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he basic mechani-
cal design and
fabrication of fluid

powered systems

has changed little

since the start
of the industrial revolu-
tion. Mechanical struc-
ture, actuators (motors),
electronics, energy
storage, thermal man-
agement, sensors and
controls are all fabricated with different processes and
then integrated into the final system during the assem-
bly process (see Figurel). Compare this to nature (see
Figure 2). The human form has a lightweight but strong
skeletal structure seamlessly integrated with muscles,
tendons and nerves. Veins and arteries are integrated
into the body delivering energy to all parts of the body
while simultaneously exposing our blood to tremendous
amounts of surface area for thermal management. All
of this is covered with a pliable and durable skin that
protects all of our internal organs from the environment.
We have this wonderful model for mechanical design but
have never come close to replicating it—until now.

FIGURE1

FIGURE 2 Cross-section of the human form.
|

Emerging additive manufacturing processes are
enabling a fresh new perspective on the design of
mechanical systems. Unlike traditional machining
practices, where material is removed to create a part,
additive manufacturing constructs parts through
layer-by-layer deposition of material. Parts can be
manufactured with voids and mesh structures, reduc-
ing weight, manufacturing energy, material usage and

FIGURE 3 Cross-section of the test manifold.
1

subsequently cost. This approach to manufacturing
enables the design and fabrication of components and
systems that have previously been impossible.
Today, fluid powered devices are manufactured
using conventional fabrication practices. Pumps are
cast and machined, fluid passages in manifolds are
drilled, cross-drilled and plugged, pistons are turned
on lathes, reinforced rubber hoses pass fluid across
joints. Historically, new manufacturing methods
introduce new solutions to old problems. Additive
manufacturing enables a revolutionary, not evolu-
tionary, approach to the design and fabrication of
fluid powered devices that far exceeds the state-of-
the-art in terms of performance, strength, reliability
and cost. Freeform fluidics is defined as the merg-
ing of fluid power and additive manufacturing. It is
defined as freeform due to the fact that many prior
manufacturing constraints are removed. The addi-
tive process enables integrated structure, actuation,
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FIGURE 4 No finishing (close-up), and FIGURE 5 Aggressive finishing (close-up).
|

fluid passages, thermal management and control within
a single fabrication process. The designer is not limited
to straight, fixed geometry fluid passages. Fluid can be
routed efficiently through the structure without the need
for cross-drilled holes or plugs. Fluid passages can be opti-
mized for heat dissipation and minimized head loss. Mate-
rial that is not under stress can be removed or replaced
with lattice or shell structures for weight reduction. The
following sections cover preliminary work exploring the
impact, and design consider-
_ ations, made possible for fluid
powered systems based on

additive processes.

One of the primary issues
regarding parts manufac-
tured using the additive man-
ufacturing process is their
mechanical properties. The
following analysis focuses
on one process: the electron
beam (e-beam) melting process with powder bed support
provided by Arcam. For mechanical strength, tensile cou-
pons were manufactured in various positions and configu-
rations within the build volume. Results show that com-
ponents made with Ti-6-4 powders have a minimum yield
stress (894.9 MPa) and ultimate strength (911.5 MPa) that
exceeds Grade 5 specifications. The Arcam system uses a
powder bed that has an elevated temperature. Therefore,
the part exhibits very little residual stress during the man-
ufacturing process. This leads to improved mechanical
strength but induces challenges in powder removal.

For powder bed systems, material that is not melted

FIGURE 6 Test specimens.
]

FIGURE 7
FEA of tube test specimen.
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servesas mechanical supportfor overhanging features.
When the part is complete, the supporting material is
removed by blasting the part with the same powder
used for the additive process. This enables the un-
melted material to be recovered and reused. One of the
primary issues is powder removal and surface finish.
For external surfaces where surface finish is critical
(e.g., bearing surfaces, piston bores...), the addition
of a sacrificial layer of material, approximately 1 mm
thick is adequate, can be removed with conventional
machining leaving a polished surface. Internal pas-

sages are more complicated. If the un-melted powder

is not sintered during the manufacturing process, the
material can be easily removed from internal passage-

ways by simply shaking the part. However, the lower
temperature of the powder bed leads to temperature gradients in the
part during the melting process that manifests itself as residual stress

in the part. By keep-
ing the powder bed
at a high temperature
and lightly sintering
the powder, residual
stress is  reduced
and it is possible to
manufacture  very
complex parts with
large aspect ratios
(exceeding 40:1). The
penalty is difficulty in
removing the powder
from internal pas-
sageways. For the
majority of the lightly
sintered material in
internal passages

FIGURE 8 Meshed tensile member.

—

FIGURE 9 Failure mode.

that are not easily accessible, it is best to have gradual transitions (5
mm or greater bend radius) and diameters greater than 1.5 mm. A
braided wire in a Dremel tool can easily agitate the powder remov-
ing all lightly sintered material. The more challenging problem is the

2500

2000

1500

Stress (psi)

1000

500
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FIGURE 11 Solid palm
weighing 857 grams.

FIGURE 12 Meshed palm
weighing 178 grams.

residual powder that is lightly sintered onto the
walls of the fluid passages. Figure 3 shows a
cross section of a set of manifolds with internal
tube structures that were manufactured with S
shaped fluid passages of varying diameters (1.6
mm, 2.4 mm, 3.2 mm
and 3.8 mm). A close-
up of the unfinished
fluid passage (Figure
4) shows a rough sur-
face finish. Preliminary
experiments indicated
that, during high-
pressure tests, small
particulates that were
not firmly melted into
the part would break

= loose. To resolve this
= ’ problem, tests were
T conducted by pumping

FIGURE 14 Additive abrasive slurry through

Manufactured

! -ty the passages. Figure
involute joint.

