FLUIDS ¢ MATHEMATICS ® MECHANICS

Hydraulic Arm

You'll feel the pressure to
do some heavy lifting.

When you push the plunger on a syringe, water
is forced into a second syringe, extending its
plunger and lifting a mechanical arm. The
process illustrates aspects of fluid pressure, force,

mechanical work, and biomechanics.

Materials

e electric drill

o drill bits, 5= in, 3 in, 75 in

o 2 woodsen bases, about 5 in X
8inxX7in(12.5cm X 20 cm X
2 cm) thick (ordinary 1 in X 6 in
pine shelving works well)

e 1 woodaen post, about 15 in X
TinX7in (38 cm X 2.5 cm X
2 cm) thick

e 1 wooc%en arm, about 16 in X
TinX5in(40 cm X 2.5 cm X
2 cm) thick

s 2 ﬂat—h;ead wood screws,

#8 X 15 in
¢ 2 machine screws, 10-24 X 2 in
= screwdrivers to fit screws

e 5 washers to fit the machine
screws (e.g., SAE 10 flat washers)

e 2 wing nuts, 10-24

¢ cup hook, é inorlin

» 2 plastic oral syringes, 10 mL
(Oral syringes are used by phar-
macists and veterinarians to
accompany prescriptions and may
sometimes be obtained for no
charge or purchased inexpensive-
ly. You can also obtain syringes,
tubing, connectors, etc., for
hydraulic and pneumatic projects
from Kelvin, 800-535-8469,
www.kelvin.com, or from The
Science Source, 800-299-5469,
www.thesciencesource.com; see
Alternative Construction for use of
5-mL syringes if you can't get the
10-mL size.)

s 1 oral syringe, plastic, T mL

2 shee%t-metal screws, short (e.g.,
#6 X 5 in)
1 nail, bright box, ‘I% in

1 cable tie with mounting head,
7.5 in (usually available at home
improvement stores and some
hardware stores; see Alternative
Construction using an eyebolt if
you have trouble obtaining the
cable tie with mounting head)

pliers
sCissors
4 hex nuts, 10-24

® water source

e 2t (60 cm) of clear plastic
tubing to fit the syringes you
use (available at hardware and
aquarium supply stores; the tub-
ing that fit the syringes we used
had an outside diameter of TS() in,
an inside diameter of ‘FE in, and
a wall thickness of 715 in)

* assorted small objects that can be
hooked or tied onto the cup hook
of the arm (e.g., toys, set of keys)
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Drill holes in the post, arm, and base, as shown.

Exploded view of the whole assembly

Drill holes in the four pieces of

wood as shown in figure 1.
(There are two bases to allow you to
use the hydraulic arm in the “upside
down” position.)

Figure 2 shows an exploded

drawing of the assembly of the
Hydraulic Arm. Refer to this drawing
as necessary as you proceed through
the assembly steps that follow. (See
figures 3 and 4 for details regarding
the cable tie and stop screw.)

SAssembIe the two bases and the
post, using the two wood
screws. Be sure the heads of the
wood screws do not stick out from
the bases.

Attach the arm to the post, using
a machine screw, three washers,
and a wing nut.

55crew the cup hook into the end
of the arm.

6Driil a small hole (smaller than
the sheet metal screws) in the
body of each of the two 10-mL sy-
ringes, just below the top flange.
Screw a small sheet-metal screw into
each of these holes, and rotate the
syringe plungers so that the screws
can go in as far as possible without
hitting the plungers (see figure 3).
The screws should now act as stops
to keep the plungers from being
pulled completely out of the syringes
by accident.

§
. Figure 3

Syringe assembly with pivots

%
H
i

Select one of the syringes, and

drill a +-inch hole through the
shaft of its plunger approximately 1;
inch (0.5 ¢cm) from the end of the
plunger. A nail will later be placed
through this hole (see the “Nail”
label on figure 3). This syringe is the
“fixed syringe.”
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8 Place the cable tie on this syringe
as shown in figure 4. Pull it as
tight as possible so the syringe does
not slip easily. (If necessary, use pliers
to pull the cable tie tighter after you
have tightened it initially by hand.)
Cut off all but about;l—inch (0.5 cm)
of the excess tie as shown in figure 5.

