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Abstract

Introduction : Recently 3D printing has received an increasing attention on the area of actuators.
It can provide design freedom allowing complex geometries, as well as customization, among other
benefits. However, there is no research on 3D printing of hydraulic piston-cylinder systems. The
aim of this article is to check the feasibility of 3D printing a hydraulic piston-cylinder system, as
well as quantifying its performance.

Methods: The same design was utilized for different 3D printing processes (Fused Deposition
Modelling (FDM), Stereolithography (SLA) and Selective Laser Melting) and materials (Polylactic
Acid (PLA), resin and Titanium), in order to be compared with each other and with conventional
manufacturing of a system in Aluminum. Also, a second version of each piston-cylinder system
was printed to use a reamer on them, to compare the performance between the cylinders with and
without reaming. The followed methodology consisted of performing static and dynamic tests for
each of the actuators. The output of the static test was the maximum fluid pressure that the system
can handle. With the dynamic test a more realistic situation could be tested, from which the friction
could be deducted and its results could be compared to the theoretically calculated data.

Results: The results showed that the best performing 3D printed option was the reamed SLA resin
version, reaching pressures of at least 4 MPa, with a dynamic friction force of 6.6 N, a stick-slip
friction force of 9.9 N and a weight of 28 g. These features led to a force-to-weight ratio of 2928,
only surpassed by the lighter FDM printed PLA actuator, reaching a value of 3565, but with higher
friction forces.

Conclusion : The conducted research means a first step towards the 3D printing of hydraulic
piston-cylinder systems, demonstrating that it is possible to reach high pressures without leakage.
The features that additive manufacturing offers, such as lighter and customized geometries in one
assembly step, can benefit application fields where hydraulic piston-cylinders are used, such as
prosthetic devices.
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Nomenclature

a Acceleration (m/s2)

A Area of the piston where the fluid is acting (m2)

Al Aluminum

CD Cross-sectional Diameter of the O-ring (mm)

CompD 90% of the Cross Sectional Diameter of the O-ring (mm)

CRing Part of the Inner Diameter of the cylinder occupied by the squeezed O-ring (mm)

F Force actuating on the piston (N)

Ffric Frictional force (N)

Fstick Frictional force due to stick-slip (N)

FDM Fused Deposition Modelling

g Gravitational acceleration (m/s2)

ID Internal Diameter of the O-ring (mm)

m Mass (kg)

LBM Laser Beam Melting

OD Outer Diameter of the O-ring (mm)

P Theoretical pressure of the system´s fluid (Pa)

PGD Piston Groove Diameter (mm)

PLA Polylactic Acid

Pave Average measured Pressure between the top and bottom plateaus of each weight (MPa)

Ppeak The local maximum/minimum pressure measured in each peak (MPa)

Pplat Average measured Pressure of each plateau (MPa)

Pplats Average measured Pressure of the top plateaus of each weight (MPa)

SLA Stereolithography

SLM Selective Laser Melting

Sq Squeezed 10% of the Cross Sectional Diameter of the O-ring (mm)

Ti Titanium

∆ P Pressure difference between the plateaus and the average due to the friction (MPa)

∆ Pstick Pressure difference between each plateau and its peak due to the stick-slip (MPa)
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1 INTRODUCTION 1.2 3D printed actuators

1 Introduction

1.1 3D printing

Additive manufacturing, also referred to as 3D printing, Rapid Prototyping or Solid Freeform
Fabrication, is the process of making three dimensional solid objects from a digital file. After
a few decades of development, there are many different 3D printing methods that are used in
different production processes, or even replace the conventional production processes. Additive
manufacturing, usually performed layer by layer, has been claimed to lead the third industrial
revolution [5]. Even if it has not been reached yet, lot of progress is being achieved lately.

With applications in different sectors, recently an extensive list of 3D printing methods have been
developed and improved: from the most affordable option that is reaching the user´s homes, printing
polymers by Fused Deposition Modelling (FDM), until the printing of metal parts with a precision
of micrometers via Laser Beam Melting (LBM), commonly called Selective Laser Melting (SLM) [6].
This progress is motivating further research on areas like bioprinting of complex living organs, which
would allow in situ repairing of human tissue [7] or the 3D printing of soft actuators [8].

1.2 3D printed actuators

Additive manufacturing provides more design freedom allowing customized geometries, the option
of assembly-free mechanisms leading to lower production times and costs, and the possibility to
fast prototype [9]. Actuators are also taking advantage of these benefits over other conventional
production methods. An actuator is a device responsible for generating a movement in a mechanism
or system. While sensors make conversions between different forms or energy, actuators make a
conversion from one form of energy to a mechanical movement [10]. Traditionally most of the
actuators are activated via electricity, hydraulics or pneumatics [11], whereas recent developments
have led to designs powered by photo-actuation [12] or via magnetic energy sources [13].

Additive manufacturing offers a new handful of characteristics that can drastically change the
conception of an actuator. The recent demands on different applications such as robotics, biomedicine
or aeronautics require certain features on certain components, including actuators, that could not
be achieved the same way with other manufacturing processes. Soft actuators have become a trend
for human-machine interaction allowing safe manipulation [14], micro-scale actuators are required
for in-vivo human applications [15], implying biocompatibility, and light and robust actuators are
demanded in the aerospace sector with fewer assembly components than before [16].

Taking a look at the number of articles published in the last few years, there is no doubt about
the significance of the use of 3D printing for all kind of actuators, including different materials
such as plastics, as shown in Figure 1, metals or photopolymer resins. The research within the
field of additive manufacturing is of vital relevance to continue with the development of robotic
and automated systems that carry out increasingly complex tasks and interact more closely with
humans.
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1 INTRODUCTION 1.3 3D printing of piston-cylinder systems

Figure 1: A 3D printed pneumatic soft polymeric actuator [1].

1.3 3D printing of piston-cylinder systems

The kinds of actuators where additive manufacturing has been used as the manufacturing process
are soft actuators [17]. However, actuators that are not soft can also benefit from the advantages
of 3D printing, such as the possibilities of design freedom leading to customization and lightweight
structures. Figure 2 shows an FDM printed pneumatic cylinder combined with a steel piston, which
can withstand pressures of up to 1 MPa [2].

Figure 2: FDM printed pneumatic piston-cylinder system [2].
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1 INTRODUCTION 1.5 Goal

Apart from the mentioned pneumatic actuator, no other additively manufactured piston-cylinder
systems have been found. Still, there are many applications where piston-cylinders are used [18],
from the largest scale applications where high loads are demanded, such as construction machines,
until smaller scale applications such as aviation components where the weight is more critical. Some
of these applications could benefit from the advantages of 3D printing, being a prosthetic hand a clear
example. Figure 3 shows the The Delft Cylinder Hand, a body-powered prosthetic hand actuated
via hydraulic piston-cylinder systems [19]. The prosthesis has been almost 3D printed, except for the
piston-cylinder systems. If these could also be additively manufactured, the hand could be produced
in one step, sparing the assembly steps after printing. Also, it would make customization easier, as
well as making the resulting prototype lighter if polymers were used, instead of the conventionally
machined metals.

