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Exploring the performance of 3D-printed custom piston-cylinder systems

Eva Zillen, Gerwin Smit, and Heike Vallery

ABSTRACT

Background Pneumatic actuators are widely used in
applications like (medical) robots, or prosthetics. They
require tight tolerances to keep them leakage-free. Over
the last decade 3D-printing, or additive manufacturing,
has emerged as a cost-effective production method in
these applications. Objective The goal of this research
is to study the possibility of creating a pneumatic linear
actuator with additive manufacturing. The focus is on finding
sealing mechanisms which can have a positive influence
on preventing leakage and friction force in the 3D-printed
actuator. Furthermore we aimed to use the advantage of
3D-printing to create pneumatic actuators with a non-circular
cross-section. Methodology To evaluate the performance of
a 3D-printed pneumatic actuator, a test setup is designed to
measure the leakage and sliding friction force. Furthermore,
we designed two pneumatic actuators with a non-conventional
cross-sectional shape and validated their performance. Results

The choice for the optimal sealing mechanism in 3D-printed
pneumatic actuators depends on the application in mind. For
low-pressure situations the single-acting cup-shaped NAPN
sealing is recommended, with a measured friction force of
6.7N at a pressure of 0.1MPa for one entire movement
cycle (extending and retracting stroke together). For high
pressure situations the double acting KDN sealing shows the
lowest friction force while remaining leakage-free (13.5N
for the entire stroke at a pressure of 0.7MPa). Furthermore,
we have proven it possible to print pneumatic cylinders with
a non-cylindrical cross section. Conclusion We demonstrated
a method to create leakage-free pneumatic linear actuators
with additive manufacturing. For low pressure applications
we showed first steps towards 3D-printed pneumatic actuators
with non-circular cross-section of the piston, allowing more
design freedom for these actuators.

KEYWORDS 3D-printing, additive manufacturing,
pneumatic actuators, piston-cylinder systems

NOMENCLATURE

Abbreviation Definition

ABS Acrylonitril-Butarieen-Styreen
AM Additive manufacturing
FDM Fused deposition modeling
PLA Polylactic acid
SLA Stereolithography apparatus
SLM Selective laser melting

All authors are with the Technical University of Delft
e.zillen@student.tudelft.nl

I. INTRODUCTION

A. Additive manufacturing
The use of additive manufacturing (AM), also known as

3D printing or rapid prototyping, has become increasingly
popular over the last decade [1]. With AM, three-dimensional
objects are created in a layer-by-layer process where ma-
terial is deposited, joined or solidified. The first published
contribution of a solid three-dimensional model was made
in 1981 by Hideo Kadoma — since then the technology has
developed significantly [2]. As a result of this layer-by-layer
production, AM comes with various benefits. The first, and
for many people most important, benefit of AM is its high
design freedom. Products with a high form complexity can
be designed and created, such as internal passageways, or
other features which are practically impossible to manufacture
with conventional techniques [3]. The second advantage of
AM is closely coupled to the high form freedom — the
ability to create a personalised product. The third advantage of
AM is the low production costs, as specialised and expensive
manufacturing equipment is not necessary to create a product
and can therefore even be used by hobbyists. This makes
the technique ideal for rapid prototyping purposes. For these
reasons the technology is actively being used in various
industries, for example sporting goods, jewellery or fashion
items, but also in more technical areas such as the robotics,
automotive, and aerospace industries [4]. Besides the more
commercial industries, the use of AM in the medical sector is
also rapidly growing. AM is used to create medical tools, an
overview of which can be found in the study of Culmone
et al. [5], medical implants or devices like exoskeletons,
prostheses, and orthoses [6]. The first 3D printing technique to
be commercialised was stereolithography apparatus (SLA) [2].
SLA printing, also called resin printing, uses a photochemical
process to form and solidify the layers. Light causes chemical
monomers to form polymers in the form of the desired
three-dimensional shape. An ultraviolet laser is focused on
a reservoir of liquid photopolymer resin. The UV laser is
used to draw a pre–programmed design on the surface of the
photopolymer reservoir. The resin solidifies and forms a single
layer of the desired object. The completed part is then washed
with a solvent to clean wet resin from the surface. Supports
are needed and are to be removed manually.

B. Application of pneumatic actuators within prostheses
In this study, we aim to create a pneumatic actuator with

a SLA printer. A pneumatic actuator uses compressed air
to move a piston inside a cylinder. Pneumatic actuators are
used in a variety of situations, as they solely work based on
compressed air. Compared to its hydraulic counterpart they
offer less residue and an easier setup. For these reasons,
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pneumatic actuators could offer multiple applications in the
medical world. There are numerous different pneumatic actu-
ators, with a vast division in double-acting and single-acting
cylinders. An advantage of creating a pneumatic actuator with
AM, is the possibility to easily change the dimensions of the
printed device to fit the specific requirements. In the field
of biorobotics, for example in the use of prosthetics, this
would be a great advantage, because the measurements of the
device could be adjusted to the measurements of a human
body. Furthermore, with the extra design freedom which AM
provides, the used pneumatic piston-cylinder systems are not
restricted to conventional circular cross-sections.

C. State of the art — 3D-printed pneumatics
Previous attempts on creating 3D-printed pneumatic actu-

ators have mostly focused on flexible pneumatic actuators to
create grippers [7], [8], or for rehabilitation devices [9]. Some
studies describe the design of a 3D-printed non-flexible linear
pneumatic actuator. Krause and Bhounsule created a double-
acting pneumatic piston-cylinder system of mostly 3D-printed
parts [10]. The parts were printed with a fused deposition mod-
eling (FDM) printer using PLA material. In this actuator, some
parts were reinforced to prevent failure. After post-processing
steps to prevent leakage, it showed comparable strength and
performance to commercially available actuators. A miniature
double-acting 3D-printed pneumatic actuator was designed by
Nall and Bhounsule [11]. This double-acting actuator was
printed with a FDM printer using ABS as material. Just like
in the study performed by Krause and Bhounsule, the piston
was reinforced with a metallic part. After post-processing the
inner cylinder wall with chemicals to create a smooth surface
finish, the actuator showed comparable power-to-weight ratio
to commercial actuators of the same size. Similar work to this
study is the thesis of Martinez de Apellaniz Goenaga [12],
who printed single-acting cylinders with different printing
techniques — FDM, SLA and selective laser melting (SLM).
He designed the cylinders for hydraulic use and studied the
influence of the different printing methods on the slip-stick
friction force when the piston starts moving. Furthermore he
looked at the influence of post-processing steps on the friction
force in the actuator. He found that SLA printing gave the
best results, and processing the cylinder wall with a reamer
lowered the friction force in the system. Besides AM, another
fast prototyping option for the manufacturing of pneumatic
actuators was studied by Groenehuis and Stramigioli [13].
They designed non-conventional pneumatic actuators which
could be produced with laser-cutting technique. No published
papers were found on 3D-printed pneumatic actuators where
no post-processing steps were needed to prevent leakage. We
also did not find any previous work on 3D-printing pneumatic
actuators with a non-conventional cross-sectional shape.

D. Friction force in pneumatic actuators
When designing a pneumatic piston-cylinder system, one of

the most important aspects is to prevent leakage. Applying a
seal is essential to prevent leakage in a pneumatic actuator,
but at the same time highly increases the friction within the

system. Friction is always present in a pneumatic cylinder
system [14], but the magnitude of the friction force depends on
several aspects, which will be further discussed in Section II.
When designing the 3D printed pneumatic actuator, we aim
to prevent leakage while keeping the frictional forces to a
minimum. This brings us to the objectives of this study.

E. Objectives

The goal of this thesis is to study the performance of a fully
3D-printed pneumatic actuator. The actuator will be created
with AM without performing any post-processing steps to
improve the performance. To analyse the performance of a
3D-printed piston-cylinder system, we focus on preventing
leakage and at the same time maintaining a low friction force.
In this study we test various models with different sealing
mechanisms. This leads to the first two research questions.

• RQ1 — How much leakage occurs in a 3D-printed
piston-cylinder system and what influence do different
sealing mechanisms have on the leakage?

• RQ2 — How much dynamic sliding friction force is
present in a 3D-printed piston-cylinder system and what
influence do different sealing mechanisms have on this
force?

Lastly, to show the full potential of 3D printing pneumatic
actuators, we evaluate two designs of piston-cylinder systems
with a non-circular cross-section.

• RQ3 — Is it possible to create a pneumatic piston-
cylinder system without its conventional cylindrical shape
with AM and what design considerations influence the
performance of such a 3D-printed non-conventional pneu-
matic actuator?

II. METHODOLOGY

In this section we will elaborate on our methods to provide
answers to the posed research questions.

A. Circular actuators

Several cylinders were printed with a Formlabs 3 SLA
printer, to test the influence of different sealing mechanisms
on the performance of the pneumatic actuator.

1) Design of the pneumatic actuator: Two kinds of piston-
cylinder systems exist — Single acting and double-acting
cylinders. In this study we chose to design a single-acting
cylinder, which can act as an air spring. For simplicity reasons,
the cylinder is designed as one part; there is no separate
cylinder head. The clearance between the piston and the
cylinder in off-the-shelf cylinders is usually between 50 and
250 µm [15]. However, because AM has a limited surface
finish, we chose for a higher clearance of 500 µm (0.5mm)
to prevent friction between the sliding interface of the piston
and the cylinder wall. A separate piston is designed for each
specific sealing mechanism, because each sealing requires
specific groove measurements. The technical drawings for
these designs can be found in Appendix F.
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Installatievoorwaarden

Toleranties

Diameter D
H12
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BGEJDIUJOHTMJQ�BBO�EF�EZOBNJTDIF�[JKEF�
%F[F�QOFVNBUJTDIF�BGEJDIUJOHTMJQ�[PSHU�WPPS�EF�
KVJTUF�EJDIUIFJE�JO�DPNCJOBUJF�NFU�FFO�MBHF�XSJKWJOH�
FO�EBBSEPPS�FFO�FGGFDUJFWF�TNFFSåMN�
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&FO�QOFVNBUJTDIF�[VJHFSBGEJDIUJOH�NFU�HSPFWFO�
BBO�EF�[JKLBOUFO�WBO�EF�BGEJDIUJOH�
%F�BGEJDIUJOH�LBO�EBBSEPPS�BBO�CFJEF�LBOUFO�PQ�
ESVL�HFBDUJWFFSE�XPSEFO�
%PPS�IFU�DPNQBDUF�POUXFSQ�JT�EF[F�BGEJDIUJOH�[FFS�
HFTDIJLU�WPPS�LPSUF�CFXFHJOHFO
�[PBMT�JO�BGTMVJUFST�
FO�LPSUF�TMBH�DJMJOEFST�
)FU�BGHFSPOEF�BGEJDIUJOHQSPåFM�NFU�IFU�ýFYJCFMF�
NJEEFOHFEFFMUF�HFFGU�EF�KVJTUF�TUJKGIFJE�JO�
DPNCJOBUJF�NFU�FFO�MBHF�XSJKWJOH
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Diameter D
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Diameter d
I��

