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MRI-Compatible Pneumatic Actuation Unit for a
Self-Propelling Needle

Bruce Hoppener
Mechanical Engineering, Delft University of Technology, Delft, The Netherlands

✦

Abstract—Focal laser ablation is a new, promising method to
treat tumors. The current focal laser ablation approach is to
insert an optical fiber into the patient using rigid needles. A side
effect of this approach is that during the needle insertion, tissue
damage occurs. The larger the diameter of the needle, the more
tissue damage. If the diameter of a rigid needle is reduced, the
risk increases that buckling occurs during insertion. Buckling
can result in tissue damage due to unwanted movements of
the needle tip. By using wasp-inspired, self-propelling needles,
the size of the needles can be reduced, thereby reducing tissue
damage, while preventing needle buckling. The needle can ad-
vance through tissue with no net insertion force by moving paral-
lel needle segments in a specific order. In this work, we present
the design and evaluation of an MRI-compatible, pneumatic
actuation unit for such a self-propelling needle. A prototype was
created that was, except for the screws that were used, fully 3D
printed with MRI-compatible materials. Guidelines were formed
on how to approach such a 3D-printing process. The screws
were also made of an MRI-compatible material. The prototype
has the option to change the distance that the needle segments
travel each cycle, called the stroke. By using a control unit for the
air supply of the prototype, the needle segments were moved
automatically. The needle consists of six needle segments with
a diameter of 0.25 mm. We tested the performance of the
prototype in 10 wt% gelatin tissue phantoms in terms of the
slip ratio of the needle with respect to gelatin tissue phantoms.
The results showed that the prototype was functional for small
strokes (i.e., 2 mm and 4 mm), as the needle was able to
advance through 10 wt% gelatin tissue phantoms using the self-
propelling mechanism with a mean slip ratio of 0.912-0.955. The
prototype is the next step in developing self-propelling needles
suitable for focal laser ablation to treat tumors.

Keywords— additive manufacturing, pneumatic
actuator, medical needle, magnetic resonance imaging,
biologically inspired design.

Abbreviations
PLA Polylactic acid
SLA Stereolithography
MRI Magnetic resonance imaging

Nomenclature
SR Slip ratio
F Force (N)
d Distance (mm)
x Position (mm)
P Pressure (bar)

1 INTRODUCTION

1.1 Focal Laser Ablation
Ablative procedures are a popular, clinically accepted
method to treat tumors. Although various ablative pro-
cedures exist, the instruments for these procedures all are
needle-like instruments that are inserted into the tumor,
whereafter the ablative procedure is started, eliminating
the tumor by using some form of energy. An advantage
of using ablative procedures is that the procedure is min-
imally invasive [1, 2]. A minimally invasive procedure is
a procedure where the instruments are inserted through
one or more small incisions called “ports” [3]. These
types of procedures have shorter recovery times and
less tissue damage compared to conventional surgical
operations [4]. One form of such an ablative procedure is
focal laser ablation. Focal laser ablation works by using
an infrared laser, through an optical fiber, to locally elimi-
nate the tumor with heat [5]. The laser creates precise and
reproducible ablation zones while creating no or little
changes in the tissue outside the ablation zones [6].

In current clinical usage, for the percutaneous ap-
proach, the flexible laser fiber is inserted by using rigid
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Fig. 1: (a): Parasitic wasp with a close-up view of the tip of the
ovipositor [12]. (b): Ovipositor of one of the parasitic wasp species,
consisting of three valves, with each of the valves colored with a
different color, adapted from [13].

needles or needle-like instruments [5–7]. These needles
are inserted by pushing them through the tissue. Due
to the complex cutting process during needle insertion,
tissue damage and tissue deformation of tissue around
the needle occurs [4, 8]. The tissue damage is partly due
to the dragging of the needle surface along the tissue
[4]. The larger the needle diameter, and thus the needle
surface, the larger the tissue damage [9]. Although some
methods to reduce tissue damage and tissue deformation
during insertion were created, they frequently conflict
with standard clinical needles and may be challenging
to apply [4]. Van den Berg et al. [9] stated that the largest
factor for tissue damage is the needle size, meaning that
reducing the needle size will reduce the tissue damage.
This holds for when the needle follows its desired tra-
jectory. Needle-like instruments can lose their desired
trajectory due to buckling. Buckling is a mechanical fail-
ure mode where a compressive load causes the needle to
deflect laterally, making the configuration unstable. This
can result in tissue damage due to unwanted movements
of the needle tip [10]. Therefore, to minimize tissue dam-
age for needle-like instruments that require a pushing
force to advance through the issue, an optimum needle
size should be found, as larger needles increase tissue
damage, and smaller needles increase the risk of buckling
[9, 11].