Figure 3: Delft Cylinder Hand [3]. The arrows indicate the position of the hydraulic piston-cylinder systems.

1.4 Problem definition

Given the state of the art, there is a knowledge gap about 3D printed hydraulic piston-cylinder
systems. It is not known if it is possible to benefit from the advantages of additive manufacturing
with 3D printed hydraulic piston-cylinder systems, neither how they would perform.

1.5 Goal

The goal of this Master Thesis is to check the feasibility of 3D printing a hydraulic piston-cylinder
system, as well as quantifying its performance regarding relevant parameters. Different 3D printing
processes and materials will be compared with each other and with conventional manufacturing of
a hydraulic piston-cylinder system, to point out the best performing option.

3



2 METHODOLOGY 2.1 Design considerations

2 Methodology

In this section the methods used for the development and evaluation of the 3D printed hydraulic
piston-cylinder systems are explained. Firstly the design process is explained, followed by the tests
performed to evaluate the designs.

2.1 Design considerations

There are mainly two types of piston-cylinder systems: single and double acting ones. The Delft
Cylinder Hand works with a single acting hydraulic piston-cylinder system, meaning that the
operating stroke is generated in one single direction. The return stroke can be enabled via a spring,
as in the case of the Delft Cylinder Hand, or by its weight, which is the case of this article.

The main components of a piston-cylinder system are the cylinder itself, the cylinder head or end,
the piston, the piston rod and the seal, as indicated in Figure 4. In this section the design of each of
these parts is explained. The piston and piston rod have been developed as a single cylinder block
with the grooves for the seal, for simplicity and to add strength to the part.

Cylinder head

Cylinder

Piston

Piston rod

Seal

Figure 4: Main components of a piston-cylinder system.

2.1.1 Seal selection

One of the most critical components in a hydraulic piston-cylinder system is the seal [20] that makes
sure the fluid is contained in the desired volume, preventing it from escaping to other areas or the
outside of the system. In fact, leakage can cause loss of pressure in the chamber and contamination of
the environment in the case of a harming fluid [21]. At the same time, the seal needs to minimize the
friction between the cylinder and piston to avoid heat production, acceleration of wear of components
and increase the efficiency of the system.

There are different kinds of seals existing in the market. For piston-cylinder systems, piston and rod
seals are usually specifically designed. However, these also require other additional components such
as wear rings, buffer seals, wipers and static gland seals [22]. In order to minimize the parameters
of the system, O-rings were chosen as the one-component seal that would simplify installation and
groove design. The O-rings, also known as packing or toric joints, are mechanical gaskets with the
shape of a torus and are characterized by their low cost and easy production.

The dimension of the O-ring would determine design constraints for the rest of the components of
the piston-cylinder system. The following requirements were considered:

4



2 METHODOLOGY 2.1 Design considerations

• The resulting system needs to be printable by different processes in terms of size, considering
the buildplate dimensions of each 3D printer.

• The parts of the piston-cylinders need to be adequate for the standard testing components,
such as manometers, tubings or connections. If the design is too small, it will be hard to test
and will need more specific tools.

• The outer diameter of the O-ring should be a whole number in mm, to allow the use of metric
tools for post-processing.

• The Shore hardness of the O-ring has to ensure the durability of the seal while allowing
the appropriate squeeze or rate of compression, of around 10%, as recommended by the
manufacturer [23].

Checking the O-ring selector [4] the chosen O-ring was of dimensions 9x3.5 mm (Internal diameter
x cross-sectional diameter), as shown in Figure 5, with a Shore hardness of 70.

OD

ID

CD

Figure 5: Eriks O-ring [4] with its characteristic lengths indicated: the Cross-sectional Diameter (CD), the
Internal Diameter (ID) and the Outer Diameter (OD).

2.1.2 Parts design

The system was split into three different parts: “Piston”, “Cylinder” and “End Cap”. The End Cap
and the cylinder could have been the same component, but it was differentiated into two parts to
make the post-processing of the cylinder easier, being open from both sides. Afterwards, glue could
be used to assemble both parts permanently. Solidworks (Solidworks Corp. Dassault Systèmes,
Suresnes, France) was the modelling software used for the design of the parts.

5



2 METHODOLOGY 2.1 Design considerations

The internal diameter (ID) of the cylinder should be equal to the external diameter (OD) of the
chosen O-ring:

ID + CD ∗ 2 = OD (1)

9 + 3.5 ∗ 2 = 16 mm (2)

where,

ID Internal Diameter of the O-ring (mm)
CD Cross-sectional Diameter of the O-ring (mm)
OD Outer Diameter of the O-ring (mm)

However, the diameter of the piston groove, should not be the same as the internal diameter of the
O-ring. For a squeeze of 10% on the O-ring, a larger piston groove diameter is needed:

10% of CD = Sq (3)

CD − Sq = CompD (4)

CompD ∗ 2 = CRing (5)

OD − CompRing = PGD (6)

(7)

10% of 3.5 = 0.35 mm (8)

3.5− 0.35 = 3.15 mm (9)

3.15 ∗ 2 = 6.3 mm (10)

16− 6.3 = 9.7 mm (11)

where,

Sq Squeezed 10% of the Cross Sectional Diameter of the O-ring (mm)
CompD 90% of the Cross Sectional Diameter of the O-ring (mm)
CRing Part of the Inner Diameter of the cylinder occupied by the squeezed O-ring (mm)
PGD Piston Groove Diameter (mm)

With an internal diameter of 16 mm for the cylinder and a piston groove of 9.7 mm of diameter, a
squeeze of 10% is achieved (the resulting cross sectional diameter will be 2.7 mm instead of 3 mm).
Figures 6, 7 and 8 show the rest of the dimensions. A wall thickness of 2 mm was chosen for the
cylinder to provide enough strength while avoiding too much material. The top of the cylinder was
chamfered to facilitate the insertion of the piston with the O-ring. The same chamfer was added on
the End Cap to allow the insertion of the cylinder to glue. The edges on the groove of the piston
were also rounded to avoid damaging the O-ring during its installation. The missing dimensions
”A” and ”B” will be explained later, since, depending on the production process and material, the
tolerances are different.
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2 METHODOLOGY 2.1 Design considerations
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Figure 6: Drawing of the Cylinder with all its dimensions in mm.
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Figure 7: Drawing of the Piston with all its dimensions in mm. The external diameter ”A” is a parametric
dimension that will change according to the production method and material.
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Figure 8: Drawing of the End Cap with all its dimensions in mm. The internal diameter ”B” is a parametric
dimension that will change according to the production method and material.