Diameter zuiger df
E���C���	CJK�LVOTUTUPG

 
Bewerkingen

Ruwheid loopvlak
 ◾ 3NBY����
���N
 ◾ 3Q�3[����
��
 ◾ UQ�	����3NBY
������������

Ruwheid bodem groef
 ◾ 3NBY�������Nø
 ◾ 3Q�3[����
�
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%F�BGEJDIUJOH�XPSEU�JO�FFO�POHFEFFMEF�HSPFG�
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L+0,1
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d10

*
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H
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Afgerond en vrij van bramen
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&FO�QOFVNBUJTDIF�[VJHFSBGEJDIUJOH�NFU�HSPFWFO�
BBO�EF�[JKLBOUFO�WBO�EF�BGEJDIUJOH�
%F�BGEJDIUJOH�LBO�EBBSEPPS�BBO�CFJEF�LBOUFO�PQ�
ESVL�HFBDUJWFFSE�XPSEFO�
%PPS�IFU�DPNQBDUF�POUXFSQ�JT�EF[F�BGEJDIUJOH�
[FFS�HFTDIJLU�WPPS�FFO�POUXFSQ�NFU�LPSUF�[VJHFS
�
CJKWPPSCFFME�LPSUF�TMBH�DJMJOEFST�
)FU�BGHFSPOEF�BGEJDIUJOHQSPåFM�NFU�IFU�ýFYJCFMF�
NJEEFOHFEFFMUF�HFFGU�EF�KVJTUF�TUJKGIFJE�JO�
DPNCJOBUJF�NFU�FFO�MBHF�XSJKWJOH
�XBBSEPPS�FFO�
FGGFDUJFWF�TNFFSåMN�POUTUBBU�
 
Materiaal 

Compound
���/#3����
 
Bedrijfsomstandigheden

P
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V
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��N�TFD
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IFU�JOWFUUFO�WPPS�EF�NPOUBHF
�

T
������$�UPU�������$
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/PNJOBMF�EJBNFUFS�%
�MPPQWMBL�)��
�HSPFGCPEFN�
I��
�[VJHFSWMBL�I���
 
Bewerkingen

Ruwheid loopvlak
 ◾ 3NBY����
���N
�3Q�3[����
���N
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������������

Ruwheid bodem groef
3NBY�������N
�3Q�3[����
�
 
Montage
7PPS[JDIUJHF�NPOUBHF�JT�FFO�FFSTUF�WFSFJTUF�PN�EF�
BGEJDIUJOH�HPFE�UF�MBUFO�GVODUJPOFSFO�
%F�BGEJDIUJOH�XPSEU�JO�FFO�POHFEFFMEF�HSPFG�
HFNPOUFFSE�

0,1   A

A

Ø DN Ø DF 
d10

*

Ø DN 
H11

Ø dN h10

H

Ø dN

max. R 0,5

1º

R 0,2+0,1

L+0,1

1º

b10

max. R 0,5

R 0,2+0,1
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WFSMPPQ�WBO�UJKE�WFSBOEFSU
�OJFU�NFFS�KVJTU�PG�POWPMMFEJH�JT��&3*,4�TUBBU�OJFU�JO�WPPS�EF�BDUVBMJUFJU
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(d)

Fig. 1: Single acting sealing mechanisms; NAP 310(a) [17]
and NAPN(b) [18]. Double acting sealing mechanisms;

PK(c) [19] and KDN(d) [20].

2) Sealing selection: The most common sealing shape
is the O-ring — a cylindrical ring made from soft rubber.
The X-ring is selected because according to a prominent
manufacturer of sealing mechanisms, ERIKS, these rings are
suitable for reciprocating sliding movements [16]. Furthermore
two double-acting and two single-acting sealings are selected
which promise a low sliding friction force. The cross-sections
of these shapes are visualised in Figure 1. When selecting the
sealing mechanisms, we aimed to find all sealings with the
same outer diameter in order to compare them. We chose a
standard bore size of 25mm. However, the X-ring was not
available in an outer diameter of 25mm. We chose a X-ring
with a diameter closest to the preferred 25mm; 25.7mm. In
order to be able to make a comparison between the X-ring
and the other sealing mechanisms, an extra O-ring was added
to the test, also with an outer diameter of 25.7mm. Table I
gives an overview of the selected sealings.

3) Piston grooves: For the O-ring and X-ring, the groove is
designed in such a way that the sealings are squeezed by 10%
when placed in the cylinder, which is within the compression
range recommended by the manufacturer [21]. For the other
shapes, the specific installation guides of the manufacturer
were followed. These can be found in Appendix B.

B. Non-circular actuators
In order to show the full advantage of 3D printing pneu-

matic actuators, we designed actuators with non-circular cross-
section. These actuators are not possible to manufacture using
the conventional method [3]. An O-ring was used as a sealing
mechanism, because this sealing mechanism can easily be
shaped to the piston in order to provide the sealing which
is needed. The first additional shape is a stadium-shape – a
rectangle with semicircles at opposite ends, see Figure 2(b).
The second shape resembles a kidney, see Figure 2(c). The
stadium- and kidney-shaped piston-cylinder systems are tested
with the same test setup as the circular cylinders. In order to
create piston-cylinder systems which can be fairly compared,
the non-conventional shaped cylinders are designed to have
an equal cross-sectional surface area to the tested circular
cylinder. At the same time we ensured that the inner perimeter
of the cylinder is equal to the outer perimeter of the O-ring
for proper sealing. The equations to determine the dimensions

γ
D

d

L
ra

(a)

γ
D

d

L
ra

(b)

γ
D

d

L
ra

(c)

Fig. 2: The shape of the tested actuators: (a) A circular
shape with diameter d, (b) a stadium shape with variables L

and D, and (c) a kidney shape with variables a, r, and �.

(a) (b)

Fig. 3: The sideview(a) and topview(b) of the 3D-printed
pneumatic actuators with non-conventional cross-section.

of the shapes can be found in Appendix C. We used an
O-ring with an internal diameter of 22mm and a cross-
sectional diameter of 3.5mm for these shapes. Table II gives
an overview of the dimensions used for this test. The printed
cylinders can be seen in Figure 3.
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TABLE I: Chosen sealing mechanisms. The standard sealing mechanism, the O-ring, is compared to an X-ring, two
double-acting, and two single-acting sealing mechanisms.

Sealing mechanism Single acting / Double acting Material Shore Cylinder diameter

ERIKS O-ring Double acting NBR 70 25.7mm
ERIKS X-ring Double acting NBR 70 25.7mm

Parkside O-ring Double acting Unknown 70 25mm
Merkel compactafdichting KDN Double acting NBR708 70 25mm

Freudenberg Compactafdichting Airzet PK Double acting NBR 80 25mm

Freudenberg groefringmanchet NAP310 Single acting PUR994 80 25mm
Freudenberg groefringmanchet NAPN Single acting NBR349 80 25mm

TABLE II: Dimensions of the piston-cylinder systems

Shape Dimensions O-ring Defined variable

Circular shape 18mm⇥ 3.5mm d
25mm

Stadium shape 22mm⇥ 3.5mm L D

23.09mm 14.30mm

Kidney shape 22mm⇥ 3.5mm r a �

6.08mm 14.30mm 5
9⇡ rad (100°)

C. Printing method
All actuators created during this research were printed with

a Formlabs 3 SLA printer. Two factors were taken into account
for this decision. Firstly, SLA has a relatively high surface
finish. Martinez de Apellaniz Goenaga showed in his thesis
that this results in a low friction force in 3D-printed hydraulic
cylinders [12]. Secondly, we performed a preliminary research
to assess the porosity of models produced by various printing
methods. The Formlabs 3 printer demonstrated to be the best
option of all available printers to the authors. This assessment
can be found in Appendix A. The material used during this
research is a Formlabs material: ClearV4 [22]. We chose for
a layer height of 100 µm to save printing time.

D. Experimental setup
1) Preparing the 3D-printed models: Prior to testing, the

models are prepared with the following steps.
1) After washing and curing the 3D-printed models, the

supports are removed manually.
2) The cylinder and air chamber are tapped with a M5 tap

for the air inlet and a G1/8 tap for the pressure sensor.
3) The air inlet and pressure sensor are installed in the

cylinder using Teflon tape to increase the sealing.
4) The sealing is installed on the piston.

After performing these initial preparations, the tests are exe-
cuted.

2) Static leakage: Figure 4 shows a schematic overview
of the test setup to measure leakage in the piston-cylinder
system. The test for static leakage in the cylinder consists of
the following steps:

1) When necessary, an offset value is applied to the pres-
sure sensor ensuring a starting pressure of 0MPa.

2) The manual control valve is properly closed, making the
piston-cylinder system a closed system.

3) The piston is lubricated and placed in the cylinder.

4) The piston is moved to a fixed high-pressure position
in the cylinder, ensuring equal starting pressure for each
test model.

5) The pressure is measured for 20 min and transferred to
the computer via LabVIEW.

Pressure sensor

Cylinder

Computer

Electrical cylinder

Manual control 
valve

Laser sensor

Piston

CylinderPiston

Compressed air supply

Load cell

Pressure 
regulator

Electrical cylinder

Laser Sensor

Computer Pressure sensor

Fig. 4: Schematic overview of the leakage test

The pressure drop during the test can be interpreted as static
leakage within the system.

3) Dynamic leakage: To measure the dynamic leakage
within the system, the same test setup was used as for the
static leakage test, see Figure 4. This test was designed to
measure the dynamic leakage when the piston moves inside the
cylinder. The test for dynamic leakage in the cylinder consists
of the following steps:

1) When necessary an offset value is applied to the pressure
sensor ensuring a starting pressure of 0MPa.

2) The manual control valve is properly closed, making the
piston-cylinder system a closed system.

3) The piston is lubricated if necessary and placed in the
cylinder.

4) The piston is moved to the starting position. This starting
position ensures that there will be some pre–tension on
the sealing mechanisms during the test.

5) The piston is moved back and forth 38mm for 200 times
by the electrical cylinder. This process takes about 20
minutes.



5Pressure sensor

Cylinder

Computer

Electrical cylinder

Manual control 
valve

Laser sensor

Piston

CylinderPiston

Compressed air supply

Load cell

Pressure 
regulator

Electrical cylinder

Laser Sensor

Computer Pressure sensor

Fig. 5: Schematic overview of the friction test

6) The piston ends at its the starting position. The pressure
is recorded during the entire test and transferred to the
computer via LabVIEW.

