with the purpose of ensuring a
soft composite with the highest MR effect possible.
This material was tested in shear and in squeeze
mode and the results showed a 53% and 178% in-
crease in shear and elasticity modulus, respectively.

The final section of this study presented the de-
sign process of the developed semi-active cushion
and the preliminary tests done on the prototype.
This prototype features a modular design with nine
cells where five include MREs and the other four
MRF-Es. Several open loop tests are realized. In
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these tests, an assembly composed by three cells was
excited with DC current to evaluate if the cells had
the ability of changing the stiffness and the damp-
ing of the assembly. These tests were promising as
it was possible to change the natural frequency of
the assembly from 21 Hz to 28 Hz and reduce the
magnitude of the resonance response in 70% when
exciting the cells with variable stiffness and damp-
ing, respectively.
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