2.1.3 Production method and material selection

Three different 3D printing methods were compared to a conventionally machining of Aluminum.
Each of them used a different material, with its particular dimensions according to the corresponding
tolerances.

FDM in PLA

The first production method chosen for this study was FDM that is characterized by its simplicity,
user-friendliness, versatility of polymers and low cost [24]. White PLA material (further information
can be found in Appendix A) was selected due to its printability at high printing speeds and low
melting temperature [25]. Furthermore, the piston-cylinder system was printed using the Ultimaker
3 (Ultimaker B.V. Geldermalsen, The Netherlands) due to its possibility of dual extrusion (further
information can be found in Appendix B). Dual extrusion allows the use of PVA as support material,
which can be then removed by immersion in water. In this way, the support removal is facilitated,
ensuring a better surface finish on the supported areas. Based on trials and errors, the remaining
two dimensions ”A” and ”B” were defined. The external diameter of the piston ”A” was set to
15 mm, to allow the sliding between the piston and the cylinder with a hole of 16 mm in diameter.
The internal diameter of the End Cap ”B” was set to 20.4 mm for a tight fit to allow glueing.

The used slicer software used was Cura 4.0.0, from the same manufacturer of the printer. The main
printing settings are shown in Figure 9. A low printing layer height (0.1 mm) was chosen for more
precise printing, with high infill (50%) for the strength of the part and support to allow overhangs.
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2 METHODOLOGY 2.1 Design considerations

Figure 9: Cylinder, Piston and End Cap for 3D printing in the Ultimaker 3 printer, using the Cura slicer.
The main settings are also visible on the left.

SLA in resin

Stereolithography (SLA) is the second selected printing process to manufacture the piston-cylinder
system. The SLA is characterized by a higher dimensional accuracy with smaller printing layer
heights and smoother surface finishes in different resins [26]. The piston-cylinder system was printed
using the Form 2 (Formlabs. Somerville, Massachusetts, USA) printer (further information can be
found in Appendix B). Among the available resins, Gray Standard Resin (further information can
be found in Appendix A) was chosen because of its smooth surface finish and lower cost. The
same material was used as support. Checking the tolerances of SLA printing [27], the remaining two
dimensions ”A” and ”B” were defined. The external diameter of the piston ”A” was set to 15.75 mm,
to allow the sliding between the piston and the cylinder with a hole of 16 mm in diameter. The
internal diameter of the End Cap ”B” was set to 20.05 mm for a tight fit to allow glueing.

The used slicer software was Preform, from the same manufacturer of the printer. The orientation
of the parts needs to be angled for SLA printing, to maintain a small surface area for each cross
section and to avoid printing layers with large jumps in surface areas [28]. Still, the inclination could
not be too high to avoid support on the critical surfaces that would provoke undesired irregularities.
This is presented in Figure 10, as well as the principal printing parameters.
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Figure 10: Cylinder, Piston and End Cap for 3D printing in the Form 2 printer, using the Preform slicer.
The main settings are also visible on the right.

SLM in Titanium

The final 3D printing process analyzed was SLM, that allows printing complex designs in metal
that could be much harder to manufacture via conventional methods. SLM minimizes the weight
of the product while reducing the assembly time and amount of parts [29]. Titanium (Ti-6Al-4V
grade 23 powder supplied by AP&C with a particle size ranging from 10 to 40 µm) was the chosen
metal because of its excellent force-to-weight ratio, corrosion resistance and low thermal expansion,
apart from the fact that it is biocompatible [30] (further information can be found in Appendix
A). Checking the tolerances of SLM printing [31], the remaining two dimensions ”A” and ”B” were
defined. The external diameter of the piston ”A” was set to 15.5 mm, to allow the sliding between
the piston and the cylinder with a hole of 16 mm in diameter. The internal diameter of the End
Cap ”B” was set to 20.2 mm for a tight fit to allow gluing.

The used printer was a SLM 125 machine (Realizer GmbH, Borchen, Germany) equipped with a
YLM-400-AC Ytterbium fiber laser (further information can be found in Appendix B). Figure 11
shows the slicer, with the main printing parameters.
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Figure 11: Cylinder, Piston and End Cap (doubled) for 3D printing in the SLM 125 printer. The main
settings are also visible on the right.

Machining Aluminum

The three 3D printing methods were compared with the conventionally manufactured piston-cylinder
system: machining. Aluminum (Al) was the chosen material because of its high strength-to-weight
ratio, lower cost and corrosion resistance [32].

For the machining process, the drawings of the parts were needed, which were made by Solidworks
as well. The tolerances were defined in the drawings, requiring higher precision for the critical
dimensions, whereas the rest could have a higher range of error from the nominal value. Based on
experience, the remaining two dimensions ”A” and ”B” were defined. The external diameter of the
piston ”A” was set to 15.75 mm, to allow the sliding between the piston and the cylinder with a hole
of 16mm in diameter. The internal diameter of the End Cap ”B” was set to 20.1 mm for a tight fit
to allow gluing.

2.1.4 Post-processing steps

After printing or machining, the parts needed to be glued and threaded to allow the connection to
the test set-up. Also, a second version of each piston-cylinder system was printed to use a reamer on
them, to compare the performance between the cylinders with and without reaming. A reamer is a
rotatory tool that makes a previously existing hole slightly larger with high precision while leaving
a smooth surface [33]. A lathe was used for reaming, at low rotatory speed and with the help of
lubrication. A reamer of 16 mm diameter was used to end up with a cylinder with the same inner
diameter. For the cylinders that were printed to be reamed, an inner diameter of 15.8 mm was
specified, to have a small layer of material to be removed by the reamer. In the case of the Titanium
(Ti) cylinder, the reamer could not be used because of the strength of the Ti material. Therefore,
a drill was used to try to improve the surface.

FDM in PLA

Once the parts were removed from the buildplate, they were immersed in warm water for a few hours
until the PVA support was completely removed. A tap was used to create the M3 thread on the
2.5 mm hole of the End Cap, for the connection of the part to the hydraulic test set-up. The End
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2 METHODOLOGY 2.2 Evaluation of the design

Cap and the cylinder were adhered by the glue ”Loctite 401”, which were glued at least 24 hours
before the first test to allow curing.

SLA in Resin

After printing, the parts needed to be placed in an alcohol bath followed by UV curing for 20 minutes
at 60 degrees. The support was removed with the help of small pliers. The same tap and glue were
used again to create the M3 thread on the End Cap and to assemble the system, with the same
curing time.

SLM in Titanium

The support removal was performed with pliers, followed by the use of a vacuum cleaner to get rid
of the remaining loose powder. As the threading tap was not strong enough for Ti, an Al End Cap
was used instead. To glue the Ti cylinder to the Al End Cap, ”Araldite AV 138” glue was used,
which also needed 24 hours as curing time.