1.2 Wasp-Inspired Needles
In an attempt to minimize tissue damage and reduce
the risk of buckling, self-propelling needles inspired by
the egg-laying channel, the ovipositor, of parasitic wasps
have been developed [14, 15]. These kinds of wasps lay
their eggs by making holes in a variety of materials
including wood [16]. In general, all species of parasitic
wasps with an ovipositor have a similar ovipositor shape
[11]. Figure 1a depicts one of the parasitic wasp species
with a close-up of the tip of the ovipositor. The ovipositor

consists of three functional segments, also called valves
[11]. Figure 1b depicts the ovipositor with each of the
valves differently colored. These valves are connected by
a joint and groove mechanism and can move relatively
from each other in the axial direction (x-direction in
Figure 1b) [13]. Some species have backward-facing teeth
on the tip of the ovipositor, to anchor the ovipositor in the
material [16, 17]. By pushing one valve at a time, while
pulling at the other (anchored) valves, the valve that is
being pushed advances in the tissue. By repeating this
process for each valve, one valve at a time for a small
distance, the ovipositor advances through the tissue
[15, 16]. The ovipositor is a slender, hollow device, which
makes it prone to buckling [11]. Although little about the
buckling prevention mechanism is known, it is thought
that buckling is prevented due to the small distance it
travels each step of the repeated process [11]. By using
the ovipositor as inspiration, needles can be developed
that are small enough to reduce tissue damage, while
having a buckling prevention mechanism [14].

Figure 2 shows the wasp-inspired needle, as devel-
oped by Scali [14]. The needle consists of six parallel
needle segments held together by rings and a shrinking
tube at the tip. Because the needle segments are of round
shape, with a diameter of 0.25 mm, and do not have the
joint and groove mechanism like the ovipositor, the total
needle diameter is as low as 0.84 mm [14]. Although it
does not use the same interlocking mechanism as the
ovipositor, it does use the same method to advance
through tissue. To advance the needle through tissue,
the needle repeats cycles of motion. For a cycle to com-
plete, first the segments advance through the tissue one
by one, or in some cases, two by two, followed by a
pulling motion on all segments simultaneously. Figure 3
schematically depicts the forces on the needle consist-
ing of i needle segments, when advancing j number of
segments through tissue. The insertion force, Fin,i, is the
total insertion force acting on the needle. The friction
force Ffric,j and the cutting force Fcut,j work on j number
of advancing segments. The friction force acting on the
stationary segments is Ffric,k. For the needle to be self-
propelling, the net insertion force has to be zero:

N∑
i=1

Fin,i = 0 (1)

where N is the total number of segments. For Equation 1
to hold, the sum of the friction and cutting force of the
advancing segments have to be equal to the friction force
of the non-advancing segments:

a∑
j=1

(F fric,j + F cut,j) = −
na∑
k=1

F fric,k (2)

where a is the number of advancing segments and na is
the number of non-advancing segments [14, 15].

A number of studies researched the forces acting
on a needle when inserted with a pushing force into
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tissue. The force on the needle is positively correlated
with insertion speed and insertion depth [18, 19]. For
increasing speed, frictional forces increase considerably
more quickly than cutting forces [20]. Another factor for
increasing axial forces is the needle diameter. For larger
diameters, the axial forces also increase [20]. Besides
the needle speed, the insertion depth, and the needle
diameter, the forces are also dependent on the material
it is inserted in, and the shape of the needle tip [18–23].
In biological material, peaks in force can be measured
when rupture events occur. Rupture events occur due to
variability in the structure of biological tissue [21]. Due to
the large number of variables that influence the forces on
the needle during insertion, the needle-tissue interaction
forces are hard to predict [19].

1.3 Problem Statement and Goal

Focal laser ablation happens under constant monitoring
of an imaging technique. Magnetic resonance imaging
(MRI) offers excellent soft-tissue contrast and allows for
constant monitoring of the ablation zone, making it an
excellent imaging technique for ablative procedures. MRI
also allows for monitoring of temperature, in comparison
with other imaging techniques, where temperature sen-
sors are used to monitor the temperature of the ablation
zone [25, 26].

