
A Magnetically Controllable Valve to Vary the Resistance of

Hydraulic Dampers for Exercise Machines

Brett Levins, Ian Gravagne

Abstract

While the majority of exercise machines use weights,

springs or spinning fans to generate motion resistance,

a large number of machines also utilize linear fluid
damping. Similar to a shock absorber, linear dampers

are compact, extremely reliable, and produce "dou-

ble positive" resistance (resistance to both directions

of motion). However, they are di cult to adjust for

higher or lower resistance. This paper illustrates a

mechanism to vary the resistance of a linear damper,

and illustrates with experimental data certain proper-

ties of the damper.

1 Introduction

It has been known for some time that the utilization

of linear damping has certain benefits for exercise and
exercise machine development (see figure 1). Linear
dampers lend a simple and un-intimidating appear-

ance to exercise machines (there are no cables, pulleys,

belts or weights, or large spinning wheels), they are

often mass produced for the automotive industry and

therefore relatively inexpensive, and they are highly

e cient at dissipating kinetic energy through heat.

Figure 1: A leg extension machine with a linear hy-

draulic damper.
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Their principal drawback, however, is that they are

di cult to adjust. Adjustment, if available, usually

consists of a valve that must be turned by hand to

adjust the size of the gas escape orifice (on pneu-
matic dampers). Variability is found less commonly

on fluid dampers because, unlike pneumatic dampers,
fluid cannot escape or be drawn into the damper body,
but must be contained within a sealed environment.

Linear dampers not based on fluid or gas have been
investigated as well [5][9], but without the inertial

damping e ects of a body of fluid, energy must dissi-
pate through the active elements of the design (e.g.

a motor or electromagnet), increasing the size and

power consumption, and possibly decreasing the life

span, of the device.

There are two principal methods that have been

used to adjust the resistance of fluid dampers. The
first is simple orifice constriction. For example, when
compressing the damper, fluid is pushed out of the
main damper chamber below the piston head, forced

through a valve, and then reintroduced into the cham-

ber above the piston. While such a valve can be

adjusted by means of a motor or solenoid, the ex-

ternal "plumbing" introduces an undesirable level of

complexity and bulkiness to the damper, and also in-

creases the likelihood of a leak. Adjustable externally

valved fluid dampers are rarely used on exercise ma-
chines. See [8] for a complete treatment of this type

of damper.

On the other hand, the second method involves

changing the properties of the fluid itself. Most no-
table in this category are the magneto-rheological

dampers. Using magneto-rheological fluid (fluid
whose viscous properties change under magnetic

fields), a constant fluid orifice may be employed (usu-
ally in the piston head itself), with a nearby magnet to

vary the fluid resistance. These systems can be con-
veniently packaged, fully sealed and contained, and

feature a high degree of variability and bandwidth.

They have been extensively studied and character-

ized [1][2][4][6][7]. However, magneto-rheological flu-
ids break down over time. We estimate that a typi-

cal linear damper in a commercial exercise establish-
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ment must be able to endure approximately 1 million

strokes per year, over a desired lifetime of at least 5

years. Modern magneto-rheological fluids are capa-
ble of dissipating the total energy imparted to them

over this time period, but only because of technical

advances that make the fluid prohibitively expensive
(significantly greater than $100 US per liter). More
basic fluids do not have acceptable life spans.
The design featured in this paper falls into the for-

mer category. However, the valve consists of only two

moving parts and may be fully integrated into the

damper piston head itself. Resistance is modulated

by the simple application of current. Cost of the pro-

posed valve is kept low because no motors, gears or

bearings are necessary, and because the valve — being

fully contained within the damping chamber — does

not have to maintain a perfect seal under pressure.

2 Damper Model
Notation:

magnetic valve gap

fluid inlet orifice area (constant)
fluid outlet orifice area (constant)
area of piston head (constant)

max max e ective fluid orifice area (constant)
( ) measured e ective fluid orifice area
ˆ( ) projected e ective fluid orifice area

force of fluid exerted on valve
magnetic force exerted on valve

gas accumulator force exerted on piston

pressure di erence across piston

force developed by damper

fluid mass density (constant)
adjustment to Bernoulli’s equation (constant)

velocity of piston

( ) sti ness of damper

min minimum sti ness of damper (constant)

( ) fluid force modulation function

The cylindrical damper is illustrated in figures 2 and
3. It uses a high-pressure gas accumulator to accom-

modate the additional fluid displacement generated
by the piston rod during damper compression. (This

is a common configuration [8].) There are two pis-

ton heads separated by a distance of approximately 10

cm, each with a Teflon seal. The space between the
heads contains two electromagnets, which are allowed

to move slightly (and independently) along a central

steel rod. When current is applied, the magnetic poles

resist each other, pushing the magnets apart. Each

piston head has a set of three orifices. The magnets
move to close o fluid flow into these orifices, creating