Machining Aluminium

The machined parts did not need any post-processing steps apart from adding the thread plus gluing.
”Loctite 401” was used once again.

2.2 Evaluation of the design

In order to compare the performance of each production method and material, the same testing
procedure was used. The assembled piston-cylinder system was connected to the 4 mm inner
diameter tubing via an M3 threaded connector. Via a T connector, a sensor was added to the
system than can measure up to 4 MPa. A data acquisition system connected the sensor to the
computer, which enabled to record the measured pressure via a Labview program. Water was used
as a unique actuation fluid. For the installation of the O-ring on the piston groove, a wooden stick
was used as a helper to avoid any damage on the O-ring itself or on the piston. Once an O-ring was
installed, it was not removed to avoid damaging during the disassembly. In order to help the piston
slide in the cylinder, a ”Rocol Kilopoise 0001” lubricant was used.

2.2.1 Static test set-up and protocol

The first test consisted on measuring the maximum pressure in a static configuration before leakage
appeared, the set-up broke or the maximum of the sensor was reached. Figure 12 presents the
schematic test set-up in a simplified version. Figure 13 shows how this was achieved by clamping
the piston-cylinder system in a press to increase the applied pressure gradually, while recording the
measured pressure on the computer. The followed protocol is explained below:

• The piston-cylinder system was clamped in a press in a vertical position, so that the initial
pressure was zero.

• The pressure was gradually increased by rotating the handle, at a rate of approximately
0.1 MPa per second.

• If the maximum pressure of the sensor was reached without leakage or breakdown, the experiment
was finished.

• If leakage or breakdown were reached, the experiment was also finished.

• The initial stroke was set higher than 20 mm to allow enough compression of the piston-cylinder
system and to be able to reach high pressures before the end of the stroke.
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2 METHODOLOGY 2.2 Evaluation of the design

• The piston-cylinder system was positioned straight to ensure that the piston and cylinder were
coaxial, so that lateral forces were avoided.

• When the maximum pressure was reached, the pressure was released gently.

Figure 12: Schematic static test set-up: The piston-cylinder system (A) is actuated by an external force
(B). The system is connected to a 4 MPa sensor (C) via hydraulic tubing (D). The sensor is connected to
the laptop (E) via electrical connection (F).
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Figure 13: Real static test set-up: The piston-cylinder system (A) is placed in the press (B). The system
is connected to a 4 MPa sensor (C) via a tube (D). The sensor is connected to the laptop (E) via a data
acquisition system (F). The laptop displays the measured pressure with a Labview programme (G).

2.2.2 Dynamic test set-up and protocol

The second test consisted on measuring the pressure in a more realistic situation. The simplified
schematic test set-up is shown in Figure 14. The objective of the piston-cylinder configuration is
to provoke movement, leading to a mechanical force, induced by a pressure change on the working
fluid. The way to emulate it was by placing one slave piston-cylinder system vertically clamped in
a vice, helped by a 3D printed block, as indicated in Figure 15. From the 3D printed part attached
to the piston, a cable hanged with a hook where weights could be placed, without touching the
floor. Another piston-cylinder system was placed on the press to actuate as a master cylinder. A
duplicated reamed SLA piston-cylinder was used as the master cylinder. After applying pressure
to the water by compressing the master cylinder with the press, the slave piston went up, and the
weights hanging from it were the ones in charge of ensuring that the piston would come back down
once the pressure was released. In this way, a cyclic movement could be achieved. The followed
protocol is explained below:

• Initially, the pressure in the system´s water was zero. For that, regardless of the hanging
weight, the slave piston was touching the End Cap, being the initial stroke zero in the slave
cylinder. On the master cylinder, a minimum initial stroke of 15 mm was needed to allow
enough displacement in both cylinders during actuation.

• Later on, the weights were added progressively by 4 kg every time. From 2.25 kg, and later on
to 6.25, 10.25, 14.25, 18.5 and 22.25 kg. This was done by adding weight discs to the hook.

• For each weight:
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2 METHODOLOGY 2.2 Evaluation of the design

1. The master cylinder was activated until the weight was lifted, reaching a stroke of at least
10 mm in the slave cylinder

2. The press was held to maintain it there for around 8 seconds, followed by going back half of
the stroke for another 8 seconds.

3. After this, the stroke was brought back to the same position of at least 10 mm stroke during
another 8 seconds.

4. The master cylinder was decompressed gently until the pressure on the system´s fluid was
back to zero.

• After testing each weight, it took at least 8 seconds to increase the 4 kg.

Figure 14: Dynamic test set-up: The slave piston-cylinder system (A) is actuated by the master
piston-cylinder system (B). From the slave piston-cylinder system (C), a weight (C) hangs to test different
masses. Both cylinders are connected to a 4 MPa sensor (D) via hydraulic tubing (E). The sensor displays
the measured pressures in the laptop (F), which is connected by electronic wiring (G).
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Figure 15: Dynamic test set-up: The master piston-cylinder system (A) is placed in the press (B). The
slave piston-cylinder system (C) is placed in a vice (D) with the help of a 3D printed part (E). From the
3D printed part attached to the slave piston, a cable (F) hangs with a hook (G) with weight discs (H). The
system is connected to a 4 MPa sensor (I) via a tube. The sensor is connected to the laptop via a data
acquisition system (J). The laptop displays the measured pressure with a Labview programme (K).
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3 Results

In this section the obtained results of different piston-cylinder systems are presented, as well as the
outcome after the evaluation of these actuators.

3.1 Designs

For each production method the piston-cylinder systems were weighted. The weight of each component
of the piston-cylinder system is indicated in Table I. The presented values for the cylinders were
obtained by weighting the unreamed versions.

Table I: Weight in grams of the cylinder, piston, End cap and total for each of the production processes.

Production Weights (g)
method Cylinder Piston End Cap Total

FDM 6 9 8 23
SLA 6 11 10 28
SLM 17 27 20 64

Machined 14 26 16 56

3.1.1 FDM in PLA

Figure 16 presents the obtained FDM printed hydraulic piston-cylinder system.

Figure 16: FDM printed PLA hydraulic piston (with O-ring) and cylinder.
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3.1.2 SLA in Resin

Figure 17 presents the obtained SLA printed hydraulic piston-cylinder system.

Figure 17: SLA printed resin hydraulic piston-cylinder system.

3.1.3 SLM in Titanium

Figure 18 presents the obtained SLM printed hydraulic piston-cylinder system.

Figure 18: SLM printed Titanium hydraulic piston-cylinder system.
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3 RESULTS 3.2 Evaluation of the design

3.1.4 Machining Aluminium

Figure 19 presents the obtained machined hydraulic piston-cylinder system.