5 shows that a more
aggressive  treatment
(high pressures and larger particles) resulted in
a smooth finish. Therefore, fluid powered sys-
tems should use some form of pumped abra-
sive slurry to ensure all loosely
bonded particles are removed
prior to operation.

One advantage of the
additive process is that
parts can be manufac-
tured with integrated
tube structures for
conducting high and
low pressure fluid
between the supply,
valves, and actuators.
If the final product is porous, a
fluid powered system will not be able to
hold pressure and will be prone to leaks. The
objective of the wall thickness study was to
establish design guidelines for minimum
wall thickness and wall strength for tubes
for high-pressure fluid. Four separate test
specimens were designed and fabricated (see
Figure 6). Tests were validated with finite

FIGURE 13 Transparent
view of a hydraulic arm.
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element analysis (FEA) shown in Figure 7.

The components each had an inner diameter
of 1.6 mm with different wall thicknesses (0.38
mm, 0.51 mm, 0.76 mm, 1.02 mm). The com-
ponents were connected to a static hydraulic
pressure source. Pressure was increased to 42
MPa. All components held pressure except one
test specimen (0.38 mm wall thickness) that
exhibited a slow weeping from the end. There-
fore, future designs should ensure a minimum
wall thickness of 0.51 mm to avoid porosity.
With additive manufactur-
ing, part complexity is free.
By minimizing  weight,
less material is used which
reduces fabrication energy,
build time and cost. A fun-
damental question is the
mechanical integrity of
mesh structures fabricated
using additive manufac-
turing. Meshed tensile
test specimens were
manufactured using
the e beam system in a
variety of configurations.
Figures 8 and 9 show the
tensile specimens before
and after testing. The
mesh consisted of a 0.51
mm diameter wire. Fail-
ure occurred along the anticipated mesh struc-
ture. Figure 10 shows the stress-strain curve
under both tension and compression. Failure
of the mesh occurs at approximately 13.8 MPa.
The stress-strain curve is based on the tensile
cross section, not actual material cross section
in the mesh. An FEA of the mesh shows that
the actual peak stress in the material, given the
load of 13.8 MPa, was 963.9 MPa, close to the
bulk yield stress of the solid test specimens.
Therefore, mesh structures with
greater than 0.5 mm diameter
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FIGURE 15 Two-axis
involute cam with
supply (red), return
(green) and wire
harness (blue).
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hydraulic components and mesh

structures within the same com-
ponent is illustrated in Figures 11
and 12 that show the palm of
a fluid powered robotic
hand. The solid palm

weighs  approximately
857 grams whereas the
meshed hand weighs
188 grams (approxi-
mately 80% reduction
in weight).

Once we understand
the manufacturing con-
straints, we can begin to
explore the design and fabri-
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cation of fluid powered sys-
tems. Oak Ridge National
Laboratory is developing
a 7-degree-of-freedom
robotic arm for the Office
of Naval Research. The
system uses cams with
antagonistic linear actua-
tors to provide rotary
motions. Involute cams are
used for transverse motion
(i.e., shoulder, elbow and
wrist pitch), barrel cams for
collinear motion (i.e., wrist
roll). For the involute cam,
the transmission ratio (rela-
tionship between force and torque) is constant
throughout the range of motion and the range
of motion can exceed 180 degrees. The piston
bores are integrated into the structure to elim-
inate hose routing and ease assembly. Joint
force/torque feedback can be accomplished by
measuring the cylinder pressure or stress on
the pistons. The most significant advantage is
that the fluid is routed through the structure,
eliminating the need for hoses. Rotary unions
pass the fluid from joint to joint. Supply and
return lines are designed into the structure
to route the fluid to valve ports. The ports for
the cylinders are likewise routed through the
structure from the valve to the actuators. The

FIGURE 16 Additive manufactured
hydraulic power unit with motor, pump
and accumulators.

disadvantage was part
complexity.  However,
with the introduction of
additive manufacturing,
the cost of this complex-
ity is removed. Further-
more, this manufactur-
ing process opens up new
possibilities. As shown
in Figures 13 through
16, fluid passages can
be routed through the
structure without the
need for cross drilled
holes or plugs. In addi-
tion, the fluid passages
can be curved and even expand or contract as
needed. The length of the passage is no longer
restricted to straight-line holes so it is pos-
sible to reduce the fluid length. Weight can
be reduced by replacing solid material with a
lightweight mesh or shell. The paradigm shift
is that the lighter structure takes less material
and less energy to fabricate, therefore taking
less time and lower cost. The lower structural
weight also reduces the embedded energy
required for moving the part. The impact this
manufacturing process can have on the design

of fluid powered systems is enormous.
As a proof-of-principle, a single-degree-of-
freedom hydraulic hand was designed, fabri-
cated and tested. Figure 17 shows

a transparent view of the hand. An

FIGURE17

a hydraulic hand.
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FIGURE18

Transparent view of

electric motor is housed in the palm
of the hand and serves as the pri-
mary power source. It drives a pair
of cams that are 180° out of phase.
The cams drive a pair of master pis-
tons that are hydraulically coupled
to slave pistons at the base of the
fingers. One master piston forces
the fingers to contract while the
other causes the fingers to expand.
Figure 18 shows the final prod-
uct, an operational hydraulic hand
based on merging hydraulics and
additive manufacturing,

This paper introduces the con-
cept of blending fluid power with
mechanical structure through addi-
tive manufacturing. The specific
advantages are reduced weight,
potential for lower cost, and

Hydraulic ~reduced part counts. The results
hand.  verified the present limits of manu-
s facturing, validating mechanical

properties and operational toler-
ances. Future work will focus on
expanding integration to include
wiring, sensing and integration of
electronics. |
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