With this method the pressure difference at a fixed position
in the cylinder from the begin to the end of the test can be
interpreted as the amount of dynamic leakage in the system.

4) Friction force: Due to non-linear behaviour modelling
the dynamic friction force in a fluidic actuator remains a
difficult task. The third test in this study is performed to de-
termine the friction force occurring while using the pneumatic
actuator. From previous work, we know the friction force is
dependent on both the velocity in which the piston moves and
the pressure on which it operates [14], [23]–[25]. Furthermore,
specific properties of the actuator have an influence on the
frictional force. According to Wassink et al, lip seal friction
under constant speed sliding can be modelled as the sum of
three physical components [24]:

• Viscous shear loss in the lubricant.
• Hysteresis losses due to roughness-imposed deformation

of the seal material.
• Hysteresis losses due to deformation caused by varying

intermolecular forces at the sliding interface.
In our study we use the same lubricant for each cylinder —
Rocol Kilopoise 0001. The material and shape of the seal was
varied during different test models. A schematic overview of
the friction test can be seen in Figure 5. The test consists of
the following steps:

1) When necessary an offset value is applied to the pressure
sensor and load cell ensuring a starting pressure of
0MPa and starting load of 0N.

2) The piston is lubricated if necessary and placed at the
starting position.

3) The manual control valve is opened, making the piston-
cylinder system an open system.

4) The pressure is set on 0.1, 0.3, 0.5 or 0.7MPa using
the pressure regulator. This pressure is controlled by the
pressure regulator and will be kept constant during the
test.

5) For each of these values, the piston is moved back and
forth for ten times by the electrical cylinder.

6) The load cell measures the force acting on the piston
provided by the electrical cylinder during the test. The
pressure is measured during the entire test. Both values
are recorded and transferred to the computer via Lab-
VIEW.

A simplified free-body diagram of the piston in this test is
shown in Figure 6. Forces in the y-, and z-direction are
excluded for simplicity reasons. To find the friction force, FF ,
we analyse the forces in the x-direction,

FLX � FF � Fp = m
dv

dt
(1)

where FLX is the force exerted by the load cell, Fp is
the resultant force exerted by the gauge pressure, m is the
mass of the piston, and v is the velocity of the piston. To
calculate the friction force, we assume that the piston velocity
is constant and therefore we can interpret the system as a
steady-state system. The force Fp is calculated by multiplying
the measured pressure (p) with the surface area of the tested
cylinder (A)

Fp = p ·A. (2)

The friction force can then be calculated

FF = FLX � Fp. (3)

FPFLX FF
x #$

FPFLX FF
x #$

Fig. 6: A simplified free-body diagram of the piston in the
friction test. Forces in the y-, and z-direction are excluded

for simplicity reasons.

5) Test setup design: During this test the pneumatic cylin-
der is attached to a compressor via a pressure regulator (Festo
MS4-LR-1/4-D7-AS), which provides a regulated pressure on
the system. A picture of the test setup can be seen in Figure 7.
During the tests, high forces up to 500N are to be measured at
pressures around 1MPa. To prevent deflexion in the system,
we used an aluminium frame as a base to connect all different
elements. An electrical cylinder (A, DSZY1-potentiometer),
with its power source (B), is connected to the base. The
laser sensor (C, Micro Epsilon optoNCDT) is connected at
the other side of the electrical cylinder. The force sensor (D,
Futek Miniature S-Beam Jr. Load Cell 2.0) is placed at the
end of the electrical piston. The side of the force sensor
which touches the piston of the tested model had a protruding
element, which makes sure the piston stays aligned during
the test (see Figure 7(b)). The force sensor pushes against the
piston of the 3D-printed cylinder (F). A part was designed to
align the test element during the tests, see Figure 7(c). The
pressure sensor (E, SensorTechnics CTU8000), measures the
pressure during the tests. The manual control valve (G, Festo
Shut-off valve) is fixated on the base with a connecting part
(Figure 7(d)), to prevent movement of the connecting elements
during the test. The sensors are connected via LabVIEW to a
computer (I). To counteract the high axial forces and prevent
undesired tensions in the system, both sides are strengthened
by the aluminium pillars which can be seen in Figure 7(a).
Appendix D explains the steps taken to finalise our test rig.
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(a)

(b) (c) (d)

Fig. 7: A picture of the experimental test setup consisting of an electrical cylinder (A) with its power source (B), a laser
sensor (C), a force sensor (D), a pressure sensor (E), the 3D-printed test model (F), an air inlet with manual control valve

(G), a box with electronical components (H) connecting the sensors via LabVIEW to a computer (I).

E. Data analysis

1) Static leakage: To adequately visualise the results of
the static leakage test, the data required little post–processing.
Merely a sliding averaging window and sampling of the data
was applied.

2) Dynamic leakage: Ideally we would analyse the differ-
ence in pressure at the starting position of the cylinder, from
the beginning of the test up until the end of the test as a
metric for the dynamic leakage. However, due to an overshoot
of the electrical cylinder this is not possible. To analyse of the
dynamic leakage, we chose to find the pressure at a specific
point in the cylinder and check how this pressure behaves over
time. In order to find this pressure, the data from the laser
sensor was combined with the data from the pressure sensor.
We defined a variable ↵ as the position in the cylinder where
we want analyse the pressure. This variable slightly differs per
test model, to ensure equal starting pressure for every model.
The laser sensor provides highly accurate values (in mm) up
to three decimals. For the analysis of the dynamic leakage all
pressures were selected where the laser sensor gave the value

of ↵�0.02mm to ↵+0.02mm.
3) Friction force: A visualisation of the friction force at

0.1MPa can be seen in Figure 8. As a metric to compare
the dynamic sliding friction force of the different models,
we chose to take the difference of the friction force of the
extending stroke to the friction force on the retracting stroke
indicated by the black arrow in the figure. We call this metric
the friction force range. Therefore, we have to take into
account that this results in measuring the average friction
force for one entire stroke. Other literature might observe both
the retracting and extending stroke individually, which would
result in about half the friction force range. For each of the
ten movement cycles, the friction force range is determined.
To assess the variation between these ten tests we calculate
the standard error between the different runs.

4) Repeatability of the test results: In order to find the
variation within our measurements, a repeatability test was
performed on one of the models for all the tests performed.
This consisted of two steps. Firstly, we ran the measurements
three times in a row, without changing the connections of
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Fig. 8: The friction force range definition at 0.1MPa

the air inlet and pressure sensor. Secondly, the air inlet and
pressure sensor were disconnected and reconnected prior to
taking the test. Again, the test was performed three times,
while reconnecting the model every time, to find the variation
within our results.

III. RESULTS

A. Circular actuators
1) Static leakage: Figure 9 shows the result of the static

leakage test of the sealing mechanisms with the diameter of
25mm. The pressure at the start of the test was 0.55MPa in
all cases. All models were able to keep the 0.55MPa inside
the system, except the model with the NAP310 sealing, which
lost all the pressure during the test. Figure 10 can be used
to distinguish between the remaining sealings, where 10(a)
shows the static leakage in the �25mm cylinder and 10(b)
shows the static leakage in the �25.7mm cylinder. Besides
the NAP310 sealing, the other sealings lost a pressure with a
maximum 0.014MPa during the entire test (under ±3%).

Fig. 9: Static leakage in the �25mm cylinder

2) Dynamic leakage: During this test the cylinder was
placed at the same starting position during every test. However,
it turned out to be challenging to reach exactly the same start-
ing position for every test. Each test therefore had a slightly

TABLE III: Values of ↵ for each sealing

Test model ↵

�25mm cylinder
O-ring 37.7mm
NAPN 38.0mm

NAP310 37.7mm
PK 37.8mm

KDN 37.7mm

�25.7mm cylinder
O-ring 37.7mm
X-ring 37.7mm

different value of ↵ in order to create a valid comparison
between the different models. These values can be found in
Table III. Analysing Figure 11(a), we can see that the NAP310
sealing does not keep the system pressurised, similar to the
static leakage results. The pressure at the measured position
in the cylinder at the start of the test is slightly above 0.8MPa.
After 200 movement cycles (with a duration of 20 minutes),
the pressure in this model is decreased to 0.5MPa at this
position. When observing the dynamic leakage in the �25mm
cylinder, the best performing sealings are the NAPN- and
the KDN-seal. The O-ring and the PK sealing both show a
pressure loss of approximately 0.1MPa during the dynamic
pressure test. Figure 11(b) shows that both the X-ring and O-
ring in the �25.7mm cylinder hold the pressure during the
entire test.

3) Friction force: The friction force of one total movement
cycle was evaluated on four different pressure levels; 0.1 ,
0.3 , 0.5 , and 0.7MPa. Figure 12(a) shows the friction force
range for the different sealings in the �25mm cylinder and
Figure 12(b) shows the friction force range in the �25.7mm
cylinder. The error bars around each mean friction force range
indicates the standard error over ten movement cycles for
each model. All the sealings show an increase in friction
force with increasing pressure. The sealing with the highest
friction force is the X-ring, showing a friction force range
of 9N at a pressure of 0.1MPa, whilst this increases up to
almost 30N at a pressure of 0.7MPa. The sealings with the
lowest friction force are the single-acting NAP310 sealing and
the double-acting PK sealing. One of the sealing mechanisms
shows a friction force which is almost independent of the
pressure — the friction force of the double-acting KDN sealing
only increases a small amount with an increase of pressure.
This sealing resulted in a friction force range of 11.2N at a
pressure of 0.1MPa and at the highest tested pressure level
of 0.7MPa the friction force range increased to 13.4N.

4) Repeatability: The repeatability tests were performed
with the O-ring sealing on the �25.7mm cylinder. The results
are shown in Figures 13, 14, and 15 for the static leakage
test, the dynamic leakage test and the friction force test
respectively. The previously tested models were added in the
background for comparison. Figures 13(a), 14(a), and 15(a)
show the results where the test was simply rerun and Fig-
ures 13(b), 14(b), and 15(b) show the results where the model
was reconnected before every test. Looking at Figure13(a),
we can observe that the differences measured in the static
leakage test fall within the uncertainty of the data, except for
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(a) (b)

Fig. 10: Static leakage of sealings in the circular actuators of �25mm(a) and �25.7mm(b)

(a) (b)

Fig. 11: Dynamic leakage of sealings in the circular actuators of �25mm(a) and �25.7mm(b)

the NAP310 sealing, which was left out of this figure for better
comparison. The results of the dynamic leakage and friction
force range are comparable for each repeatability test.