Figure 19: Machined Aluminum hydraulic piston-cylinder system.

3.2 Evaluation of the design

For each test set-up the results are shown below. However, no tests are shown about the SLM printed
piston-cylinder system. The issue was that the water could flow through the material itself. A FDM
printed piston was used with the SLM cylinder, and the water could flow through the cylinder,
with drops appearing on its outer surface, even also small jets. Therefore, there was no option of
increasing the pressure on the system´s fluid, making it impossible to perform any of the tests.

3.2.1 Static test

Following the steps mentioned on the static test protocol, in every trial the maximum of the sensor
was reached, meaning that all the cylinders could withstand pressures up to 4 MPa without leakage
or breakdown. The output of the tests is shown in Figures 20, 21, 22, 23 and 24.
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Figure 20: Static test´s measured pressure vs time for the unreamed FDM printed piston-cylinder system.
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Figure 21: Static test´s measured pressure vs time for the reamed FDM printed piston-cylinder system.
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Figure 22: Static test´s measured pressure vs time for the unreamed SLA printed piston-cylinder system.
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Figure 23: Static test´s measured pressure vs time for the reamed SLA printed piston-cylinder system.
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Figure 24: Static test´s measured pressure vs time for the machined piston-cylinder system.

3.2.2 Dynamic test

The protocol for the dynamic test was also followed to obtain the graphs of the pressure on the
system´s fluid for each weight. Figures 25, 26, 27, 28 and 29 show the outcome of the tests.
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Figure 25: Dynamic test´s measured pressure vs time for the unreamed FDM printed piston-cylinder system.
The weight (kg) lifted by the piston is indicated in red for each of the actuation cycles.
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The weight (kg) lifted by the piston is indicated in red for each of the actuation cycles.
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Figure 27: Dynamic test´s measured pressure vs time for the unreamed SLA printed piston-cylinder system.
The weight (kg) lifted by the piston is indicated in red for each of the actuation cycles.
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Figure 28: Dynamic test´s measured pressure vs time for the reamed SLA printed piston-cylinder system.
The weight (kg) lifted by the piston is indicated in red for each of the actuation cycles.
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Figure 29: Dynamic test´s measured pressure vs time for the machined piston-cylinder system. The weight
(kg) lifted by the piston is indicated in red for each of the actuation cycles.

It can be seen that for each weight, mainly two pressure values were measured, while theoretically
one value can be calculated, as explained below:

It is known that

F = m ∗ a = P ∗A (12)

where,

F Force actuating on the piston (N)
m Mass (kg)
a Acceleration (m/s2)
P Theoretical pressure of the system´s fluid (Pa)
A Area of the piston where the fluid is acting (m2)
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3 RESULTS 3.2 Evaluation of the design

A = π ∗D2/4 (13)

A = π ∗ 0.0162/4 = 2.01 ∗ 10−4 m2 (14)

Solving for P from equation (12), and knowing that the only acceleration involved is gravity,

P = m ∗ a/A = m ∗ g/A (15)

P = m ∗ 9.81/2.01 ∗ 10−4 = 48805.87 ∗m(Pa) (16)

where,

g Gravitational acceleration (m/s2)

The expression in equation (16) expresses the theoretical pressure (Pa) depending on the mass (kg)
to be lifted. Table II includes the calculated theoretical pressures (MPa) for each of the weights.

Knowing that the shown calculations should be the theoretical pressures for each weight in the
system, the obtained two different values for each weight are because of the friction, which always
opposes to the movement [34]. Firstly, when the weights are lifted, the friction forces are on the
same direction as the gravity, downwards. Therefore, more pressure is generated on the fluid to
sustain the same weight. Secondly, when going down partially, the friction forces are pointing
upwards, opposing gravity, meaning that a smaller pressure is enough to sustain the weight. As
a consequence, the mean value between the two obtained pressures should ideally be equal to the
theoretically calculated pressure. Table II compares the measured mean pressures for each weight
and each production method with the calculated theoretical values.

Table II: Average measured and theoretically calculated pressures (in MPa) for each weight (in kg) and
production method.

Production Weights (kg)
method 2.25 6.25 10.25 14.25 18.25 22.25

FDM 0.11 0.30 0.48 0.70 0.89 1.11
Reamed FDM 0.10 0.29 0.48 0.68 0.85 1.05

SLA 0.10 0.30 0.48 0.68 0.87 1.08
Reamed SLA 0.10 0.30 0.48 0.66 0.85 1.06

Machined 0.10 0.29 0.48 0.68 0.88 1.06
Theory 0.11 0.30 0.50 0.70 0.89 1.09

Secondly, it is possible to calculate the value of the frictional forces for each cylinder and each weight,
as explained below with the example of the unreamed SLA cylinder, with a weight of 18.25 kg, as
shown in Figure 30:
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3 RESULTS 3.2 Evaluation of the design

Figure 30: Measured pressure vs time on dynamic test of the unreamed SLA cylinder with 18.25 kg. The
green arrows indicate the three plateaus, whereas the dotted line represents the average of the top and
bottom plateaus.

∆P = Pplats− Pave (17)

∆P = 0.933− 0.866 = 0.067 MPa (18)

where,

Pplats Average measured Pressure of the top plateaus of each weight (MPa)
Pave Average measured Pressure between the top and bottom plateaus of each weight (MPa)
∆P Pressure difference between the plateaus and the average due to the friction (MPa)

As each plateau was around 8 seconds long, the average value of each plateau was calculated by
using the points in the middle 5 seconds for the average. Converting the pressure difference ∆P into
a force, the frictional force Ffric was obtained:

Ffric = ∆P ∗A (19)

Ffric = 0.067 ∗ 106 ∗ 2.01 ∗ 10−4 = 13.45 N (20)

Following the explained procedure for each case, the values in Figure 31 are obtained.
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Figure 31: Friction forces for each weight and each production method.

Thirdly, as a final outcome of the dynamic test, the stick-slip friction for each case can also be
deducted. The stick-slip phenomenon, which happens between two objects that are sliding over each
other [35], in hydraulic cylinders it is characterized by a distinct stop-start movement of the cylinder.
The static friction coefficient between two surfaces is larger than the kinetic friction coefficient, which
implies a higher pressure build-up on the system to overcome the larger friction. This phenomenon
was reflected on the dynamic test, every time that the relative movement between the piston and
the cylinder was stopped and started again. Below it is explained how it was calculated, out of the
graph from Figure 32 with the example of the unreamed SLA cylinder with a weight of 18.25 kg
again:

Figure 32: Measured pressure vs time on dynamic test of the unreamed SLA cylinder with 18.25 kg. The
red arrows indicate the three peaks, whereas the green arrows indicate the three plateaus.

