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Abstract
Purpose – This study aims to investigate the potential of using polymer multi-material additive manufacturing (MMAM) to produce miniature
hydraulic piston actuators combining rigid structures and flexible seals. Such actuators offer great potential for medical robots in X-ray and magnetic
resonance environments, where conventional piston actuators cannot be used because of safety issues caused by metal components.
Design/methodology/approach – Hydraulic pistons with two different integrated flexible seal shapes are designed and manufactured using
MMAM. Design 1 features a ring-shaped seal made from a flexible material that is printed on the surface of the rigid piston shaft. Design 2 appears
identical from the outside, yet an axial opening in the piston shaft is added to enable self-reinforced sealing as fluid pressure increases. For both
designs, samples with three different outer diameters are fabricated leading to a total of six different piston versions. The pistons are then evaluated
regarding leakage, friction and durability.
Findings – Measurement results show that the friction force for Design 2 is lower than that of Design 1, making Design 2 more suitable for the
intended application. None of the versions of Design 2 shows leakage for pressures up to 1.5MPa. For Design 1, leak-tightness varies with the outer
diameter, yet none of the versions is consistently leak-tight at 1.5MPa. Furthermore, the results show that prolonged exposure to water decreases
the durability of the flexible material significantly. The durability the authors observe may, however, be sufficient for short-term or single-use
devices.
Originality/value – The authors investigate a novel design approach for hydraulic piston actuators based on MMAM. These actuators are of
particular interest for patient-specific medical devices used in radiological interventions, where metal-free components are required to safely operate
in X-ray and magnetic resonance environments. This study may serve as a basis for the development of new actuators, as it shows a feasible
solution, yet pointing out critical aspects such as the influence of small geometry changes or material performance changes caused by water
absorption.
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Introduction

Image-guided surgery is an emerging medical field, in which
imaging modalities such as computed tomography (CT) or
magnetic resonance imaging (MRI) are used to provide
intraoperative guidance during minimally invasive procedures
such as tissue biopsies or tumor destructions (Monfaredi et al.,
2018). As the availability of hybrid intervention rooms for
clinical routine advances (OR Manager, 2015), image guided

procedures increasingly replace traditional surgery (Tsetis et al.,
2016). Because of the limited space available inside the scanner
bore (usually a diameter of 60 cm), remote robotic manipulators
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(RRM) used by the physician to perform the procedure from a
distance are expected to play a crucial role in such interventions
in the future. One of the challenges that arise when developing
RRM is the design of actuators, which satisfy both the
mechanical (e.g. force/torque, stroke and controllability) and
clinical requirements (e.g. compatibility withMRI/CT imaging,
actuator size and patient safety). Fluidic piston type actuators
are promising as their working principle is inherently MR- and
CT-compatible (Fischer et al., 2008; Yu et al., 2008) and they
can be fabricated using polymers only. So far, the research
community has predominantly favored pneumatic over
hydraulic actuation (Monfaredi et al., 2018). Challenges
associated with hydraulic actuation such as fluid leakage and
friction losses are often cited as reasons to opt for pneumatic
actuation. However, hydraulic actuation provides well-
established advantages such as high power density, load stiffness
and speed of response (Jelali and Kroll, 2004). This makes it, in
principle, ideal for compactMR-/CT-compatible actuators.
Using additive manufacturing (AM) it is possible to cost-

effectively fabricate polymer RRM with integrated fluidic
actuators that are tailored to both the surgical procedure and
the anatomy of the patient. Such single-use devices may be
particularly interesting for simple interventions, such as placing
a biopsy needle at a given position, where devices are used for a
short time and a limited number of movement cycles only.
Moreover, multi-material additive manufacturing (MMAM)
allows for the fabrication of polymer parts in which the material
properties vary spatially. This has, for example, been used to
design novel compliant joints (Bruyas et al., 2015) and linear
actuators (Pfeil et al., 2018) in which the careful distribution of
rigid and rubber-like polymer materials allows to create the
desired mechanical function. In this work, the use of MMAM
for the design and fabrication of novel hydraulic actuators with
integrated flexible seals is proposed. Using MMAM to explore
novel integrated seal designs has not received much attention
yet, and is, therefore, the focus of this study.
Today, the most prevalent commercial MMAM technology