B. Non-circular actuators
1) Static leakage: The results of the static leakage test

with the non-circular cylinders are illustrated in Figure 16.
We can observe that the more conventional cylindrical shape
performed best in the static test with a pressure drop of
approximately 0.01MPa for the duration of the test with a
starting pressure of 0.55MPa (1.8%). The stadium-shaped
model lost double the amount of pressure — 0.02MPa over
the duration of the test (3.6%). The kidney-shaped model
dropped from 0.55MPa to 0.49MPa, and thus dropped
0.06MPa of pressure during the test (10.9%).

2) Dynamic leakage: To ensure a valid comparison of the
non-cylindrical models to the cylindrical model, values of ↵

were hand-picked. The position in the cylinder was chosen
where the starting pressure of the test is the same for all

three models. The values of ↵ which are used in the data
analysis are shown in Table IV. The results of the dynamic
leakage of the non-cylindrical piston-cylinder systems can be
found in Figure 17. The pressure in the circular shape remains
most constant over time. The stadium shape showed a leakage
of approximately 0.1MPa after 200 movement cycles — the
pressure decreased from 0.7MPa to 0.6MPa at the chosen
position in the cylinder. The kidney-shaped actuator produced
a lot of dynamic leakage, as during the test the pressure at the
measuring position in the cylinder decreased from 0.7MPa to
merely 0.1MPa.

TABLE IV: Values of ↵ for each shape

Test model ↵

Circle 36.7mm
Stadium 38.5mm
Kidney 39.3mm
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(a) (b)

Fig. 12: The mean friction force dange of sealings in the circular actuators of �25mm(a) and �25.7mm(b) at a pressure of
0.1 to 0.7MPa

(a) (b)

Fig. 13: The repeatability results of the static leakage test where (a) the test was rerun without any changes in the
connections and (b) the model was reconnected prior to taking the tests

3) Friction force: During the friction force tests of the vary-
ing cross-sectional shaped cylinders, the placement of the O-
ring in the piston groove was less stable in the non-cylindrical
shapes compared to the cylindrical model. When increasing
to higher pressures, the O-ring extrudes. In Figure 18 we
can see the O-ring extruding in the clearance between the
piston and the cylinder. For this reason the friction force was
measured at increments of 0.1MPa instead of the pre–defined
pressure values. Interestingly, the kidney-shaped model could
withstand a higher pressure compared to the stadium model
before extruding. The stadium-shaped and the kidney-shaped
models were tested up to a pressure of 0.3MPa and 0.4MPa
respectively. Analysing Figure 19, we can see that the kidney-
shaped actuator has the highest friction force range. Compared
to the other models, the kidney shape showed more deviation
between the different pressure levels. The friction force range
was 13.6N at 0.1MPa, 21.2N at 0.2MPa, 19.3N at 0.3MPa,

and 21.3N at 0.4MPa. The friction force of the stadium shape
is more comparable to the circular-shaped actuator, it is only
slightly higher than the circular-shaped actuator at all tested
pressure levels.

IV. DISCUSSION

A. 3D printing pneumatic actuators
In this study we have shown the possibility of producing

a pneumatic actuator with AM without performing any post–
processing steps and have evaluated their performance based
on leakage and friction. Generaly speaking, the results demon-
strate that most sealings are functional in 3D printed pneumatic
actuators, on which we will elaborate in the following subsec-
tions. Furthermore, we have shown that it is possible to create
custom 3D-printed pneumatic actuators with various shapes,
and with this opening the door to more design freedom in
actuators.
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(a) (b)

Fig. 14: The repeatability results of the dynamic leakage test where (a) the test was rerun without any changes in the
connections and (b) the model was reconnected prior to taking the tests

(a) (b)

Fig. 15: The repeatability results of the friction force test where (a) the test was rerun without any changes in the
connections and (b) the model was reconnected prior to taking the tests

B. Sealing mechanisms

1) Trade-off: leakage vs friction force: Combining the
results on leakage in the system and measured friction force,
we can observe that choosing the right sealing mechanism
remains a trade-off between the leakage occurring within the
piston-cylinder system and the friction force acting in the
system. We see an overall trend in our data of high-leakage
sealing mechanisms showing low frictional force. At the same
time, the sealings showing the lowest pressure drop during the
leakage tests have a relatively high friction force.

2) Single-acting sealings: For this study we tested two
single-acting sealings, which both have the shape of a cup,
see Figure 1(a) and 1(b). At low pressures, only a small part
of the lip touches the cylinder wall, which results in a low

friction force. However, at higher pressures, the lip is pushed
sideways and the friction force rapidly increases when higher
pressures are applied. Analysing Figure 12, we see that the
NAPN sealing shows a large increase of the friction force at
high pressures compared to the other sealings. Similar to the
NAPN sealing, the NAP310 is also a single-acting sealing in
the shape of a cup. When analysing Figure 11(b) and Figure 9
it can be observed that in both cases the NAP310 sealing
mechanism is the sealing mechanism which leaks the most
of all tested sealing mechanisms. The shape of this sealing
mechanism can be seen in Figure 1(a). Compared to the other
’cup-shaped’ sealing, the NAPN in Figure 1(b), a smaller part
of the sealing touches the cylinder wall when the piston is
placed inside the cylinder. We expect that the tolerance of our
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Fig. 16: Static leakage in the cylinders with non-circular
cross-section

Fig. 17: Dynamic leakage in the cylinders with non-circular
cross-section

printing method is too high for this sealing to work properly.
For future use of these kind of single-acting sealings, we
need to take into account that two of these seals have to be
used simultaneously to seal a double-acting piston-cylinder
system — doubling the frictional force compared to the other
tested sealings.

Fig. 18: The O-ring extrudes at pressures from 0.4MPa

Fig. 19: Friction force in the cylinders with non-circular
cross-section

3) Double-acting sealings: Two O-rings were used during
testing to match the slightly different measurements of the X-
ring and the other tested sealings. However, to find matching
O-rings, we had to use O-rings from different brands. The
�25mm O-ring is from the brand Parkside. The �25.7mm O-
ring is from ERIKS, a company more specialised in pneumatic
sealings. The difference between these two rings can be
observed in both the dynamic and static leakage test, where the
O-ring from ERIKS performs best in both tests. Concerning
friction force, the two O-rings show equal results. For proper
sealing, the authors would advise to use high-quality sealings
produced by specialised companies for future actuator designs.

Looking at the results from the X-ring, we observe that it
performs adequately on both dynamic and static leakage. This
sealing mechanism proved to be one of the most leakage-free
sealings we tested. However, we see a high increase in tested
friction force at higher pressures. The shape of the sealing
can explain this, as the X-ring has two area’s simultaneously
sealing the piston-cylinder clearance. This ensures a low
possibility for air to escape, but comes with a higher friction
force. An added advantage of the X-ring is that, because of
the X shape, the possibility of the ring rotating in its groove
is very low which limits the possibility of damage [16].

Our results show that the double-acting PK sealing is the
sealing mechanism with the lowest friction force, when little
leakage in the system is acceptable. For all tested pressure
levels, the sealing shows a low frictional force. Looking at
the static leakage test, the mechanism works very well. Only
during the dynamic test the cylinder lost some pressure.

The last sealing we would like to discuss is the double-
acting KDN sealing. This sealing was relatively difficult
to install due to its shape. However, When comparing the
leakage results (Figure 11(a) and 10(a)) and the friction results
(Figure 12(a)), the KDN looks the most promising sealing
mechanism for overall use. It shows, together with the NAPN
sealing and the X-ring, the least amount of leakage during our
tests. However, unlike the NAPN sealing and the X-ring, it
does not show a high increase in friction force with increasing
pressure. This makes the KDN sealing the most suitable of the
tested sealings for high-pressure situations.
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C. Non-circular shapes

1) Stadium shape: The first non-circular shape tested is the
stadium shape. Compared to the circular-shaped actuator, the
stadium-shaped model only showed a slightly larger pressure
loss. We think this is mainly due to movement possibilities of
the O-ring in the piston groove. On the flat side of the stadium
piston, the O-ring does not have much pre–tension, as the
circular O-ring tends to stay in its circular shape. Furthermore,
the cylinder was designed with a higher clearance compared
to conventional actuators as described in Section II, giving
more room for the O-ring move or rotate inside the piston
groove. The high pressure in the cylinder during the friction
test caused a shear stress in the cylinder wall, which created a
slight deformation of the cylinder wall. This further increased
the possibility for the O-ring to extrude. Therefore the test
could only be performed up to 0.3MPa. When comparing
the friction force results of the stadium shape to the circular
piston-cylinder system in Figure 19, we can see that the
friction force of the stadium shape is slightly higher with
all pressure levels compared to the circular shape. This was
expected, because this shape has a larger perimeter presumably
leading to an increase in friction.

2) Kidney shape: The kidney-shaped model could be tested
up to a pressure of 0.4MPa. Even though a lower performance
was measured in the kidney-shaped actuator compared to
the circular one, we did show the possibility to 3D-print a
pneumatic actuator with a non-circular cross-section. One of
the main difficulties of the kidney shape, is that the used O-
ring is circular shaped and will not naturally follow the piston
groove. The form-closure of the cylinder wall is important to
bring the O-ring in pre–tension. During the friction test, we
could see the O-ring rotating inside the groove. We think that
due to the form-closure, a difference in shear stress arises in
the O-ring during the movement of the piston, making the O-
ring rotate. During both the dynamic leakage and friction test
we observed rotation of the O-ring in its groove. Firstly, the
results for dynamic leakage in Figure 17 curiously shows a
large pressure drop between 300 and 350 seconds, which can
be explained by the rotation of the O-ring observed during
that time interval. Secondly, as can be seen in Figure 19, the
dynamic friction force range of the kidney-shape shows an
outlier at a pressure of 0.2MPa. During this test we observed
the O-ring rotating in its groove. We hypothesize this is the
result of a large clearance gap, giving the O-ring too much
space to move.

3) Reducing the clearance: As discussed in the previous
subsections, the main problem of the actuators with non-
conventional shapes seemed to be the rotation and extrusion
of the O-ring. Two possible improvements could solve this.
The first potential improvement is using an X-ring instead of
an O-ring, because these rings are suitable to prevent rotation
of the sealing [16]. The second improvement is decreasing the
clearance gap between piston and cylinder. We have performed
an additional folow-up test to assess this second proposition
with two extra models on our test rig. For the two non-circular
shapes, the clearance was reduced from 0.5mm (500 µm) to
0.2mm. The same method was used to perform the tests as

described in Section II. Figure 20 shows the results of the
follow-up tests performed with these models. The friction
results showed two advantages of lowering the clearance
(Figure 20(c)). Firstly, higher pressure levels could be reached
until the O-ring extruded. Secondly, both models showed a
lower friction force compared to the corresponding models
with a clearance of 0.5mm.