To our knowledge, up to this date self-propelling,
ovipositor-inspired needles are actuated manually [27] or
by electromagnetic motors [15]. Electromagnetic motors
allow for the adjustment of the cycle interval times,
however, they interfere with the magnetic field inside
MRI scanners. Although the manual actuation unit can
be used inside MRI scanners, our prototype should be
able to allow for adjustment of the interval times of the
needle cycles. Thus, the main goal of this study is:

To design an MRI-compatible, pneumatic actuation
unit for a self-propelling, ovipositor-inspired needle
consisting of six needle segments.

Sub-goals of this study are:

• To design a pneumatic actuation unit with an ad-
justable output stroke, where the stroke is the dis-
tance that each needle segment travels per cycle.

• To design the actuation unit in such a way that it is
possible to lock and change the needle segments of
different sizes.

• To design a control unit, capable of actuating the
actuation unit so that the output of the system is a
cycle with an adjustable interval time, as previously
described in Section 1.2, while using a single air
input.

• To manufacture a complete prototype for the ac-
tuation unit and the needle consisting of MRI-
compatible materials.

• To design the actuation unit in such a way that in
the future, an optical fiber for focal laser ablation
could be inserted in the core of the needle.

1.4 Structure
First, the requirements of the system are discussed in
Section 2. Then, each part of the designed system is
discussed in Section 3. Next, the prototype which is used
for the experiments is discussed in Section 4. The eval-
uation of the prototype using experiments is discussed
in Section 5. The discussion can be found in Section 6.
Finally, Section 7 contains the conclusion.

2 REQUIREMENTS

2.1 Must Haves
To start the design process, a list of requirements for
the system (control unit, actuation unit, and needle)
was created. The must-have requirements are the
requirements that must be met in order for the system to
be successful.

2.1.1 Performance
1) Adjustable stroke. The stroke of the needle segments

should be adjustable between 1-10 mm in the actu-
ation unit, with a precision of at least 1 mm. This is
so it can be compared with the measurements done
by Scali [14] and Pusch [15], who both used strokes
of 2 mm, 4 mm, and 6 mm.

2) Actuation cycle. The actuation unit has to be able
to move the segments in different orders, meaning
each segment should be separately controllable for
the forward motion. For the backward motion, the
segments are moved back simultaneously.

3) Input air pressure. The minimum required input air
pressure for the actuation unit to work should not be
higher than 3.79 bar (55psig), as the range we found
for medical air pressure is 3.79-7.2 bar [28–30]. For
lower required air inputs a pressure regulator can
lower the pressure.

4) Force. The output force of the actuation unit should
be within the range of 0.3-0.75 N. Because, based
on literature [18–23], it is hypothesized that this is
sufficient, with a margin for uncertainty, for insert-
ing needle segments with a diameter up to 0.25 mm
into 10 wt% gelatin. Our needle size is comparable
to the size of Aaboubout et al. [23], who use needles
up to a diameter of 0.31 mm in biological tissue and
measure maximum (peak) insertion forces of 0.6 N.
A minimum of 0.3 N is chosen as this is thought to
be sufficient to move the needle through the tissue.
With 0.6 N as a maximum and a safety factor of 1.25,
this results in a maximum force of 0.75 N.

5) Segment attachment. The needle segments can be
attached and detached from the actuation unit.

6) Speed The output speed of the actuation unit should
at least be 2 mm/s, to compare it with the state-of-
the-art [14, 15].

7) Safety. The actuation unit is safe to use while the in-
put air pressure is applied. Precautions for potential
parts flying away should be taken.
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Fig. 2: Wasp-inspired needle developed by Scali [14]. The needle consists of six parallel needle segments with a diameter of 0.25 mm per segment.
The segments are actuated by an actuation unit with six linear stepper motors [24].

Fig. 3: Wasp-inspired needle insertion in tissue (pink), with shrinking
tube (blue) at the tip of the needle. The needle segments are separately
advanced through the tissue by insertion force Fin,i. The cutting force
Fcut,j acting on the advancing segment is compensated by the static
friction force on the stationary segments, Ffric,k. Ffric,j is the friction force
on the advancing segments.

Fig. 4: Setup of the system, containing the control unit, the actuation
unit, and the needle, inside the operating room. The control unit is
placed in the control room, outside of the MRI scanner. The actuation
unit and the needle are placed inside of the MRI scanner.

2.1.2 Dimensions
8) Actuation unit. For the instrument to be a handheld

instrument, the length of the actuation unit is within
the range of 50-150 mm. The largest diameter of the
actuation unit is within the range of 10-60 mm.