is arguably the PolyJet technology from Stratasys, the USA.
Using this process, a variety of rigid, flexible and support
materials can be printed in a single build. Furthermore, it is
possible to combine rigid and flexible materials such as
VeroWhitePlus and TangoBlackPlus, respectively, to produce
composites. For these so-called “digital materials” (Stratasys,
2017) the material properties depend on the mixing ratio
between the base materials. Kundera et al. used PolyJet three-
dimensional (3D) printing to fabricate O-ring seals made from
pure TB1 and the digital materials DM9840, DM9860 and
DM9870 (Kundera and Bochnia, 2014). The relaxation
characteristics of the O-rings were evaluated under static axial
loading and dynamic radial loading as experienced in a typical
piston seal scenario. The sealing capabilities of the O-ring were
not evaluated as the focus of this work was on determining and
modeling the mechanical behavior of the materials used.
Paydar et al. used flexible and rigid PolyJet materials to
fabricate ring-shaped gaskets for an interconnect device used in
microfluidic applications (Paydar et al., 2014). The flexible
gasket was integrated into and fabricated together with the rigid
structure of the device in one build. The maximum sealing
pressure was determined for a static scenario in which the
gasket is pressed against a glass plate. It was found that the

gasket is able to withstand a fluid pressure of up to 416 kPa
before leakage occurs at the glass-gasket interface. The
achievable pressure was found to increase with a higher pre-
load at the glass-gasket interface. Repeated use of the gasket
reduced the pressure at which leakage occurred significantly.
A common issue of polymers is their sensitivity to moisture.

This can be especially problematic for 3D printed parts, where
high porosity and surface imperfections are often observed.
Although the PolyJet printing process produces parts with high
density (Lam et al., 2018), and thus, low porosity, it was shown
that the printing mode has an impact on the surface roughness
of the part (Caz�on et al., 2014; Pfeil et al., 2019). Imperfections
in the surface can introduce additional porosity into the part
(Moore andWilliams, 2012).
Although some aspects related to MMAM of hydraulic seals

have been investigated, there is a clear gap in the literature
regarding the sealing performance and durability of such seals
under dynamic conditions. Moreover, the unique capabilities
of AM with respect to fabricating almost arbitrary shapes have
mostly been neglected when it comes to the design of seal
geometries. The aim of this work is, therefore, to further
investigate the suitability of MMAM for the fabrication of
hydraulic piston actuators with integrated seals.
Themain contributions of this work are:

� Two conceivable designs for a hydraulic piston actuator
with an integrated sealing are presented. Based on these
two designs it is shown how the sealing and mechanical
performance can be increased dramatically when making
use of the design freedom that MMAM offers;

� Experimental results are presented with respect to maximum
leakage pressure and friction for a dynamic scenario using
multi-material 3D printed hydraulic seals; and

� Results regarding the long term durability of the seals are
presented.

Materials and methods

To investigate the suitability of MMAM for integrated
hydraulic components, a novel hydraulic piston actuator is
developed and fabricated. Its performance and properties are
then evaluated in a series of experiments.

Printing process
The pistons are produced with an Objet Connex350 3D printer
using the PolyJet technology (Stratasys Ltd, the USA), which is
based on photopolymerization. This process allows the
production of multi-material parts, with two base materials that
can bemixed into digital materials to adjust material properties.
VeroWhitePlus and TangoBlackPlus are used as base
materials, and DM9870 as digital material, following
commercial denominations. The material properties provided
by the manufacturer are shown in Table I. DM9870 was

Table I Properties of the considered materials (Stratasys, 2016, 2017)

Property/Material TangoBlackPlus VeroWhitePlus DM9870

Tensile strength (MPa) 0.8-1.5 50-65 3.5-5.0
Elongation at break (%) 170-220 10-25 55-65
Shore hardness 26-28 (A) 83-86 (D) 68-72 (A)
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chosen because its hardness is close to that of commercially
available O-ring seals. For the remainder of this article,
VeroWhitePlus and DM9870 will be referred to as “rigid
material” and “flexible material”, respectively.
Two options are available for printing. With the “glossy”

finish option, the support material is added only where it is
needed. With the “matte” finish option, the part is surrounded
by support material during production. Best results in terms of
surface roughness homogeneity are obtained with the “matte”
option. Therefore, the matte option is used for the fabrication
of the parts considered in this work.
The thickness of the material layers is equal to 30 microns,

and the in-plane resolution is 42 microns. Initial tests showed
that for small size pistons of about 4mm diameter the surface
roughness is improved if the pistons are produced with their
axes in the printing plane compared to printing in a vertical
configuration.

