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T
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 Figure 1).  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.
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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 

subsequently cost. This approach to manufacturing 
enables the design and fabrication of components and 
systems that have previously been impossible. 

using conventional fabrication practices. Pumps are 

drilled, cross-drilled and plugged, pistons are turned 

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 

the-art in terms of performance, strength, reliability 

manufacturing constraints are removed. The addi-
tive process enables integrated structure, actuation, 

FIGURE 1  Currently, components made 
separately are extremely complex and 
expensive.

FIGURE 2  Cross-section of the human form.

FIGURE 3  Cross-section of the test manifold.
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serves as mechanical support for 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 

(e.g., bearing surfaces, piston bores…), the addition 

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 

removing the powder 
from internal pas-
sageways. For the 
majority of the lightly 
sintered material in 
internal passages 
that are not easily accessible, it is best to have gradual transitions (5 

braided wire in a Dremel tool can easily agitate the powder remov-
ing all lightly sintered material. The more challenging problem is the 

a single fabrication process. The designer is not limited 

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-

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 

rations within the build volume. Results show that com-
ponents made with Ti-6-4 powders have a minimum yield 

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 4  No finishing (close-up), and FIGURE 5  Aggressive finishing (close-up).

FIGURE 6  Test specimens.

FIGURE 7
FEA of tube test specimen. FIGURE 10 Stress-strain of mesh structures.

FIGURE 9  Failure mode.

FIGURE 8  Meshed tensile member.
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residual powder that is lightly sintered onto the 
Figure 3 shows a 

cross section of a set of manifolds with internal 
tube structures that were manufactured with S 

Figure 
4

experiments indicated 

pressure tests, small 
particulates that were 

the part would break 

problem, tests were 
conducted by pumping 

Figure 
5 shows that a more 

tured with integrated 
tube structures for 
conducting high and 

between the supply, 

establish design guidelines for minimum 
wall thickness and wall strength for tubes 

see 
Figure 6

Figure 7

ponents were connected to a static hydraulic 

fore, future designs should ensure a minimum 

By minimizing weight, 
less material is used which 
reduces fabrication energy, 

damental question is the 
mechanical integrity of 
mesh structures fabricated 

test specimens were 
manufactured using 
the e beam system in a 

Figures 8 and 9 show the 
tensile specimens before 

Figure 10

cross section, not actual material cross section 

hydraulic components and mesh 

ponent is illustrated in Figures 11 
and 12 that show the palm of 

weighs approximately 

meshed hand weighs 

Once we understand 

straints, we can begin to 

FIGURE 11  Solid palm 
weighing 857 grams.

FIGURE 14  Additive 
Manufactured
involute joint.

FIGURE 15 Two-axis 
involute cam with 
supply (red), return 
(green) and wire 
harness (blue).

FIGURE 12  Meshed palm 
weighing 178 grams.

FIGURE 13 Transparent 
view of a hydraulic arm.
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in Figures 13
16

Figure 17

Figure 18

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

FIGURE 17 
Transparent view of 
a hydraulic hand.

FIGURE 18
 Hydraulic 

hand.
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