The pressure build-up because of the stick-slip phenomenon was reflected in a small peak of pressure
achieved before reaching each plateau. Firstly, the difference of pressure between the peak and the
plateau was calculated:

∆Pstick1 = |Ppeak1 − Pplat1| (21)

∆Pstick1 = 1.12− 0.92 = 0.2 MPa (22)

where,
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Pplat Average measured Pressure of each plateau (MPa)
Ppeak The local maximum/minimum pressure measured in each peak (MPa)
∆Pstick Pressure difference between each plateau and its peak due to the stick-slip (MPa)

For each weight, by making the average of the three pressure differences between each peak and each
plateau, the mean pressure difference ∆Pav was obtained.

∆Pav = (∆P1 + ∆P2 + ∆P3)/3 (23)

∆Pav = (0.2 + 0.08 + 0.09)/3 = 0.12 MPa (24)

Converting the mean pressure difference ∆Pav into a force, the frictional force due to stick-slip
Fstick was obtained:

Fstick = ∆Pav ∗A (25)

Fstick = 0.12 ∗ 106 ∗ 2.01 ∗ 10−4 = 24.1 N (26)

Following the explained procedure for each case, the values in Figure 33 were obtained.
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Figure 33: Stick-Slip friction forces for each production method.
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4 DISCUSSION 4.1 Design parameters

4 Discussion

In this section the obtained results are discussed, while comparing the outcome of the carried out
tests to point out the best performing options.

4.1 Design parameters

The mass of the piston-cylinder system is a relevant parameter for different applications where the
weight can be critical. For example, prosthetic devices´main rejection reason is the weight [36].
Table I shows that there´s a considerable difference between the polymers and the metals, being the
weight of the Ti and Al cylinders at least twice larger than the PLA and resin actuators. Between
the metal cylinders, even if the density of Ti (4,5 g/cm3) is much higher than the one of Al (2,7
g/cm3), the weights are not that different, because the Al is a fully dense block while the infill of the
Ti is smaller than 100%. On the other hand, the PLA and resin have similar densities (1.25 g/cm3

and 1.2 g/cm3, respectively) leading to similar weights as well.

Besides, the weight is useful to obtain the force-to-weight ratio. This indicator shows the weight
needed by the actuator to provide with a desired mechanical force, which helps compare different
kind of actuators between them [37]. It is calculated dividing the maximum force that the actuator
can exert by the weight of it, both in the same units, usually in Newtons. The maximum achieved
force was during the static test, reaching 4 MPa in all of them, which multiplied by the area of the
piston, leads to a force of 804.4 N. The weight of the actuator is calculated by multiplying its mass
in kg times the gravitational acceleration (g). Table III shows the force-to-weight ratio for each of
the cylinders.

Table III: Maximum force (N), weight (N) and force-to-weight ratio (-) of each production method (the Max.
Force of the SLM actuator is shown to compare it with the rest of the cylinders, even if it was not reached
on the experiments).

Production Max. Force (N) Weight (N) Force-To-Weight ratio (-).
FDM 804.4 0.023·g 3565
SLA 804.4 0.028·g 2928
SLM 804.4 0.064·g 1281

Machined 804.4 0.056·g 1464

As all of them achieved the same maximum force, the force-to-weight ratio only depends on the
weight of each cylinder. Therefore, the polymeric actuators are able to achieve higher forces per
kilogram of own weight.

The failure of the SLM printed Ti piston-cylinder system was because of the porosity of the printed
parts. This is due to the way that the SLM parts are printed, one layer of powder on top of the next
one, leading to a structure that is not waterproof. Also, because of the strength of the material, it
is harder to apply post-processing tools to improve the surface quality, such as the reamer.

Moreover, it was desirable to test reaming on the cylinders, but this involved further post-processing
steps that provoked the loss of one of the main benefits of 3D printing, the option of making a complex
geometry in one single step. Still, it has shown to provoke smaller friction on the dynamic test (up to
40% less on the SLA, as can be deducted from the values from Figure 31) and less stick-slip friction
(more than 45% difference on the SLA again, deducted from Figure 33 this time).
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4.2 Evaluation parameters

As mentioned earlier, the static and dynamic tests led to results that allowed the comparison of each
production method and material, as well as the reamed versions.

4.2.1 Static test parameters

The output of the performed static test is the maximum hydraulic pressure that the piston-cylinder
system can handle with the used test set-up. It was demonstrated that the maximum pressure of the
used sensor, 4 MPa, could be reached for all the studied piston-cylinder systems, without leakage
or breakdown. Therefore, 3D printed hydraulic piston-cylinders could be applied in cases where the
maximum pressure is below at least 4 MPa. The capability of an actuator of withstanding high
pressures leads to the option of exerting high forces, which is a desirable capacity for applications
where high forces are required.

4.2.2 Dynamic test parameters

The objective of the dynamic test was to replicate in a more realistic way the dynamic functioning of
a piston-cylinder system, while being able to calculate the friction of each actuator via the measured
pressure of the system´s fluid. At the same time, the calculated theoretical values could be compared
to the measured results. Finally, the stick-slip friction could be obtained.

Table II compares the calculated theoretical pressures with the obtained average pressures for each
cylinder with each weight. It can be deducted that the experiments correlate closely with the theory,
but usually with slightly lower values on the tests. The maximum deviation in percentage is of 9 %
in the case of the 2.25 kg, with an average measured pressure of 0.10 MPa in most of the cylinders,
while the calculated pressure was 0.11 MPa. The reason for this can be the human influence, since
the press handle had to be maintained manually at the same angle to keep the pressure constant.
Another factor causing the small deviation could be a small calibration error of the sensor.

Figure 31 shows how the cylinder with lowest friction forces is the machined Al cylinder. This was
expectable since the surface quality achievable by machining metals could not be reached by reaming
polymers. Also, from the same Figure 31 it can be confirmed that reaming improves the surface
quality, decreasing the frictional force. Finally, even if the reamer is used or not, in both cases the
SLA cylinders have less friction that the FDM cylinders, as it was expected because of the printing
quality. Therefore, the 3D printed version with the least friction was the reamed SLA actuator, with
an average friction force of 6.6 N.

The last result of the dynamic test was the stick-slip friction of each cylinder. In this case the
machined part is not the one with least friction, having the reamed cylinders the lowest stick-slip,
both with a similar value of around 9.9 N of stick-slip frictional force, as shown in Figure 33. Unlike
the dynamic friction, the stick-slip friction is higher on the unreamed SLA than on the unreamed
FDM.