Unfortunately, the stadium-shape showed more leakage in
this follow-up test. We think this is due to damages on the
connector threads. However, when pointing our attention to the
results for the low clearance kidney-shape, our expectations
are exceeded. we can see an improvement for all the three
tests performed on this model. Especially the results for
the dynamic leakage test are promising, where the leakage
was reduced to almost zero over the 200 runs of which
the experiment consisted. This confirms the feasibility of 3D
printing different shaped actuators and at the same time shows
its huge potential.

D. Comparing to the state of the art
No previous work was found which compared the leakage

and dynamic sliding friction force of 3D-printed pneumatic ac-
tuators. Furthermore we found no previous work on comparing
different sealing options with 3D-printed pneumatic actuators.
The 3D-printed linear pneumatic actuators by Krause and
Bhounsule [10] and Nall and Bhounsule [11] were evaluated
on the control of the actuator. Martinez de Apellaniz Goenaga
evaluated pneumatic actuators created with different printing
techniques on friction force [12]. As there is not much
available literature to compare our results with, we tried to
compare our results with commercial actuators.

Tran and Yanada evaluated the dynamic sliding friction
force of commercial pneumatic actuators of 25mm bore size
in their study [14] at different pressure levels and different
velocities. To compare the friction force found in this study to
commercial actuators we calculated the velocity of our piston
during one of the tests. At a pressure of 0.3MPa the velocity
of the extending stroke was �11.4mms�1 and the velocity
of the retracting stroke was 7.8mms�1. The corresponding
results of Tran and Yanada for these velocities and pressure
levels are shown in Table V. We can conclude that our 3D-
printed actuator resulted in a friction force of the same order
of magnitude as the commercially available actuators based
on this comparison. Our 3D-printed actuator even shows less
friction force, but this is probably due to the difference in
actuator design. Tran and Yanada studied a double acting
sealing, which has an extra rod seal, next to the piston seal.
Our model only contains one piston seal.

E. Limitations
In this study we used sensors which have a range of 0-

500N and 0�1MPa for the force sensor and pressure sensor
respectively. However, because we used the difference between
these two sensors to determine our results, they are of a smaller
order of magnitude. The pressure sensor can have an error up
to 1% [26]. When there is a minimal misalignment in the
system, the force sensor can show an error up to 1.5% (see
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(a) The static leakage with lower clearance

(b) The dynamic leakage with lower clearance

(c) The friction force with lower clearance

Fig. 20: Test results of the tests for pistons with a lower
clearance

TABLE V: Found friction force compared to commercially
available actuators at 0.3MPa

Model Stroke Friction force velocity

3D-printed actuator Extending 7.8N 0.011m s�1

Retracting 3.4N 0.0078m s�1

Entire 11.2N
Standard actuator [14] Extending 7N 0.01m s�1

Retracting 8N 0.005m s�1

Entire 15N

Appendix E). However, these relatively small errors for each
sensor are a high percentage of our total test results. To further
decrease the error in the force measurement, a universal joint
could be used to ensure only axial forces to be measured, like
Belforte used in their test setup [23].

Furthermore, the velocity of the electrical cylinder which
we chose in the test turned out to be force-dependent. This
can have an influence on the measurements of the friction
force, because the friction force is dependent on the piston
velocity. Our friction force was measured at relatively small
velocities of around 0.01m s�1, where extra Stribeck friction
can be measured next to the Coulomb friction [14]. For future
studies, we would advise to use an electrical cylinder in which
the velocity of the actuator is not dependent on the force which
it should provide, similar to Belforte et al. used in their study
about sealing frictional force in 2013 [25]. Another option is
to use a hydraulic cylinder to actuate the tested cylinder, like
Tran&Yanada [14] and Belforte et al. [23] did in their studies
for dynamic sliding friction force in commercial pneumatic
actuators in 2013 and 2003 respectively.

F. Future research
Studies to further improve the performance of 3D-printed

pneumatic actuators could focus on studying the effect of
printing settings like layer height on the friction force, because
this might influence the surface roughness of the cylinder wall
and therefore the sealing performance and friction force within
the actuator. The chosen sealings are all designed to work
best on a maximum material roughness of 4.0 µm. However,
the roughness of 3D-printed materials is much higher. To save
time during the printing process, the models used in this study
were printed with a layer height of 100 µm. The most precise
printing layer height with the used printer is 25 µm.

Another method to lower the surface roughness is by per-
forming post–processing steps on the cylinder wall. Martinez
de Apellaniz Goenaga showed in his study that processing
the cylinder wall with a reamer decreases frictional forces
in 3D-printed pneumatic actuators [12]. However, during this
study only cylindrical actuators were compared. Reaming the
cylinder wall will be more difficult as the geometry complexity
of the actuator increases.

In this study we took the first steps in 3D-printing non-
cylindrical pneumatic actuators. As a next step in reaching
the goal of creating leakage-free and customised actuators,
research could focus in finding sealing options which can be
pre–formed to the desired shape. Also the option of printing
the sealing mechanism wit multi-material printing would be
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interesting to study, although this is not possible when printing
with SLA. A prior study on printing the sealing has been done
by Siegfahtr et al. in 2020 [27].

To learn how the pneumatic cylinders and sealings would
perform in long term, a durability test should be performed.
In addition to these suggestions to further improve the perfor-
mance of the 3D-printed cylinders, as we showed 3D-printed
cylinders are suited to be incorporated into real applications.

V. CONCLUSION

In this study we presented the design of a fully 3D-printed
pneumatic actuator. The design required no post-processing
steps on the cylinder wall of the pneumatic cylinder. We
presented a method to validate the performance of the models,
concerning leakage in the pneumatic actuator and dynamic
sliding friction force. To answer RQ1 and RQ2, we tested
seven different sealings in 3D-printed pneumatic actuators.
We showed choosing a suitable sealing mechanism for the
application seems to be a trade-off, where sealings with the
smallest pressure drops showed the highest frictional force.

For low-pressure applications up to 0.15MPa the single-
acting NAPN sealing provides the lowest tested friction force,
while preventing leakage in a dynamic and static situation. For
a pressure of 0.1MPa, 6.7N friction force for the extension
stroke and retracting stroke together was measured. In the
mid-range of 0.15MPa to 0.3MPa, the O-ring gives the best
friction results. For higher pressure situations above 0.3MPa,
the double-acting KDN sealing shows the most promising
results. The friction force for this seal remains fairly constant
with increasing pressure. From a total friction force range of
11.2N at 0.1MPa to 13.5N at 0.7MPa. In situations where
a low friction force is desired and a small dynamic leakage
is acceptable, the double-acting PK is an adequate option.
This sealing resulted in a friction force of 5.2N at 0.1MPa
which increased to 12.9N at the highest tested pressure level
of 0.7MPa.

Furthermore, in this study the first steps were shown towards
a piston-cylinder system with a non-cylindrical cross-section,
answering RQ3. Although creating a complete leakage-free
actuator was not achieved yet, it turned out to be possible to
3D-print a stadium-shaped piston-cylinder system with only
minimal dynamic leakage. A pressure drop of 0.75MPa at the
start of the test to 0.6MPa after 200 runs was measured during
the dynamic test and the frictional force was comparable to
a cylindrical system. Besides a stadium-shaped 3D-printed
cylinder, the design of a kidney-shaped actuator is presented
in this study. Initially the results of this model showed a lot of
leakage, however, after retesting with minor adjustments this
issue was solved. The kidney-shaped single-acting cylinder,
although a higher friction force was measured compared to the
other models, worked up to a pressure of 0.4MPa and with
minor adjustments even to the maximum tested pressure level
of 0.7MPa. This opens the world to customised pneumatic
actuators, enabling geometry improvements in applications
such as prostheses or orthoses.
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APPENDIX A
LEAKAGE AND POSSIBLE BREAKDOWN OF 3D-PRINTED

AIR CHAMBERS

A. Introduction

We started this research by analysing the possibility of
creating non-porous, and thus leakage-free 3D-printed air
chambers. To ensure that the actuators in this research do not
have porous material properties, in this preliminary research
we decided which printing method was used in the rest of this
study. Within this research two AM methods will be taken
into account. The first method is fused deposition modelling
(FDM). With this method a moving heated nozzle melts a
thin layer of thermoplastic material. Layer-by-layer a three-
dimensional object is created. The print layers are clearly
visible on the surface of a FDM print. Worldwide this is the
most widely used technique and nowadays is even available to
hobbyists as a result of the low price. The most widely used
material which can be printed with this method is polylactic
acid (PLA). The second method which is tested is stereolithog-
raphy (SLA). SLA printing, also called resin printing, was
the first 3D-printing technique to be commercialised [2].
It uses a photochemical process to form the layers. Light
causes chemical monomers to form polymers in the form
of the desired three-dimensional shape. An ultraviolet laser
is focused on a reservoir of liquid photopolymer resin. The
UV laser is used to draw a pre–programmed design on the
surface of the photopolymer reservoir. The resin solidifies and
forms a single layer of the desired object. The completed part
is then washed with a solvent to clean wet resin from the
surface. Supports are needed and are to be removed manually.
Naturally, the following question arises: what 3D-printing
methods can be considered to approach a leakage-free 3D-
printed compressed-air chamber?

B. Methodology

1) Printing settings: Several different printing settings were
evaluated and tested on the air-tightness. Beside 3D-printed
models, an aluminium model was manually created. The
assumption is that this model can be seen as non-porous and
can thus act as a baseline for this test. Table VI gives an
overview of the different tests performed.

2) Design of the air chamber: For the purpose of this
preliminary study, a hollow object was designed which can
be printed without support with a FDM printer. The choice
for designing the air chamber for FDM printing, as opposed to
SLA printing, was made because the supports of FDM printing
are created in a structure which could retain the air inside. SLA
supports have the shape of ’pillars’ where air can easily flow
past. Therefore the air chamber is designed with a maximum
printing angle of 45 deg. A technical drawing of this design
can be found in Appendix F.

3) Experimental setup: Figure 21 gives a schematic
overview of the test setup. The test setup consists of the 3D-
printed compressed-air chamber to be tested, connected to a
pressure sensor (SensorTechnics CTU8000) and an air inlet.
The air chamber is pressurised with compressed air and the

Pressure sensor

Manual 
control valve

Computer

Compressed air supply

Fig. 21: Schematic overview of the test of 3D-printed
compressed-air chambers

air inlet is controlled with a manual control valve (Festo Shut-
off valve). Prior to testing, the models are prepared with the
following steps.

1) After washing and curing the 3D-printed models, the
supports are removed manually.

2) The models are tapped with a M5 tap for the air inlet
and a G1/8 tap for the pressure sensor.

3) The air inlet and pressure sensor are installed in the air
chamber using Teflon tape to increase the sealing.