Design of pistons with integrated seals
The design objective is a piston rod with a flexible seal, which
can be placed in a barrel to create a hydraulic actuator. Using
the capabilities of MMAM the flexible seal can be embedded in
the rigid piston rod to fabricate a functional part in one step.
Two integrated seal designs denominated “full” and “hollow”
are developed. Both designs are loosely inspired by
conventional O-ring seals, which are a very versatile and
commonly used seal type in conventional hydraulics. The
detailed design rationales are outlined below.
“Full” design: this design features a ring-shaped seal made

from the flexible material that is wrapped around the
circumference of the piston rod printed using the rigid material
(Figure 1).
“Hollow” design: similar to the “full” design, this design

consists of a ring-shaped seal printed along the circumference
of the piston rod. However, here the seal is hollow, forming a
chamber that can be filled with fluid (Figure 1). A central
opening in the front part allows fluid to enter the chamber. This
design leads to a self-reinforcing effect of the seal: as fluid
pressure increases, the seal is pushed harder against the barrel
wall, which is expected to increase sealing performance.
For the cylinder barrel, the counterpart of the piston rod in

the hydraulic actuator, a polymer sliding bearing (H370SM-
0405-12, Igus, Germany) is used. As miniaturization is crucial
for the medical application considered here, an inner diameter
of 4mm and a length of 12mm are chosen. Sliding bearings are
used because of their low surface roughness and high
manufacturing precision in diameter. This allows extracting the
effects of only the printed seals from the measurement data.
Using the bearing as a reference, the piston rod diameter is set
to 2.5mm while for the outer diameter of the seal, three sizes
are considered: “S” = 4.4mm, “M” = 4.5mm and “L” =
4.6mm. The different sizes are included to be able to study the
effect of overlap between seal and barrel on the performance
metrics. All sizes lead to a preload applied on the seal when
inserted into the cylinder barrel.

Experiment setup and procedure

The first experiments aimed at investigating the basic
compatibility of the chosen manufacturing method and

materials with the application of hydraulic actuators.
Therefore, the printing accuracy is investigated, as well as the
compatibility of the printed polymer with the hydraulic fluid, as
some polymers are known to have a tendency to absorb fluids.
Thereafter, experiments are presented in which the
performance of the printed actuators is investigated.

Water absorption
Water is a favorable fluid for hydraulics in the medical context,
as hydraulic systems are prone to fluid leakage, which may be
an unacceptable risk if using oil, especially for devices with
patient contact. The aim of this experiment is to observe the
quantity of water that is absorbed by the material used for the
flexible seal over time, as water absorption will probably change
the material properties or the part geometry. In total, 10 disks
with a diameter of 10mm and a thickness of 1mm are printed
using the flexible material with a “matte” surface finish. 8 of the
10 disks are submerged in water and stored separately in a
microwell plate at room temperature for 4 weeks. The
remaining 2 disks are stored in air-filled wells for reference
measurements. The disks are regularly taken out of the plate,
their surface dried using paper towels, and weighed using an
analytical balance (AZ214, Sartorius, Germany). The disks are
weighed daily on the first 5 days and weekly thereafter.

Dimensional measurements
To evaluate the printing accuracy, characteristic values of the
piston silhouette are measured using an optical two-

Figure 1 ‘Full’ (top) and ‘Hollow’ (bottom) design
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dimensional micrometer (TM-040, Keyence, Japan). The
piston is placed on a manual rotating stage and six
measurements are taken with the piston rotated by 30 degrees
after each measurement. In each measurement, the mean
piston rod diameter and the maximum seal diameter are
recorded using the standard device software.