Figure 4

Cable tie on syringe

9Attach the syringe to the post
by placing a machine screw
through the hole in the cable tie.
Then thread onto the machine screw
four hex nuts and a washer before at-
taching the syringe to the post (see
figure 5) and adding another washer
and a wing nut (see figure 2). Adjust
the hex nuts to allow enough space
between the fast hex nut and the
head of the machine screw so that
the mounting head of the cable tie
will allow the syringe to pivot freely
but not slide sideways excessively.
When this adjustment has been
made, make sure that the four hex
nuts are tight against each other,
and tighten the wing nut.

1 OPut the nail through the hole

in the syringe plunger, and
force it into the hole in the arm until
the head of the nail is almost up
against the plunger (see figure 3),
but not so far that the point of the
nail protrudes significantly from the
other side of the arm. If necessary,
use pliers to push the nail into the
hole.

1 1Attach the plastic tubing

firmly to the tip of the sec-
ond 10-mL syringe. Fill the syringe
and tube completely with water.
Eliminate air bubbles by flicking the
syringe or tube with your finger to
get them to rise, and then topping
off with more water as necessary. If
you have difficulty, you might try fill-
ing the tube separately and then at-
taching it to the full syringe.

1 2Push the plunger all the way
into the fixed syringe (the
one attached to the post and arm) so
that there is no air in the syringe.
Attach the open end of the water-
filled tube firmly to the tip of this sy-
ringe. Be sure there are no large air
bubbles anywhere in the system.

Figure 5

Pivot assembly close-up

Alternative
Construction

* An eyebolt (plus two washers,
and two hex nuts or two Teflon-
insert stop nuts) can be used as
an alternative to the cable tie for
holding the syringe (see figure
6). Masking tape can be used to
build up the syringe diameter to
fit the eyebolt hole. The eyeboit
shown here is 755 inch by 3%
inches, but hole sizes on eyebolts
from different manufacturers are
not uniform; be sure the hole on
the eyebolt is large enough for
your syringe to fit into.

Figure 6

Eyebolt holding syringe I

¢ If necessary, you can substitute
5-mL plastic oral syringes for the
10-mL ones. These are com-
monly sold in drug stores. They
are slightly smailer, and the
plungers do not extend quite so
far. Depending on the size of the
syringe you use, you may need
to modify the locations of the
holes used to fix the syringe to
the arm and post.
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To Do and Notice

Push on the plunger of the movable
syringe. What happens? Pull on the
plunger. What happens now?

Use the arm to lift a small object.
(If the arm tips, either put a book or
other heavy weight on the base to
steady it, or find a lighter object to
lift.) How does the force of your push
on the plunger compare to the force
that the other plunger exerts on the
arm? How do the distances that the
two plungers move compare with
each other?

Notice carefully how hard you
have to push on the plunger to lift a
particular object, and notice how far
the arm can move the object.

Remove the object, then push
water into the fixed syringe so that the
arm is elevated as much as possible.
Support the elevated arm so that it
can’t fall. (You could have a friend
hold the arm, or you could support it
with a stack of books.) Then raise the
movable syringe until the end of the
tube attached to it is well above the
fixed syringe. Keeping the end of the
tube raised (to prevent water from
coming out when the syringe is re-
moved), remove the 10-mL syringe
and replace it with the 1-mL syringe.

Remove the support from the arm.
Pull the plunger on the 1-mL syringe
until the syringe is full. Replace the ob-
ject on the hook, and then push the

Blaise Pascal

1623-1662

The pascal unit of pressure is named for Blaise Pascal, a
French mathematician, scientist, and philosopher. His chief

contribution to physics was in the field of hydraulics, which

applies the properties of water and other liquids, such as how they transmit
pressure, to engineering problems. In about 1650, Pascal authored a treatise,
On the Equilibrium of Liquids, in which he states that an external pressure
applied to a liquid in a container is transmitted equally throughout the
container. This idea, which has come to be known as Pascal’s principle, is the

underlying physics of this snack.

What’s Going On?

When you push on the plunger of the
movable syringe, the arm rises; when
you pull on the plunger, the arm de-
scends.

Pushing on the plunger applies
pressure on the water in the movable
syringe. Since the water is confined
and incompressible, Pascal’s principle
comes into play, telling us that the
pressure is transmitted undiminished
to all parts of the water and to the
walls of its container. Since the
plunger of the fixed syringe at the
other end of the tube forms part of the
container for the water and is the only
part of the container that can expand,
the pressure causes the plunger in the
fixed syringe to move.