The test consist of the following steps:
1) When necessary an offset value is applied to the pressure

sensor ensuring a starting pressure of 0MPa.
2) The 3D-printed air chamber is pressurised to 1MPa

(10 bar) gauge pressure, or the maximum pressure pro-
vided by the compressor.

3) The manual valve is closed to create a closed system.
4) The compressed air is disconnected to ensure that no air

can enter the system.
5) The compressed air is measured for 120 seconds and

transferred to the computer via LabVIEW.
A drop in pressure can be interpreted as the leakage. To make
sure that the air escaping is only leakage through the 3D-
printed material, the test is performed in a bucket of water.
This visualises the air escaping by the bubbles forming under
water making sure no air escapes at the pneumatic connectors.

4) Repeatability of the test results: In order to find the
variation within our measurements, a repeatability test was
performed on one of the models. This consisted of two
steps. Firstly, we ran the measurements for three times in a
row, without changing the connections of the air inlet and
pressure sensor. Secondly, the air inlet and pressure sensor
were disconnected and reconnected prior to taking the test.
Again, the test was performed three times, while reconnecting
the model every time, to find the variation within our results.

C. Results

Pictures of the test setup to measure the leakage through
the material of the 3D-printed air chamber can be seen in
Figure 22 and Figure 23. The maximum pressure that was
reached during this test was approximately 0.75MPa, which
was the maximum pressure reached by the used compressor.
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TABLE VI: Different printing aspects tested for breakdown and leakage

Production method Printer Material Layer thickness Infill %

Machining - Aluminium - -
FDM Ultimaker 3 extended PLA black 0.2mm 100
FDM Ultimaker 3 extended PLA black 0.15mm 100
FDM Ultimaker 3 extended PLA black 0.1mm 100
FDM Ultimaker 3 extended PLA black 0.06mm 100
SLA Prusa SL1 Prusa Grey Tough 0.05mm -
SLA Formlabs 3 Clear resin V4 0.1mm -

Fig. 22: The aluminium model during the test

Fig. 23: The SLA model prior to the test

Therefore, it was not possible to test the entire range of
pressure in which pneumatic actuator might work — this is
usually up to 1MPa. The pressure drop in the 3D-printed
air chambers can be seen in Figure 24. There is a wide
deviation in leakage between the different models. Five of
the seven chosen models were able to keep the pressure
inside the compressed-air chamber for the two minutes of this
test. Two of the models, the FDM printed models with layer
height of 0.15mm and 0.20mm, could not hold the 0.75MPa
of pressure which was put on these models. To distinguish
between the remaining models, the results in Figure 24(b)
can be observed. When looking at the FDM-printed models,
we can observe that the model with the smallest layer height

(0.06mm) has the smallest pressure-loss. The best performing
models are the aluminium model and the SLA model which
is printed with the Formlabs printer. These models lose about
0.003MPa over the test, which is only 0.04% of its starting
pressure.

(a)

(b)

Fig. 24: Leakage in the 3D-printed compressed-air
chambers. Seven models were compared; four FDM printed
models, two SLA printed models and an aluminium version
which acted as a baseline (a). In Figure (b), the FDM model
of 0.15mm and 0.20mm layer thickness were removed for

better comparison.

1) Repeatability: For the repeatability test, two different
models were used. The repeatability test where the test was
merely rerun, was taken with the SLA Formlabs model of
which the results can be found in Figure 25(a). We wanted to
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use this same model for the reconnecting-repeatability test.
However, due to damages at the thread of the pneumatic
connectors, it was not possible to reconnect this model three
times. Therefore the test where the model was reconnected was
performed with the Ultimaker 0.06mm layer height model.

D. Discussion
1) Connecting points: The results show us that all the

models have a slight pressure loss, even the aluminium version.
We think that a small amount of air escaped the air chamber
at the place where it is connected to the pressure sensor and
the air-inlet. This was not enough to form visible bubbles,
but due to the relatively low total volume of the air chamber,
this pressure drop can be observed in the data. We can also
observe this when looking at the repeatability test. Comparing
the two tests shows us that reconnecting the model gives
some variation in the data (Figure 25(b)), which could not
be observed when merely rerunning the test (Figure 25(a)).

2) FDM printing: Two of the models could not hold the
pressure in the tank for these two minutes: the two FDM
printed models with the largest layer height – 0.20mm and
0.15mm. These models were also the only two models where
air bubbles were visible on the 3D-printed material during the
test. These porous models were removed in Figure 24(b) in
order to compare the other models. If we compare all the FDM
printed models, we can see that the models with a smaller layer
height show less leakage compared to the models with a larger
layer height.

3) SLA printing: We can also observe some variation
between the two SLA printed models, where the model printed
by the Formlabs printer performed better than the model
printed on the Prusa printer. Although we varied both the
printer and the material between these models, we think
that the difference between these models can be explained
by a different material brittleness and therefore the ease of
connecting the models.

E. Conclusion
In this preliminary study we hypothesised on the possibility

to create a leakage-free 3D-printed compressed-air tank. We
showed that printing a leakage-free compressed-air chamber
with SLA is possible, tested up to a pressure of 0.75MPa.
While printing with FDM, the layer height proved an important
factor — a higher-precision FDM printed air-tank with a layer
height of 0.06mm can be considered leakage-free at the tested
pressure of 0.75MPa.

APPENDIX B
THE INSTALLATION GUIDES FOR THE SEALING

MECHANISMS

This appendix contains information about the installation of
the different sealing mechanisms. The dimensions of an O-ring
are given in inner diameter (ID) and cross-section, also called
section (S). The sealings used in this study were chosen for
an outer diameter (OD)

OD = ID + 2 · S (4)

TABLE VII: Dimensions of the sealing mechanisms

Sealing mechanism ID S OD

ERIKS O-ring 18.64mm 3.53mm 25.7mm
ERIKS X-ring 18.64mm 3.53mm 25.7mm

Parkside O-ring 18mm 3.5mm 25mm

Sealing mechanism ID / dN WPG / L OD / DN
KDN 17.9mm 2.1mm 25mm
PK 18mm 2.5mm 25mm

NAP310 19mm 3.5mm 25mm
NAPN 17mm 5.5mm 25mm

of 25mm. Due to limited availability the X-ring was chosen
as the closest available option with an OD of 25.7mm. For
the X-ring and the O-ring the gland was designed for a specific
squeeze ratio, rsq . In this study a squeeze ratio of 0.1 (10%)
was used, which is within the range recommended by the
manufacturer [21].

Ssq = S · (1� rsq) (5)

The squeezed dimension of the O-ring (Ssq) was used to
calculate the piston groove diameter (DPG).

DPG = OD � 2 · Ssq (6)

Figure 26 gives a visual illustration of the key dimensions of
the seal gland. The width of the piston groove WPG is chosen
as 1.0mm more than the cross-section based on professional
opinion of the lab technicians. The clearance (C) between the
piston and cylinder was set on 0.5mm. For the other sealing
mechanisms, the guides produced by the manufacturer were
used for the dimensions of the sealing grooves. The sealing
mechanisms were selected for a cylinder bore size of 25mm.
The measurements of the sealing mechanisms are given with
an inner diameter dN (ID), and measurement for the width
of the sealing L and an outer diameter DN (OD). The
dimensions of the chosen sealings can be found in Table VII.
Figure 27 shows the corresponding sealing installation guides
of the manufacturer.

APPENDIX C
DETERMINING THE ACTUATOR DIMENSIONS

A. Stadium-shaped cylinder
The first cross-sectional shape is a shape which is closely

related to a cylinder — a stadium shape. The cross-section of
this shape can be seen in Figure 2(b) in Section II. In order
to have a fair comparison between this model and the circular
piston-cylinder systems, the shape is designed to have an equal
surface area to the other tested cylinders. The surface area for
the circular actuator (Ac)

Ac = ⇡

✓
d

2

◆2

(7)

is determined by the diameter (d) of the cylinder. For com-
parison of the models the 25mm cylinder is chosen. The
dimensions of the stadium model are determined by the
following two equations,

As = ⇡

✓
D

2

◆2

+DL (8)
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(a) (b)

Fig. 25: The repeatability results of leakage in compressed-air chambers where (a) the test was rerun without any changes in
the connections and (b) the model was reconnected prior to taking the tests.

ID OD
S

DPG

SSQ C

WPG

Fig. 26: The key dimensions of the sealing and piston groove

Ps = ⇡D + 2L (9)

where As is the cross-sectional surface area and Ps is the
perimeter of the stadium-shaped pneumatic actuator. A slightly
larger O-ring was used for this model, with an inside diameter
of 22mm with a cross-sectional thickness of 3.5mm). With
these equations the values for L and D are determined.

B. Kidney-shaped cylinder

The second actuator which we tested has the shape of a
kidney, a cross-section of which can be seen in Figure 2(c).
This shape has the possible advantage of being able to fit
around another object. Again, we have two equations to
determine the dimensions of this object. The formula for the
cross-sectional area of the kidney shape (Ak) gives

Ak = ⇡

⇣
a

2

⌘2
+ �

✓
ra+

a
2

2

◆
(10)

when simplified. The perimeter of the kidney shape, Pk, is
calculated with

Pk = ⇡a+ �(2r + a). (11)

However, for this shape we have three unknown values. We
decided to set � on 5

9⇡, which is the equivalent of 100° – a
slightly obtuse angle, with the ability to fit around an object.

APPENDIX D
THE FIRST ITERATION OF THE TEST SETUP

A. Introduction

In this section we describe the first iteration of the test setup
and the steps taken to validate the setup.

1) Dynamic leakage - expected results: During the dynamic
leakage test the piston moves inside the cylinder, while a
closed system is created. Therefore we would expect the
measured pressure value at a fixed position to slightly drop
during the tests if leakage is present. If no leakage is present
the pressure at this point will remain constant.

2) Friction force - expected results: During the test to
determine the friction force, the piston is moved back and
forth inside the cylinder. Because the friction force always
acts in the opposite direction of the velocity of the piston, see
Figure 28, we expect the measured friction force to deviate
between a negative value for the extending stroke, and a
positive value for the retracting stroke.