9) Option to implement laser fiber. The actuation unit has
the option to implement a laser fiber with a diameter
of up to 0.5 mm, to comply with the dimensions of
state-of-the-art laser fibers [31–33].

10) Segment Compatibility. The actuation unit is compat-

ible with needle segments with a diameter of 0.1-
0.25 mm, to compare it with the state-of-the-art,
where segments with a diameter of 0.125-0.25 mm
were tested [14]. The minimum length of the needle
segments is 100 mm.

11) Maximum unsupported needle length. The maximum
unsupported needle length inside the actuation unit
is 10 mm, to avoid buckling, as described by Pusch
[15].

2.1.3 Materials
12) MRI compatible. The actuation unit and the needle

will be used inside the MRI scanner (Figure 4). Thus,
the materials used for the actuation unit and the
needle should be MRI compatible, meaning they
should be nonferrous [34].

2.2 Nice to Haves
Besides the functional requirements, a list of nice-to-have
requirements was created. At this point, the concept
does not have to fulfill the nice-to-have requirements,
however, if these requirements can be met it would
already be beneficial. The nice-to-have requirements that
are not met can be an addition to future work.

13) Costs. The upper boundary for the total costs of
the system, including the costs for the off-the-shelf
components, is $1000.

14) Lightweight. It is wished that weight of the actuation
unit is within the range of 10-2000 g. As 2000 g is
the highest weight that surgeons would tolerate for
handhold tools according to Nakajima & Schwarz
[35].
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Fig. 5: (a): Design of the actuator with the piston housing (yellow),
the piston stop (blue), the piston (grey), and the piston guidance (red).
For forward motion (piston translates over the positive x-axis), air is
inserted in inlet 1. For backward motion (piston translates over the
negative x-axis), air is inserted in inlet 2. (b): Design of the piston base
area. Rpiston is the radius that is used to design the piston. Rfillet is the
radius of the fillets.

15) Bio-compatibility. The materials of the needle that
are in contact with the patient during focal laser
ablation should be biocompatible.

3 DESIGN

3.1 Actuation Unit
3.1.1 Actuator Design
For the design, first, a morphological chart was created.
The morphological chart contains geometrical functions,
including shape, placement, and orientation. It also con-
tains functions for some of the requirements. An example
of this is the function to adjust the output stroke of
the needle segments. Appendix A contains this morpho-
logical chart. Each solution comes with advantages and
disadvantages over the others, only the main functions
with the most promising solutions are discussed.

The actuator, depicted in Figure 5a, consists of the
piston housing (yellow in Figure 5a), the piston stop
(blue in Figure 5a), the piston (grey in Figure 5a), and
the piston guidance (red in Figure 5a). The actuator is
designed in such a way that the piston has one degree
of freedom that is translation along the x-axis in Fig-
ure 5a. The piston housing is the housing in which the
piston translates. The piston housing for one actuator
contains two inlets that can be connected to an air supply
to pressurize the chambers of the piston housing and
the piston stop. By letting air through inlet 1 (see Fig-
ure 5a), the pressure builds up behind the base of the
piston, causing the piston to move forward (positive x-
direction). By letting air through inlet 2, the air will flow
via the chamber in the piston stop until it reaches the
piston base. Then, pressure builds up causing the piston
to move backward (negative x-direction). By using this
mechanism, the pressure pushes the piston back, rather
than pulling it back with a negative gauge pressure. A
theoretical minimum gauge pressure of -1 bar is achiev-
able. In practice, this would not be reachable because the
valves have a working range of up to -0.9 bar [36] and the
actuator might not be fully airtight. To have the option to
increase the pressure to more than 1 bar gauge pressure,

it is chosen to use a positive gauge pressure with two
inlets.

Figure 5b depicts the shape of the base of the piston.
As it is wished that the design of the actuation unit is as
small as possible, the shape of the pistons can be an im-
portant factor in the total diameter of the actuation unit.
To use the space as efficiently as possible, all pistons form
a circle together. Since there are six pistons, each piston
has the shape of 1/6th of a circle (α = 60◦), with Rpiston
as radius. Rfillet is the radius of the fillets. It was chosen
to use a cylindrical design because the needle segments
form a circle together. This way it allows for a simple
design to actuate the needle segments and let them come
together in a cylindrical shape. Besides this, a cylindrical
design of the actuation unit also makes it easy for the
instrument to be handheld in future design iterations of
the pneumatic actuation unit for self-propelling needles.