Leakage and friction force
The 3D printed pistons are evaluated in terms of leakage in a
conventional single-acting hydraulic cylinder setup, henceforth
called “actuator”.
Two actuators are inserted coaxially in a holding structure

such that they are oriented opposite to each other (Figure 2).
The two pistons are mechanically coupled and connected to a
linear stage while the barrels are fixed to the holder. The force
acting on the pistons is measured using a force sensor
(8431-5100, Burster, Germany) placed between the coupled
pistons and the linear stage. The symmetric setup ensures that
pressure-induced forces cancel out and only the friction forces
arising between the seals and the barrels are measured. At the
beginning of the experiment, the hydraulic system is filled with
20mL of deionized water and 5mL of air to be able to precisely
control the pressure manually. The system is then pressurized
to 1.5MPa using a syringe pump (NeMESYS 1000N, Cetoni,
Germany). During the experiment, the system pressure is
controlled manually and is measured using a pressure sensor
(8263-3000, Burster, Germany).
The experimental procedure consists of increasing the

pressure incrementally in steps of 0.25MPa until themaximum
pressure of 1.5MPa is reached. At each pressure increment, the
pistons are moved back and forth with a constant velocity of
1mm/s for a duration of 100 s. The pressure is measured at the
start and the end of the movement and the pressure drop is
monitored while the pistons are moving. If a pressure drop of
more than 0.1MPa occurs, which can be traced back to
significant leakage, the experimental run is aborted for this set
of pistons. Additionally, the friction force between the two seals
and the cylinder barrels is recorded during themovement of the

pistons using the aforementioned force sensor. Because of the
measurement method, the friction measured is the combined
friction force of two pistons.

Endurance
Endurance of the seal material is evaluated using 20 identical
“hollow” pistons in size “S”, denoted as “HollowS”. Only this
design is included in this experiment as its performance in the
friction and leakage experiment, detailed later, was found to be
superior to the other designs. The endurance experiment is
conducted using the setup described before at a constant
pressure of 1.5MPa. For themotion of the pistons, a sinusoidal
velocity profile with a maximum velocity of 3mm/s and a
period of 6.3 s is chosen. During one cycle, the pistons travel a
distance of 6mm in each direction. Prior to the experimental
runs, 10 of the pistons are submerged in water for four weeks
while the remaining pistons are stored in a closed air-filled
container under ambient lab conditions. Every experimental
run is repeated for up to 250 cycles or aborted if the negative
pressure gradient exceeds 0.1MPa/s, which is defined as major
leakage. During the experimental run, pressure and force data
are recorded. Setting the experiment up in this way allows us to
record friction data for the full velocity range and determine the
time at whichmechanical failure of the seal material occurs. For
practical reasons, it is assumed that the mechanical failure
of the seal coincides with leakage. When one piston is damaged
(i.e. it shows leakage), the experimental run is aborted and the
damaged piston is replaced by one that is still intact. A new
experimental run is then started and continued until leakage
occurs. The experiment is continued in this way until all piston
seals are either damaged or have lasted for at least 250 cycles.
The survival time of each individual piston is the cumulated
duration of all experimental runs it participated in.

Results

Water absorption
For the submerged samples, a mass increase can be observed
throughout the whole experiment (Figure 3). While the
steepest increase occurs during the first three days (6.5
percent), there is still a slow rise of 0.5 percent per week
thereafter.

Figure 2 Experiment setup for leakage and friction measurements: a
piston pump is used to produce hydraulic pressures. Valves are used to
switch between operation and refill state

Figure 3 Water absorption measurement (mean of 8 samples) and
reference measurement (mean of 2 samples)
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The reference measurements stay within a range of 60.5
percent from the startingmass.

Dimensions
Themean value (standard deviation) of the piston rod diameter
calculated for all pistons is 2.497 (0.047) mm. The outer seal
diameter of the pistons is 4.324 (0.031) mm for pistons with
expected value 4.4mm, 4.436 (0.053) mm for 4.5mm and
4.537 (0.041)mm for 4.6mm.

Leakage
Figure 4 shows the pressure drop that occurred during the
dynamic experiment at each pressure step. The highest
pressure drop observed for all hollow piston designs is
0.01MPa at a system pressure of 1.5MPa. The pressure drop is
significantly higher for the “full” piston designs. For size “S”
and one specimen of size “L” of the “full” pistons, the
experiment was aborted because of leakage at a system pressure
of 0.75 and 1.0MPa, respectively.