B. Method

1) Initial test setup: A first iteration of the test setup is
shown in Figure 29. The electrical cylinder (A) with its power
source (B), is positioned on a wooden plate. The laser sensor
(C) is placed at the end of the electrical actuator. The data of
the laser sensor is used to control the actuator. At the end of
the moving piston of the electrical actuator, the force sensor
is placed (D). The last sensor in the test rig is the Pressure
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(a) NAP310 single-acting sealing [17]
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%F�/"1/����JT�FFO�BTZNNFUSJTDIF�FOLFMXFSLFOEF�
QOFVNBUJTDIF�[VJHFSBGEJDIUJOH�NFU�FFO�TQFDJBMF�
BGEJDIUJOHTMJQ�BBO�EF�EZOBNJTDIF�[JKEF�
%F[F�QOFVNBUJTDIF�BGEJDIUJOHTMJQ�[PSHU�WPPS�EF�
KVJTUF�EJDIUIFJE�JO�DPNCJOBUJF�NFU�FFO�MBHF�XSJKWJOH�
FO�EBBSEPPS�FFO�FGGFDUJFWF�TNFFSåMN�
%F�EJLLFSF�FO�MBOHFSF�TUBUJTDIF�BGEJDIUJOHTMJQ�HFFGU�
EF�KVJTUF�CFWFTUJHJOH�JO�EF�HSPFG�
 
Materialen

Afdichting
 ◾ /JUSJMF�SVCCFS����4IPSF�"
 ◾ ',.�PQ�BBOWSBBH

Compound
 ◾ ���/#3�������ø

 
Bedrijfsomstandigheden

P
���CBS��
��.1B

V
���
��N�TFD

M
4DIPOF
�ESPHF�FO�PMJFWSJKF�TBNFOHFQFSTUF�MVDIU�	OB�
IFU�JOWFUUFO�WPPS�EF�NPOUBHF


T
������$�UPU�������$ø

 
Installatievoorwaarden 

Toleranties

Diameter D
 ◾ H12

Diameter dgroef
 ◾ I�

 
Bewerkingen

Ruwheid loopvlak
 ◾ 3NBY����
���N
 ◾ 3Q�3[����
��
 ◾ UQ�	����3NBY
������������

Ruwheid bodem groef
 ◾ 3NBY������N
 ◾ 3Q�3[����
�øø

 
Montage
"GEJDIUJOHFO�LVOOFO�NFU�EF�IBOE�JO�FFO�HFTMPUFO�
HSPFG�HFNPOUFFSE�XPSEFO�

dN d 9

DN

DF

D
N
H11

DK
+0,2

H

L+0,2

N
hØ

Ø
Ø

Ø

Ø

Ø

%JTDMBJNFS��#JK�EF�TBNFOTUFMMJOH�WBO�EF�JOIPVE�WBO�EF[F�JOGPSNBUJFESBHFS�JT�EF�HSPPUTU�NPHFMJKLF�[PSHWVMEJHIFJE�CFUSBDIU��%F�NPHFMJKLIFJE�CFTUBBU�EBU�CFQBBMEF�JOGPSNBUJF�OB�
WFSMPPQ�WBO�UJKE�WFSBOEFSU
�OJFU�NFFS�KVJTU�PG�POWPMMFEJH�JT��&3*,4�TUBBU�OJFU�JO�WPPS�EF�BDUVBMJUFJU
�KVJTUIFJE�FO�WPMMFEJHIFJE�WBO�EF�HFCPEFO�JOGPSNBUJF
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(b) NAPN single-acting sealing [18]
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&FO�QOFVNBUJTDIF�[VJHFSBGEJDIUJOH�NFU�HSPFWFO�
BBO�EF�[JKLBOUFO�WBO�EF�BGEJDIUJOH�
%F�BGEJDIUJOH�LBO�EBBSEPPS�BBO�CFJEF�LBOUFO�PQ�
ESVL�HFBDUJWFFSE�XPSEFO�
%PPS�IFU�DPNQBDUF�POUXFSQ�JT�EF[F�BGEJDIUJOH�[FFS�
HFTDIJLU�WPPS�LPSUF�CFXFHJOHFO
�[PBMT�JO�BGTMVJUFST�
FO�LPSUF�TMBH�DJMJOEFST�
)FU�BGHFSPOEF�BGEJDIUJOHQSPåFM�NFU�IFU�ýFYJCFMF�
NJEEFOHFEFFMUF�HFFGU�EF�KVJTUF�TUJKGIFJE�JO�
DPNCJOBUJF�NFU�FFO�MBHF�XSJKWJOH
�XBBSEPPS�FFO�
FGGFDUJFWF�TNFFSåMN�POUTUBBU�
 
Materiaal

Compound
���/#3�������
 
Bedrijfsomstandigheden

P
���CBS��
��.1B

V
���
��N�TFD

Medium
4DIPOF
�ESPHF�FO�PMJFWSJKF�TBNFOHFQFSTUF�MVDIU�	OB�
IFU�JOWFUUFO�WPPS�EF�NPOUBHF
�

T
������$�UPU�������$

Installatievoorwaarden

Toleranties

Diameter D
H10

Diameter d
I��

Diameter zuiger df
E���C���	CJK�LVOTUTUPG

 
Bewerkingen

Ruwheid loopvlak
 ◾ 3NBY����
���N
 ◾ 3Q�3[����
��
 ◾ UQ�	����3NBY
������������

Ruwheid bodem groef
 ◾ 3NBY�������Nø
 ◾ 3Q�3[����
�

 
Montage
7PPS[JDIUJHF�NPOUBHF�JT�FFO�FFSTUF�WFSFJTUF�PN�EF�
BGEJDIUJOH�HPFE�UF�MBUFO�GVODUJPOFSFO�
%F�BGEJDIUJOH�XPSEU�JO�FFO�POHFEFFMEF�HSPFG�
HFNPOUFFSE�

L+0,1

Ø DF 
d10

*

Ø DN H10 

Ø d1

H

Ø DN 
H11

15º

b10 Z

Afgerond en vrij van bramen

%JTDMBJNFS��#JK�EF�TBNFOTUFMMJOH�WBO�EF�JOIPVE�WBO�EF[F�JOGPSNBUJFESBHFS�JT�EF�HSPPUTU�NPHFMJKLF�[PSHWVMEJHIFJE�CFUSBDIU��%F�NPHFMJKLIFJE�CFTUBBU�EBU�CFQBBMEF�JOGPSNBUJF�OB�
WFSMPPQ�WBO�UJKE�WFSBOEFSU
�OJFU�NFFS�KVJTU�PG�POWPMMFEJH�JT��&3*,4�TUBBU�OJFU�JO�WPPS�EF�BDUVBMJUFJU
�KVJTUIFJE�FO�WPMMFEJHIFJE�WBO�EF�HFCPEFO�JOGPSNBUJF
�EF[F�JT�OJFU�CFEPFME�BMT�
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Rounded and free of burrs 

(c) PK double-acting sealing [19]

pagina

D
10

48
02

00
00

1-
nl

_2
0.

08
.2

01
5

Hydrauliek en pneumatiek afdichtingen | Stangafdichtingen

&3*,4� CW� t� 1PTUCVT� ���� t� ����� #,� "MLNBBS� t� 5� ���� ��� ���� ��� ��� t� JOGP!FSJLT�OM� t� XXX�FSJLT�OM

Merkel compactafdichting KDN 
 

 1/1

          

&FO�QOFVNBUJTDIF�[VJHFSBGEJDIUJOH�NFU�HSPFWFO�
BBO�EF�[JKLBOUFO�WBO�EF�BGEJDIUJOH�
%F�BGEJDIUJOH�LBO�EBBSEPPS�BBO�CFJEF�LBOUFO�PQ�
ESVL�HFBDUJWFFSE�XPSEFO�
%PPS�IFU�DPNQBDUF�POUXFSQ�JT�EF[F�BGEJDIUJOH�
[FFS�HFTDIJLU�WPPS�FFO�POUXFSQ�NFU�LPSUF�[VJHFS
�
CJKWPPSCFFME�LPSUF�TMBH�DJMJOEFST�
)FU�BGHFSPOEF�BGEJDIUJOHQSPåFM�NFU�IFU�ýFYJCFMF�
NJEEFOHFEFFMUF�HFFGU�EF�KVJTUF�TUJKGIFJE�JO�
DPNCJOBUJF�NFU�FFO�MBHF�XSJKWJOH
�XBBSEPPS�FFO�
FGGFDUJFWF�TNFFSåMN�POUTUBBU�
 
Materiaal 

Compound
���/#3����
 
Bedrijfsomstandigheden

P
���CBS��
��.1B

V
���
��N�TFD

Medium
4DIPOF
�ESPHF�FO�PMJFWSJKF�TBNFOHFQFSTUF�MVDIU�	OB�
IFU�JOWFUUFO�WPPS�EF�NPOUBHF
�

T
������$�UPU�������$
 
Instalatievoorwaarden
 

Toleranties
/PNJOBMF�EJBNFUFS�%
�MPPQWMBL�)��
�HSPFGCPEFN�
I��
�[VJHFSWMBL�I���
 
Bewerkingen

Ruwheid loopvlak
 ◾ 3NBY����
���N
�3Q�3[����
���N

 ◾ UQ�	����3NBY
������������

Ruwheid bodem groef
3NBY�������N
�3Q�3[����
�
 
Montage
7PPS[JDIUJHF�NPOUBHF�JT�FFO�FFSTUF�WFSFJTUF�PN�EF�
BGEJDIUJOH�HPFE�UF�MBUFO�GVODUJPOFSFO�
%F�BGEJDIUJOH�XPSEU�JO�FFO�POHFEFFMEF�HSPFG�
HFNPOUFFSE�

0,1   A

A

Ø DN Ø DF 
d10

*

Ø DN 
H11

Ø dN h10

H

Ø dN

max. R 0,5

1º

R 0,2+0,1

L+0,1

1º

b10

max. R 0,5

R 0,2+0,1

%JTDMBJNFS��#JK�EF�TBNFOTUFMMJOH�WBO�EF�JOIPVE�WBO�EF[F�JOGPSNBUJFESBHFS�JT�EF�HSPPUTU�NPHFMJKLF�[PSHWVMEJHIFJE�CFUSBDIU��%F�NPHFMJKLIFJE�CFTUBBU�EBU�CFQBBMEF�JOGPSNBUJF�OB�
WFSMPPQ�WBO�UJKE�WFSBOEFSU
�OJFU�NFFS�KVJTU�PG�POWPMMFEJH�JT��&3*,4�TUBBU�OJFU�JO�WPPS�EF�BDUVBMJUFJU
�KVJTUIFJE�FO�WPMMFEJHIFJE�WBO�EF�HFCPEFO�JOGPSNBUJF
�EF[F�JT�OJFU�CFEPFME�BMT�
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(d) KDN double-acting sealing [20]

Fig. 27: Guidelines for groove dimensions for the sealing mechanisms
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FPFLX FF
x #$

FPFLX FF
x #$

(a)

FPFLX FF
x #$

FPFLX FF
x #$

(b)

Fig. 28: FBD for the extending(a) and retracting stroke(b)

Fig. 29: A picture of the initial test setup consisting of an
electrical cylinder (A) with its power source (B), a laser

sensor (C), a force sensor (D), a pressure sensor (E), the test
model (F), a pressure inlet with manual control valve (G), a
box with electronical components (H) connecting the sensors

via LabVIEW to a computer (I).

sensor (E), which is connected to the 3D-printed tested piston-
cylinder system (F). On the other side of the test model, an
air inlet is connected via a manual control valve (G). The data
is gathered via an electrical circuit (H) and transferred via
LabVIEW to the computer (I). Two tests were performed to
validate the test rig and find irregularities.