Figure 2: A drawing of the damper cylinder body and

valve mechanism.

a small gap between the magnets. We denote the to-

tal orifice area of a given piston head . During a

compression stroke, a pressure di erence is generated

between fluid volumes V and V . This static pres-

sure moves magnet B upward, slightly unblocking the

inlet orifices and allowing fluid to pass from volume

V into the magnet chamber between the pistons. On

piston A, a one-way check valve with orifice area
allows fluid to easily escape into volume V . The

process is reversed during an extension stroke: fluid
under pressure pushes magnet A down slightly, open-

ing up a flow path into the magnet chamber. Fluid

then passes through a check valve into volume V .

Higher magnet currents generate higher resistance to

flow.

In essence, the magnet blocking the orifice on the
high-pressure side of the piston assembly acts as a

valve. Once enough static pressure builds to slightly

unblock the orifice, the total e ective maximum orifice
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Figure 3: A solid model of the damper showing the

piston/magnet assembly.

area max is controlled by the force of the opposing

magnetic fields. In the experimental damper, each

piston head has three orifices of 2.68 mm diameter.

The check valve on each piston is 3.22 mm diameter.

Thus, max consists of 3 inlet areas in "parallel" with

each other, and in series with the outlet check valve

orifice,

= 3

µ
2 68

2

¶2
; =

µ
3 22

2

¶2
max =

+
= 5 49 2 (1)

Let ( ) be the gap between the piston and the block-
ing magnet (0 1 2 mm), let be the mass of

the magnet and fluid damping constant. Then the
force exerted by the fluid on the magnetic valve
must balance the force exerted by the magnetic field,

, as

¨ + ˙ + = 0 (2)

The magnetic force is a function of applied cur-

rent . Since the design utilizes the repulsive mag-

netic force of the two magnets to essentially adjust

the orifice area, the force/velocity characteristics of
the damper are strictly dependent on the applied cur-

rent. Because the valve magnet does not have to move

very far (less than 1mm) to permit fluid to flow into
the magnet chamber, magnets A and B remain in very

close proximity. This is beneficial because ( ) is
then essentially independent of . The fluid force ,

however, is a function of the gap and of the di eren-

tial pressure across the piston head, = .

The exact formulation of ( ) is complex be-
cause it must reflect the transition from a pure reac-

tion force (i.e. when = 0 and force depends

only on the pressure) to an impulse force (i.e. when

the gap opens and jets of high-velocity fluid impinge
on the valve surface, pushing against it). Implicitly,

depends on the fluid jet velocity, but the fluid
velocity in turn depends on the e ective orifice area
and the di erential pressure. We observe then, that

= max ( ) (3)

with with unknown function ( ) 1.
In the final analysis, we wish to know how the mag-

net current a ects the damper’s force vs. velocity re-

lationship. Since the magnetic valve merely changes

the e ective orifice area, Bernoulli’s equation gives the
appropriate relationship. Let ( ) be the e ective ori-
fice area; note that ( ) max as . Let the

piston head area be and assume that the damper

push rod diameter is small compared to the piston

head itself. Then Bernoulli’s equation gives

=
2

2 2 ( )2
2 (4)

Note that the constant , for true laminar streamline

flows, would be = 1; in practice it ranges from 0 8
to 0 9 [3]. The aggregate damper force is just =

. Two additional e ects present themselves as

well, the velocity-dependent friction of the piston rod

and head sliding past their respective seals, and the

(near) constant force exerted by the gas accumulator.

Therefore,

=
3

2 2 ( )2
2 + + (5)

Accumulator force also is relatively small com-

pared to the applied force because the piston rod is

only 12.7cm in diameter, so the di erence in area be-

tween piston heads A and B is less than 8%. Thus

we assume henceforth that = 0. Friction is also
a negligible factor here. As seen in figure 4, the force
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velocity data for the test cylinder does not exhibit a

significant linear component, indicating that ' 0 in
equation (5).

This paper focuses on the e ective orifice area func-
tion, ( ). A reasonable hypothesis for ( ) follows
by modifying equation (1) to replace by a function

of the gap . We assume that the fluid "sees" an orifice
that is the surface area of three virtual cylinders, one

for each inlet orifice. Each cylinder has radius 1.34mm
(half the inlet orifice diameter), with height . Thus,

the total cylinder surface area is 3×(2 ×1 34 ) ' 8
mm2. As the gap widens, the cylinder surface area

increases linearly, but at some point the limiting ori-

fice area is reached and further increases in the

valve gap do not yield greater fluid flow (given con-

stant pressure). Then we have the hypothesis function

ˆ( ) =
min{8 } ×
min{8 }+ (6)

Note that ˆ( ) max as , suggesting that,

as the gap grows significantly larger than the orifice
diameter, the gap no longer contricts fluid flow and

the orifice itself is the sole flow regulator. The next

section gathers experimental evidence to support the

hypothesis.