4.3 Comparison of results with the state-of-the-art

Table IV presents the maximum pressure achieved and the force-to-weight ratio of 3D printed fluidic
(pneumatic and hydraulic) actuators developed during the last years. It shows that a maximum
pressure of 1 MPa is reached (which is a 17% of the pressure achieved on this study) in the case of
the only found 3D printed piston-cylinder system [2]. Table IV also demonstrates that this study
presents the 3D printed fluidic actuator with the highest mentioned force-to-weight ratio of 3565,
followed by a value of 26 (which is less than a 1% of the value from this study) in the case of a
vacuum actuator lifting 26 times its own weight [38]. In comparison with the only found 3D printed
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piston-cylinder system [2], there is also a big difference. The mentioned pneumatic cylinder has a
weight of 0.33 kg (more than 10 times the weight of the polymer actuators from this study) with a
maximum mentioned force of 45 N (which is a 6% of the achieved force in this study), leading to a
force-to-weight ratio of 13.9.

Table IV: Maximum pressure (in MPa) and force-to-weight ratio (-) of 3D printed fluidic actuators.

Reference Max. Pressure (MPa) Force-to-weight ratio (-)
[39] 0.01 -
[40] 0.02 -
[41] 0.03 10
[42] 0.05 6
[43] 0.06 -
[38] 0.07 26
[41] 0.1 -
[44] 0.12 -
[45] 0.15 -
[46] 0.2 -
[47] 0.76 -
[48] - -
[2] 1 13.9

This study 4 3565

It should be considered that most of them are soft actuators, which could make it harder to achieve
high pressures and forces, but also leads to lighter parts.

4.4 Limitations

The main limitation of the conducted research was the maximum pressure of 4 MPa measurable
by the utilized sensor. With a sensor capable of measuring higher pressures, it would have been
possible to reach the limit of each cylinder. Another constraint faced was the option of changing
printing parameters, as well as the material for each 3D printing method. As the availability of the
printers was limited and the prints could not be started by the author of this article, there was no
opportunity to test several materials for each method and limited chance of testing different printing
settings.

4.5 Future directions

The proposed cylinders demonstrated the ability of 3D printed hydraulic piston-cylinder actuators
to withstand high pressures without leakage. Future developments of these cylinders should focus
on the testing with higher pressures to reach the limit of each of them. In this way, the possible
applications of the actuators could be broadened. A durability test would also be necessary to know
the lifetime of the cylinders. Another option to increase the possibilities of applying the analyzed
actuators in the real world would be changing the dimensions of it, to check that cylinders with
smaller and larger diameter still perform adequately. Also, the End Cap and the cylinder were
printed in two different parts to allow reaming of the whole inner surface of the cylinder in an easier
way. However, if the reamer will not be used, both parts could be directly printed in one single
piece, to avoid post-processing steps such as gluing. To overcome the encountered issue with the
SLM printed parts, more prints with different printing settings could be tested, as well as trying the
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4 DISCUSSION 4.5 Future directions

Hot Isostatic Pressing to reduce its porosity and increase its density [49]. Finally, the 3D printed
piston-cylinder systems should be tested in real applications as a next step after the used test set-ups,
to verify that the actuators perform as desired in the aimed applications.
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5 Conclusion

This study presents the design and validation of a 3D printed hydraulic piston-cylinder system,
checking that it is feasible to produce them via additive manufacturing, in contrast with the
conventional production methods. The same design was utilized for 3 different 3D printing methods,
FDM, SLA and SLM, as well as for a machined version. Each of the samples was made of a different
material, and all of them could reach more than 4 MPa without leakage or breakdown.

A second identical design was also created for each 3D printed cylinder to apply reaming, so that
its performance could be compared with the unreamed versions. A dynamic test was performed to
evaluate the performance of each piston-cylinder system. The measured experimental data followed
closely the calculated theoretical values (the deviation was always below 9%). With the same test,
the friction could also be calculated. The results showed that the best performing 3D printed option
was the reamed SLA resin version, reaching pressures of at least 4 MPa, with a dynamic friction
force of 6.6 N, a stick-slip friction force of 9.9 N and a weight of 28 g leading to a force-to-weight
ratio of 2928. Only the machined Al version achieved a smaller dynamic friction, but with more
than twice the weight.

The key finding of the conducted research is that the presented results mean a first step towards
the 3D printing of hydraulic piston-cylinder systems: even if the friction is higher compared to
a machined version, much lighter parts can be achieved that can benefit from the advantages of
3D printing while withstanding pressures higher than 4 MPa without leakage. Customizing and
design freedom could be easier via FDM and SLA, enabling weight and geometry improvements in
applications such as prosthesis.
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Appendix A: 3D printed materials’ datasheets

- FDM: PLA
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- SLA: Resin

Solvent Compatibility

Percent weight gain over 24 hours for a printed and post-cured 1 x 1 x 1 cm cube immersed 

in respective solvent:

Material Properties Data

The following material properties are comparable for all Formlabs Standard Resins.

METRIC1 IMPERIAL1 METHOD

Green2 Post-Cured3 Green2 Post-Cured3

Tensile Properties

Ultimate Tensile Strength 38 MPa 65 MPa 5510 psi 9380 psi ASTM D 638-10

Tensile Modulus 1.6 GPa 2.8 GPa 234 ksi 402 ksi ASTM D 638-10

Elongation at Failure 12 % 6.2 % 12 % 6.2 % ASTM D 638-10

Flexural Properties

Flexural Modulus 1.25 GPa 2.2 GPa 181 ksi 320 ksi ASTM C 790-10

Impact Properties

Notched IZOD 16 J/m 25 J/m 0.3 ft-lbf/in 0.46 ft-lbf/in ASTM D 256-10

Temperature Properties

Heat Deflection Temp. @ 264 psi 42.7 °C 58.4 °C 108.9 °F 137.1 °F ASTM D 648-07

Heat Deflection Temp. @ 66 psi 49.7 °C 73.1 °C 121.5 °F 163.6 °F ASTM D 648-07

1 �Material properties can vary with part geometry, 
print orientation, print settings, and temperature.

2 �Data was obtained from green parts, printed 
using Form 2, 100 μm, Clear settings, washed 
and air dried without post cure.

3 �Data was obtained from parts printed using 
Form 2, 100 μm, Clear settings, and post-cured 
with 1.25 mW/cm² of 405 nm LED light for 60 
minutes at 60 °C.