Friction
Figure 5 shows the friction force overpressure for the “full” and
“hollow” piston geometries. It can be seen that the “full”
geometry leads to a constantly high, decreasing friction force,
while the friction of the “hollow” pistons is low at low pressure
and increases with pressure because of the self-reinforcing seal.
Figure 6(a) shows the measured friction force for one
exemplary run of the endurance experiment in the first and last
cycle before piston failure. It is clearly visible that the friction
force increases as the experiment progresses.
The mean friction force for all 17 experiment runs was found

to be near constant over the travel distance in each direction
[Figure 6(b)]. The highest friction force occurs shortly after the
piston travel direction is reversed (i.e. 0 and 6mm).

Endurance
TheKaplan–Meier plot of the pistons is shown in Figure 7. Out
of 10 “dry” pistons, 7 are still intact after 250 cycles, with the
first damage occurring after 128 cycles. The first damage of a
“wet” piston occurs after 45 cycles, with no piston surviving
more than 126 cycles.

Discussion

Water absorption
The experiment shows clearly that the flexible material absorbs
water. This could potentially explain the longer survival of the
dry pistons in the endurance experiments as compared to the
pistons submerged in water prior to the experiment. It is
possible that the water absorption leads tomaterial swelling and
thereby an increase of the seal diameter. This increase could
cause the material to experience higher physical stress during
the experiment, and thus, lead to early material failure. An
additional explanation could be that the water accumulating in
the polymer leads to a change in material properties, making it
weaker, and thus, prone to fail sooner than when dry. The
water in the flexible material could also have a (positive or
negative) influence on the friction coefficient between the seal
and barrel, which was not investigated in the experiments.

Figure 4 Pressure drop for different pressure steps. Each measurement
(2 per geometry) is displayed as a separate curve. Low values indicate
that no significant pressure drop occured
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More experiments (e.g. friction tests) are necessary to
determine the material properties and find the exact cause of
failure. However, these experiments are not within the scope
of this work. The results are in accordance with observations of
Behalek et al. (2018), who showed that the tensile strength of

TangoBlack based flexible material is significantly decreased
when the parts have been exposed to high humidity.
The surface quality, and thus, the level of water absorption

could possibly be improved by changing the surface finishing.
However, in this study the “matte” setting was deliberately
chosen because it ensures that the pistons are completely
embedded in the supportmaterial, resulting in a uniform surface.

Dimensions/print quality
The measurement results of the piston rod diameter indicate
very high accuracy of the printing process for such geometries.
The mean diameter is only 3 mm smaller than the designed
diameter (2.5mm), a value that is well below the printing
resolution of 42 mm (X/Y direction) and the specified accuracy
of the printer (200 mm). Measurement errors of the
micrometer are negligible, as the measurement was performed
with 2 mmabsolute accuracy.
The seal diameter has a similar precision (standard deviation

31 mm (“S”), 53 mm (“M”) and 41 mm (“L”), respectively) as
the rod diameter (47mm), but lower accuracy. The measured
seal diameters are 76 mm (“S”), 64 mm (“M”) and 63 mm
(“L”) smaller than designed. The measurements were
performed optically with a measurement protocol recording the
maximum diameter. Therefore, one would expect that
measurement inaccuracy caused by surface roughness or dirt
will lead to the measured diameter being larger than the
diameter in the drawings. As this is not the case, it is concluded
that the seals are in fact printed slightly smaller than designed.
After all, the experiments show that even though by visual

inspection the seal surface roughness appears higher than for
conventional rubber seals, the flexibility of the material can
compensate the roughness and the sealing effect is still present.

Leakage
The results of the leakage experiment show that the “hollow”
piston design can withstand high pressure without leakage
better than the “full” design. This is traced back to the self-
reinforcing working principle of the seal. In this study, the
maximum system pressure is chosen to be 1.5MPa, as this is the
maximum pressure at which the hydraulic components can be
safely operated. For the “hollow” piston design, the maximum
pressure before leakage occurs is expected to be higher.