3 Experimental Data
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Figure 4: Scatter plot for gap = 0 25 during a

compression stroke. The solid line is a least-square

quadratic fit.

In this section, we want to experimentally examine

the function ( ), the e ective orifice area. For this

purpose, the gap was fixed at 5 di erent positions,

{0 25 0 51 0 76 1 02 1 14} millimeters, (7)

and force-velocity scatter plots were obtained using a

load cell and linear optical encoder with the damper

attached to an exercise machine. See, for example,

figure 4. For all 5 gap values, least square error best-fit
curves give quadratic sti ness coe cients for equation

(5) as

( ) :=
3

2 2 ( )2
{195 136 116 117 116} × 103

(8)

These are plotted versus gap distance in figure 5,
which suggests that ( ) tends asymptotically toward
a lower bound, min. This can be predicted by remem-

bering that ( ) max as , where max is

the maximum e ective orifice area. The piston head
has diameter 47.5 mm, and the hydraulic fluid used in
the experiment a mass density of approximately 900

kg/m3. Using = 0 9 we find that min = 107 2×103.
Plotted in figure 5, the predicted value of agrees

reasonably well with the asymptotic tendency of the

measured estimates of ( ).
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Figure 5: A plot of ( ), showing measured values
and least-square best fit lines. Vertical error bars in-
dicate one standard deviation.

It appears that the values of ( ) fall nicely around
a function of order 1

2 ; little accuracy is gained by

adding a 1 term. The least-square best fit function is
( ) = 0 0058

2 + min. Deriving the valved orifice area
function ( ) from equation (8) then gives

( ) =

s
3

2 2

2

min
2 + 0 0058

(9)
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The e ective valved orifice area function ( ) is plot-
ted in figure 6 against the hypothesis function, show-
ing the hypothesis function to be fairly accurate in its

prediction. Figure 6 also illustrates the fact that only

a very small gap is necessary between magnets; in this

case, the e ective orifice area increases beyond 90% of
its maximum within the first 0.5 mm of movement by

the valve. (Recall that this permits magnets A and B

to be in close proximity, which is desirable since mag-

netic field strength drops o rapidly as the magnets

are separated.)
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Figure 6: A comparsison of the measured e ective ori-

fice area function ( ) and the hypothesis function
ˆ( ).

In the previous section, we constrained the magnetic

valve gap . Next we permit it to vary, while fixing the
current in the magnetic coils. Figure 7 shows the com-

pression and extension strokes for 8 di erent currents.

Best-fit polynomials up to order 2 are plotted to give
a representative feel for how the damper resistance

varies. (Scatter plot data is omitted for readability.)

The plots show that the resistance increases 107% at

a speed of 50 mm/s when a current of 2.6 A is applied.

The e ect is qualitatively striking to the exercise user.

The experimental apparatus is illustrated in figures
8 and 9. Force readings were obtained using a 500

lb. tension/compression load cell (Transducer Tech-

niques SSM-500 with calibrated signal conditioner);

linear displacement and velocity measurements were

obtained by an externally mounted digital position

transducer (Unimeasure LX-EP-15). Wiring for the

internal magnets is introduced via a hollow piston rod.
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Figure 7: Families of force vs. velocity curves for eight

currents spaced approximately evenly from 0 to 2.6

amps.

4 Conclusions

The paper presents a novel magnetically controlled

valve to vary the resistance of fluid dampers on ex-
ercise machines. The design strives for mechanical

simplicity and low cost, and involves only two moving

parts. However, design simplicity results in a some-

what complex dynamical model. Experimental data

validate the predicted relationship between the valve

gap and the e ective fluid orifice surface area. This
implies that, if the fluid flow rates (or piston velocity)
and di erential pressure (or damper force) are known,

then the gap can be predicted with fair accuracy.

Work is proceeding to more closely examine the sys-

tem dynamics. The challenge here is to formulate the

fluid force exerted on the face of the magnetic

valve as a function of the gap and other state vari-

ables. When a suitable understanding of this process

is reached, we expect to be able to e ectively change

the damper characteristics via feedback control, if de-

sired. Another phenomenon to investigate is the ten-

dency of the characteristic curves in figure 7 to become
more linear with increasing current — a phenomenon

not observed in the fixed-gap experiments. (We point
out that current research suggests the nonlinear char-

acteristics of the open-loop damper, e.g. figure 4, are
beneficial to exercise users.) Further design improve-
ments to the damper are planned, as are more accurate

measurements of the characteristics of the damper us-

ing a linear dynamometer.
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Figure 8: A closeup of the piston/magnet assembly.

nical assistance of Blake Branson.
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