Solvent 24 Hour Weight Gain (%) Solvent 24 Hour Weight Gain (%)

Acetic Acid, 5 % < 1 Hydrogen Peroxide (3 %) < 1

Acetone sample cracked Isooctane < 1

Isopropyl Alcohol	 < 1 Mineral Oil, light < 1

Bleach, ~5 % NaOCl < 1 Mineral Oil, heavy < 1

Butyl Acetate < 1 Salt Water (3.5 % NaCl) < 1

Diesel < 1 Sodium hydroxide (0.025 %, pH = 10) < 1

Diethyl glycol monomethyl ether 1.7 Water < 1

Hydrolic Oil < 1 Xylene < 1

Skydrol 5 1 Strong Acid (HCI Conc) distorted

FORMLABS MATERIAL PROPERTIES – STANDARD: Photopolymer Resin for Form 2 3D Printers	

- SLM: Titanium
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Appendix B: 3D printers’ datasheets

- FDM: Ultimaker 3

FM 686003 EMS 692523

Compatible accessories

Print core AA
0.25, 0.4, 0.8 mm
Quick-swap nozzles  
minimize downtime

Print core BB
0.4, 0.8 mm
Specially designed for printing 
soluble support material

Advanced 3D printing kit 

Add a front enclosure, extra build 
plate and adhesion sheets

Adhesion sheets
x25
For effective build plate adhesion

Compatible materials
Unlock a wide range of applications with complete material choice. Use Ultimaker materials, any third-party filament, or access material profiles 
from leading brands. Choose from these materials and more.

Easy to print and  
visual quality
•	 Ultimaker PLA 
•	 Ultimaker Tough PLA 

Mechanical strength
•	 Ultimaker ABS 
•	 Ultimaker PC 
•	 Ultimaker CPE 

Wear resistance
•	 Ultimaker Nylon 
•	 Ultimaker PP 
•	 Igus Iglidur I180-PF 

Heat resistance
•	 Ultimaker CPE+ 
•	 DSM Arnitel ID 2060 HT  

Flexibility
•	 Ultimaker TPU 95A 
•	 DuPont™ Hytrel® 

3D4100FL 

Support 
•	 Ultimaker PVA 
•	 Ultimaker Breakaway 

Sp
ec

ifi
ca

tio
ns

 s
ub

je
ct

 to
 c

ha
ng

e.
 E

N
 0

9/
20

19
  v

1.
02

Ultimaker 3 specifications

Printer and printing properties Technology Fused filament fabrication (FFF)

Print head Dual extrusion print head with a unique auto-nozzle lifting system and 
swappable print cores

Build volume (XYZ) Single extrusion: 215 x 215 x 200 mm (8.5 x 8.5 x 7.9 in)
Dual extrusion: 197 x 215 x 200 mm (7.8 x 8.5 x 7.9 in)

Layer resolution 0.25 mm nozzle: 150 - 60 micron
0.4 mm nozzle: 200 - 20 micron
0.8 mm nozzle: 600 - 20 micron

XYZ resolution 12.5, 12.5, 2.5 micron

Build speed < 24 mm3/s

Build plate Heated glass build plate (20 - 100 °C)

Nozzle diameter 0.4 mm (included) 
0.25 mm, 0.8 mm (sold separately)

Operating sound < 50 dBA

Connectivity Wi-Fi, LAN, USB port

Physical dimensions Dimensions (with Bowden tubes 
and spool holder)

342 x 505 x 588 mm (13.5 x 19.9 x 23.1 in) 

Net weight 10.6 kg (23.4 lbs) 

Software Supplied software Ultimaker Cura, our free print preparation software 
Ultimaker Connect, our free printer management solution 
Ultimaker Cloud, enables remote printing 

Supported OS Windows, MacOS, Linux

Warranty Warranty period 12 months
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- SLA: Formlabs 2

39



- SLM: SLM 125

Offering a larger build plate and higher-powered laser than other similar-sized machines, the 
SLM®125 offers users a more flexible manufacturing system to fit customer specific needs. 
Beginners to metal additive manufacturing can develop processes to scale to our larger 
systems, research institutes benefit from the material development toolkit, and production 
facilities can run prototype, small series and qualified production components.

The SLM®125 selective laser 
melting machine offers a 
compact 125mm3 build  
envelope designed for cost-
efficient process development 
and small to medium 
manufacturing of high-quality, 
fully dense metal parts. The 
smallest machine in the SLM 
Solutions’ lineup, the SLM®125 
includes many of the top-
quality features of our larger 

platforms in a more compact 
footprint. A variety of components 
and options make the SLM®125 
an optimal system for all users, 
from research institutes working 
on new materials and process 
development to first-time users 
looking to gain best-in-class metal 
additive manufacturing experience, 
as well as prototype manufacturers 
or those running qualified series 
production processes. 

Technical Specifications 
Build Envelope (L x W x H) 125 x 125 x 125 mm reduced by substrate plate thickness
Build Volume Reduction 50 x 50 x 50 mm reduced by substrate plate thickness
3D Optics Configuration Single (1x 400 W) IPG fiber laser
Build Rate up to 25 cm³/h
Variable Layer Thickness                     20 µm - 75 µm, 1 µm increments
Min. Feature Size 140 µm
Beam Focus Diameter                 70 µm - 100 µm
Max. Scan Speed     10 m/s
Average Inert Gas Consumption in Process 0,6 l/min (argon)
Average Inert Gas Consumption Purging 70 l/min (argon)
E-Connection / Power Input 400 Volt 3NPE, 32 A, 50/60 Hz, 3 kW
Compressed Air Requirement / Consumption ISO 8573-1:2010 [1:4:1], 50 l/min @ 6 bar
Dimensions (L x W x H) 1400 mm x 900 mm x 2460 mm  
Weight (without / incl. powder) approx. 700 kg / approx. 750 kg
System configuration for all types of metal powders   
Technical changes reserved

Flexible for Research, Productive for Prototypes, Robust for Serial Production
Accurate, compact and powerful 3D printing with low powder volumes

SLM®125 IS IDEAL FOR NEW USERS TO ADDITIVE MANUFACTURING,
YET POWERFUL ENOUGH FOR PRODUCTION PROCESSES

The standard 400W fiber laser 
is the highest power optic in its 
class and replicates production 
settings with up to 80% less metal 
powder than other systems. 
The patented bi-directional 
powder re-coating helps reduce 
processing time by depositing 
a new layer of powder in both 
directions without having to 
return to a “home” position, 
thus minimizing nonproductive 

time during the build. The 
machine utilizes an optimized 
gas filtration process with an 
adjustable gas flow that allows 
for optimal process properties 
and minimized gas consumption. 

Stainless steel, cobalt-chrome, 
nickel alloys, aluminum and 
titanium, to name a few, can all 
be processed in top quality on 
all SLM Solutions selective laser 

melting systems, including the 
SLM®125. Thanks to the machine’s 
compact design with a reduced 
number of powder-transporting 
components, materials can be 
changed quickly and easily, if 
needed. The PSM powder sieve 
is a perfect complement to the 
SLM®125. During the sieving 
process, rough or oversized 
particles are sorted out and 
separated from the process-ready 

materials under inert atmosphere 
conditions. The reusable metal 
powder, defined by grain size, is 
transported to a storage container 
for direct loading into the gravity-
fed powder feed on the machine. 

Combining options offered by SLM 
Solutions, the SLM®125 can be 
adapted to customers’ requirements 
and allows the user to scale their 
selective laser melting strategy.

®
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