Pascal’s principle and a little math-
ematics can be used to show that—if
the syringes are identical—the force
you apply to one piunger is transmit-
ted in full to the other plunger (see
Box o’ Math). Additionally, as you can
observe, each plunger moves the
same distance.

With the 1-mL syringe, the force
that you push with is noticeably less
than that with the 10-mL syringe, but
the arm is not lifted nearly as far. In ac-
cordance with Pascal’s principle, the
pressure on the piunger of the 10-mL
syringe is the same as the pressure on
the plunger of the 1-mL syringe. But
since the area of the 10-mL plunger is
far larger than the area of the T-mL
plunger, the force exerted on the 10-
mL plunger is far larger than the force
you push with (remember, F = pA),

plunger on the 1-mL syringe to lift the Box o’ Math
object. Pressure is defined as force per unit area

Notice the difference in how hard _F
you have to push on the plunger to lift P=7Z

the object this time, and notice how
far the object is lifted.

Put the 10-mL syringe back in
place at the end of the tube, using the
same technique you used to replace it
with the 1-mL syringe. Turn the whole
device upside down and use the sy-
ringe to raise and lower the arm.
Compared to the right-side up posi-
tion, what's different about the
process of elevating the arm?

If you divide the force you push with by the area of the plunger that is in con-
tact with the water, you can find the pressure exerted on the water. You can
mathematically rearrange the equation above to become F = pA. This tells you
that if you multiply pressure (expressed in pounds per square inch) by area (ex-
pressed in square inches) the square inches cancel out, and you are left with
force, expressed in pounds.

_ __pounds ; _
pressure X area = ; X square-ircti = pounds
_square-ch
Because the pressure on both plungers is the same, and the areas of both
plungers are identical, then the force on both plungers is the same. (In the Sl
system, force is expressed in newtons—see Did You Know?)
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The good news is that you have ob-
tained a force advantage, but the bad
news is that you're paying for it with a
distance penalty. Mechanical work is
the product of force times the distance
the force moves through (W = Fd),
and this product remains constant.

In the right-side up position, the
plunger pushes on the arm to raise it.
But when you turn the whole assem-
bly upside down, the syringe pulls on
the arm to raise it, just like your mus-
cles do with your own arms. The mus-
cle that allows your forearm to lift
things, called the biceps, is attached
near your shoulder and just below
your elbow. When the biceps con-
tracts, it has the same effect on your
arm as the syringe has on the hy-
draulic arm when the assembly is up-
side down. In both cases, a large force
is exerted so that a small weight can
be lifted, but the weight can be lifted
a large distance compared to the dis-
tance the force moves (the distance
the syringe plunger moves, or the dis-
tance your muscles contract).

So What?

Hydraulic systems are used in count-
less applications: brakes and steering
on cars; hydraulic lifts and
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servicing cars; airplane
wing flaps, stabilizer
controls, and landing
gear; mechanical arms
on garbage  trucks;
blades on bulldozers;
and so on.

Did You
Know?

Under Pressure

Automobile and bicycle
tire pressures in the
United States are com-
monly expressed in
pounds per square inch
(abbreviated psi), a unit
from the English system of measure-
ment. In the modern metric system
(Systéme International d'Unités, or
SI), the unit of pressure is the pascal
(symbol Pa). One pascal is equal to
one newton per square meter (n/m?2).
Because 1 psi is approximately 6900
Pa, you can see that the pascal is a
very small unit. For this reason, pres-
sures are often expressed in kilopas-
cals (symbol kPa; 1 kPa = 1000 Pa).

A Load on Your Shoulders

The average atmospheric pressure
at sea level is equal to 14.7 psi, or
101 kPa.

Going Further

Robot Arm

Design and build a hydraulic
arm that has more than one
motion. Figure 7 shows an
example of an arm that
turns on its base in addition
to lifting things, and figure
8 shows a close-up of the
linkage used on the base.
Can you design and build
an arm that also has a
“wrist” and “hand” at

the end?

n lift and
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Figure 7 Dual-action arm

Figure 8 Close-up of syringe and
linkage for dual-action arm
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