Friction
The friction measurements clearly show that the self-
reinforcing design is advantageous for positioning applications,
as the friction is low at low pressures compared to the “full”
design. The theoretical pressure-induced force of a piston with
a 4mm diameter is 18.8N at a pressure of 1.5MPa.
Considering the measured friction force of 2.2N for the
“HollowS” piston, this leaves 16.6N of actuator force.
The curves of the “full” and “hollow” geometries intersect at

a pressure between 1.25 and 1.5MPa. This means that, for
higher pressure values, the “full” design has less friction than
the “hollow” design. Although this may indicate that the “full”
design is better suited for high pressure applications, it can be
expected that in terms of leakage the “hollow” design still
outperforms the “full” design. The results obtained for the
smallest geometries (“FullS” and “HollowS”) further support
this hypothesis.

Figure 7 Survival rate of pistons that had been submerged in water
(‘Wet pistons’) or left dry (‘Dry pistons’) prior to the experiment
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Endurance
The endurance experiment shows that the friction force
increases during all experiment runs, which indicates the plastic
deformation of the seal. This assumption is confirmed by the
observation that the increase is particularly strong shortly
before leakage occurs, can be traced back to seal rupture.
At each experiment cycle, the force increases when the

movement starts until it reaches a maximum, after which it
decreases and a constant friction force can be observed. This
peak is typical behavior of a body first experiencing static and
then kinetic friction.
For practical reasons it is assumed that seal rupture is always

associated with leakage. However, theoretically, it is possible
that a ruptured seal shows no leakage because of favorable
material compression in the area of the tear. With the
experimental setup at hand, such a scenario cannot be ruled
out, and therefore, constitutes a limitation of the results.
With respect to their intended use in a clinical device, the

results show that the pistons can be used safely for a short
duration of 45 cycles (“wet”) or 125 cycles (“dry”) depending
on how long the hydraulic lines have been filled with water prior
to use. Although this may be sufficient for a limited number of
simple interventions with little manipulator movement, the
actuators have to be considered as an early-stage development.
Further improvement is necessary to make them last longer,
and thus, suitable for a wide range of medical devices and
longer surgical procedures.

Damage assessment
Figure 8 shows a piston after breakage. The damage that can be
observed is similar for all pistons: a crack extending from the
rigid-flexible material boundary to a point in the flexible seal.
The point where the crack meets the flexible-rigid material
transition is always found in the region that was facing the build
plate during the 3D print. This indicates that, even though the

printing parameters were selected such that the whole structure
is embedded in the support structure, the flexible material is
weakened by support structures on its bottom side.

Conclusion

The aim of this work was to evaluate whether the capabilities of
MMAM technology can be exploited to design and produce
hydraulic actuators with integrated seals for medical robots. A
seal design inspired by conventional O-rings was compared to a
more complex, self-reinforcing design in dynamic experiments.
The findings show that the latter design outperforms theO-ring
inspired seal in both the leakage and friction force experiments
highlighting the added valueMMAMcan bring to the design of
hydraulic components that require seals. For the self-
reinforcing piston design, the friction force is well below the
hydraulically generated force and the pistons show no
significant leakage when operated between 0-1.5MPa.
However, the experiments also show that the pistons have a
limited lifetime, potentially caused by water absorption.
Although the pistons that had been dry before the experiment
exhibited a lifetime that may be sufficient for single-use
polymer robots, the lifetime was significantly decreased when
the pistons had been in contact with water for four weeks prior
to the experiment.
The results of this study lead to the conclusion that PolyJet

MMAM is a promising technology for the development of
polymer hydraulic actuators for custom printed devices. Future
work should investigate the actuator’s performance when
integrated into amedical robot.
Further work must also be invested in the development of

materials that are more resistant to fluids. Alternatively, devices
using such actuators may be designed in a way such that the
actuators are only filled with the hydraulic fluid shortly before
being used. The experiments were only conducted using water
as a hydraulic fluid because of its low risk when leakage occurs
used in a clinical setup. The results may, therefore, not be
applicable for systems using other hydraulic fluids.
As the current mechanical design is the first try and the

piston design was optimized empirically it can be assumed that
significant improvements can be achieved using numerical
methods to optimize the structure, material and operating
conditions.
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