2) Initial dynamic leakage test: The first test performed
was the dynamic leakage test. To validate the results of this
test, the test was performed with the same model for several
different aspects which might influence the results.

• We checked if the pressure sensor provides a value of
0MPa when no pressure is applied.

• We checked if moving the air tubes around during the
test could have an influence on the leakage results.

• We checked the influence of proper closing the manual
control valve.

• We checked the influence of the orientation of the piston
in the cylinder during the test.

• We checked if the non-axial gravitational force of the
piston created a deviation in the results.

3) Initial friction force test: The second test performed was
the test to determine the friction force in the test model. Some
validation steps were performed on the test model.

• We checked if the pressure sensor provides a value of
0MPa when no pressure is applied.

• We checked if the force sensor provides a value of 0N
when no force is applied.

• We checked if the pressure remained constant during the
tests.

• We checked if the friction force showed a logical be-
haviour, showing a negative value for the extending stroke
and a positive value for the retracting stroke.

• We checked the influence of the orientation of the piston
in the cylinder during the test.

C. Results and discussion
1) Initial dynamic leakage tests: Figure 30 shows the

results of one of the performed tests. Some of the factors did
show an influence on the initial results.

• The pressure sensor gives a value of almost 0MPa when
there is no pressure on the system. However, the sensor
gives a gauge pressure as output. As the atmospheric
pressure slightly changes over the course of several days,
this can give a small deviation. Therefore, prior to starting
every test an offset value was applied to ensure a starting
pressure of 0MPa.

• The connecting tubes should not be moved too much
during the test, because this may result in leakage at the
connecting parts.

• It is important to properly close the manual control valve
before starting the test. When the tap is only slightly
opened, air can leak through.

• The orientation of the piston in the cylinder did not show
different tests results with this validation step.

• Due to gravity of the piston, the angle of the piston
slightly changed during the test. This should be coun-
teracted to prevent leakage.

• Furthermore, during the test checks, we found out that
pneumatic connectors which connect the system to the
manual control valve only work properly when the air
tube is cut in a neat straight line. We therefore checked
all the connectors prior to the test.

2) Initial friction force tests: The raw data of the sensors
is shown in Figure 31(a). We can see in this figure that during
the test the pressure does alternate slightly between the set
pressure level. This phenomenon can have three explanations;

• First of all, the total volume of the system slightly
changes when the piston moves back and forth. To test
this theory we added an extra volume to the system.
However, this did not have an effect on the gathered data.

• The second factor of influence could be the maximum
flow rate which can be reached due to the relatively
narrow air tubes.



22

(a) Test 1

(b) Test 2

(c) Test 3

Fig. 30: The dynamic leakage test, repeated three times

• The third reason for these value is the hysteresis in the
pressure sensor.

To take the pressure difference into account when calculating
the frictional force, we calculated the theoretical force with the
data from the pressure sensor with equation (2). The theoreti-
cal force and the measured force can be seen in Figure 31(b).
The friction force was then determined by taking the difference
between the theoretical force and the force measured by the
force sensor, see equation (3). The friction force determined
for this initial test can be seen in Figure 31(c). Remarkable
when looking at this figure is that the dynamic friction force
stays positive at all time. The other steps performed for the
validation helped finding the results of this irregularity.

• We checked the value of the force sensor when no force
was applied. This value was just above zero. In the final
test an offset value was applied to ensure a starting force
of 0N.

(a)

(b)

(c)

Fig. 31: (a) The raw data of the initial friction test, (b) the
measured force compared to the calculated force based on
the pressure input, and (c) the calculated dynamic friction

force.

• We checked the scaling of the force sensor. The method
to perform this check is explained in Appendix E. We
hereby found that the sensor gives the right value, but that
proper alignment of the force on the sensor is important
to prevent measuring non-axial forces.

• The pressure sensor gives a value of almost 0MPa when
there is no pressure on the system. However, the sensor
gives a gauge pressure as output. As the atmospheric
pressure slightly changes over the course of several days,
this can give a small deviation. Therefore, prior to starting
every test an offset value was applied to ensure a starting
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pressure of 0MPa.
• Just like the force sensor, we checked the value of the

pressure sensor. We compared our sensor with another
sensor, these results are presented in Appendix E. We
found out that the used pressure sensor in this study gave
a slightly higher value compared to the other the sensor.

• We checked our test setup for possible deflection. We
discovered visible deflection in the wooden base plate
and in the 3D-printed part which was designed to hold
the cylinder in its position during the test.

D. Conclusion - Improvements on the test setup

Following these two tests, we implemented some improve-
ments for the final test rig.

• Before starting the tests, the connecting elements were
checked for proper sealing. All the air tubes were cut in
a neat way to prevent leakage.

• An offset value was applied to the sensors prior to every
test to ensure a starting pressure of 0MPa and a starting
force of 0N.

• A part was designed to hold the manual control valve and
its connectors in place during the test. This made sure we
could easily close the valve completely and movements
of the connectors during the leakage test was prevented.

• To make sure the piston stayed aligned during the entire
test, a hole was created at the end of the piston. The force
sensor was equipped with a protruding part to ensure
alignment of the piston during the test.

• During the testing, we discovered that during high-
pressure moments up to 10MPa, a deflection could be
seen in the connecting wooden plate. As a solution for
this we could either change the thickness of the plate, or
choose a material with a higher stiffness. We chose to
use an aluminium frame for the final test rig.

• Another part was deflecting too much during the tests;
the 3D-printed part which was connecting the test model
to the test rig. The proposed solution was again to change
the shape, or the material of which the model was made.
In the final design we decided this part was used only for
aligning the test model. An aluminium frame was added
to withhold the high axial forces occurring during the
tests.

• The alignment of the test model, the force sensor and
the electrical cylinder is important to make sure only the
axial force is measured. Using the aluminium frame as a
base solves this issue.

APPENDIX E
VALIDATION OF THE SENSORS

A. Force sensor

The validation of our force sensor consisted of two tests.
1) Masses below the sensor: In the first test a known force

was compared to the force measured by the sensor. The known
force was provided by the gravitational force of the known
masses. The masses were placed on top of each other on a
hanger with a hook, which hung directly under the sensor see

(a)

(b) (c)

Fig. 32: The setup to validate the force sensor (a). Known
masses (b) are placed below the force sensor (c).

Figure 32. They were placed just above the ground for safety
reasons. The force was measured with the force sensor and
compared to the theoretical force based on the known mass.
The results of this test can be found in Table VIII.

2) Masses above the sensor: In the second test the same
known masses were placed above the force sensor (see Fig-
ure 33). This second test was performed to detect the influence
of moments acting on the force sensor. These moments arise
when the masses are not perfectly aligned above the force
sensor. The masses were added in the same order as during the
previously described test, with the masses hanging below the
sensor. For every extra mass the measured force was compared
to the theoretical force. Table IX gives the result of this test.
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TABLE VIII: The validation of the force sensor, with known masses placed below the sensor

Masses (kg) Total mass (kg) Theoretical force (N) Measured force (N) � Force(N)

0 0 0 0 0
0,507 0,507 4,97367 5,3 0,32633
0,507 + 0,979 1,486 14,57766 14,7 0,12234
0,507 + 0,979 + 2,028 3,514 34,47234 34,6 0,12766
0,507 + 0,979 + 2,028 + 2,047 5,561 54,55341 54,7 0,14659
0,507 + 0,979 + 2,028 + 2,047 + 2,057 7,618 74,73258 74,9 0,16742
0,507 + 0,979 + 2,028 + 2,047 + 2,057 + 2.072 9,69 95,0589 95,1 0,0411
0,507 + 0,979 + 2,028 + 2,047 + 2,057 + 2.072 + 5 14,69 144,1089 144,2 0,0911
0,507 + 0,979 + 2,028 + 2,047 + 2,057 + 2.072 + 5 + 10 24,69 242,2089 242,4 0,1911
0,507 + 0,979 + 2,028 + 2,047 + 2,057 + 2.072 + 5 + 10 + 5 29,69 291,2589 291,4 0,1411

TABLE IX: The validation of the force sensor, with known masses placed on top of the sensor.

Masses (kg) Total mass (kg) Theoretical force (N) Measured force (N) � Force(N)

0 0 0 0 0
0,439 0,429 4,20849 4,4 0,19151
0,439 + 0,979 1,408 13,81248 14,1 0,28752
0,439 + 0,979 + 2,028 3,436 33,70716 34 0,29284
0,439 + 0,979 + 2,028 + 2,047 5,483 53,78823 54,3 0,51177
0,439 + 0,979 + 2,028 + 2,047 + 2,057 7,54 73,9674 74,8 0,8326
0,439 + 0,979 + 2,028 + 2,047 + 2,057 + 2.072 9,612 94,29372 95,4 1,10628
0,439 + 0,979 + 2,028 + 2,047 + 2,057 + 2.072 + 5 14,612 143,34372 145,5 2,15628

Fig. 33: The validation of the force sensor. Known masses
are placed above the sensor

B. Difference between the two tests

The tests were compared to find the influence of moments
acting on the force sensor on the accurate measurements of
axial forces. A visualisation of the results of both these tests
can be found in Figure 34. These results show us that if the
force is not perfectly aligned with the force sensor an error
in the measurement can occur. Within this test the error was
about 1.5% when the masses were placed above the sensor.
These results show us that if the force sensor is not perfectly
aligned with the piston-cylinder system, an error can occur in
our measurements.

C. Pressure sensor

As a validation for our pressure sensor, we connected our
sensor to another available sensor and measured the pressure
at different pressure points with two sensors simultaneously.

Fig. 34: Validation of the force sensor

Fig. 35: Validation of the pressure sensor
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TABLE X: Pressure sensor validation

Pressure sensor value (MPa) Compared pressure sensor value (MPa) �p (MPa)

0.028 0.029 -0.001
0.111 0.113 -0.002
0.151 0.153 -0.002
0.199 0.202 -0.003
0.217 0.220 -0.003
0.269 0.274 -0.005

Before taking the measurements we waited for the two sensors
to stabilise on the set value. The pressure sensor which was
used for comparison was calibrated up to 0.25MPa (2.5 bar).
The results of this comparison can be seen in Table X and
visualised in Figure 35. At 0.25MPa the pressure of the sensor
used in this study was about 2% lower than the sensor used
for comparison.

APPENDIX F
TECHNICAL DRAWINGS

The technical drawings of the tested models can be found
on the final pages.


