As discussed in Section 2, Requirement 4 states that
the output force of the actuation unit should be within
the range of 0.3-0.75 N. Assuming that the actuator de-
sign is airtight enough, the output force of the actuation
unit is related to the input pressure of the actuation unit
with the following formula:

F = P ∗A (3)

Where P is the gauge pressure, F is the force and
A is the area of the piston base. The gauge pressure
is the pressure in the actuator, relative to the ambient
atmospheric pressure. Since the input air pressure can be
adjusted within a range of 1-3.79 bar (Requirement 3), the
output force can be adjusted by adjusting the input air
pressure. This would mean that, in theory, the minimum
area could be reduced as long as the pressure can be
increased. However, due to limitations of the mechanical
properties of the 3D-printed material, an optimum has
to be found. To keep pressures inside the actuator as
low as possible, the piston base area was calculated
(Appendix E) by using a gauge pressure of 0.1 bar, which
corresponds with an input pressure of 1.1 bar. At this
pressure, an output force of 0.3 N was chosen to comply
with the minimum force as stated in Requirement 4. In
case this is not high enough, the force can be increased by
increasing the input air pressure. This results in an area
of the piston base of 30 mm2. For the final dimensions
for the piston base, Rpiston is 7.6 mm and Rfillet is 0.3 mm.

3.1.2 Adjustable Stroke Mechanism
To adjust the piston stroke, an internal stop, the piston
stop, was designed. The piston stop fits into the piston
housing and is limited from sliding out of the housing
by the piston guidance (red in Figure 5). The piston stop
limits the axial movement of the piston base, therefore
also limiting the axial movement of the piston itself. For
the smallest stroke, the piston stop is moved and attached
at a position closest to the piston housing (negative x-
direction), whereas for the largest stroke the piston stop
is moved and attached at a position furthest from the
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Fig. 6: Cross-section of the actuation unit. With the piston housing (1), the piston stop (2), the piston (3), the piston guidance (4), the piston tip (5),
screws to attach the piston tip to the piston, and the needle segment (6), the inner part of the nose (7), and the outer part of the nose (8). In the
upper right corner is the coordinate system used to describe motions.

piston housing (positive x-direction). The piston guid-
ance, which can be seen in the exploded view of the
actuation unit (Figure 8), contains three bars to attach
the piston guidance to the piston housing. To lock the
piston stop at the desired stroke, plastic screws are used.
These screws go through an opening in the bars of the
piston guidance part, into a screw thread in the piston
stop. When untightened, the screws can slide through
this opening. Then, when tightened, the screws lock the
piston stop in place. The opening in the piston guidance
part contains stripe markings next to it. These markings
are spaced linearly with 1 mm in between so the stroke
can be read carefully with a precision of 1 millimeter.

3.1.3 Needle Attachment
To easily attach and detach the needle segments to the
actuation unit, an add-on tip for the piston was created (5
in Figures 6 and 8). The tip has one opening on each side,
one for the piston bar, and one for the needle segment.
It also contains two openings that contain screw thread.
Screws are chosen as this allows easy assembly and
makes it easy to attach and detach the piston tip from
both the piston itself and the needle segments.

The total actuation unit consists of six of the previ-
ously described actuators. These actuators are radially
spaced with inlet 2 (Figure 5) positioned laterally point-
ing in the negative x-direction, creating a circular overall
shape of the actuation unit. Inlet 2 is positioned laterally
so there is a possibility to add a lumen through the center
of the actuation unit for a possible laser fiber imple-
mentation, as per Requirement 9. Figure 6 and Figure 8
show the cross-section, and the exploded view of the
total actuation unit, respectively. The needle segments
enter the actuation unit at the tip of the nose of the

actuation unit. The nose guides the needle segments from
the larger diameter inside the actuation unit to a smaller
diameter at the tip of the actuation unit. By means of an
S-curve, this happens gradually and without buckling.
The largest diameter of the actuation unit is that of the
piston housing, with 34.2 mm. The total length of the
actuation unit is 100.5 mm.

3.2 Final Layout

The final layout of the design consists of the actuation
unit and the needle. To compare the designed actua-
tion unit with the state-of-the-art wasp-inspired, self-
propelling needles, a needle like the one from Scali [14] is
used. The needle consists of six nickel-titanium (Nitinol)
segments. The segments have a diameter of 0.25 mm
to be in line with Requirement 10. The length of the
segments is 250 mm, to have enough length to attach it to
the actuation unit, support the needle, insert the needle
in the tissue, and advance in the tissue. At the tip, the
needle segments are held together by a shrinking tube.
By attaching the shrinking tube to one needle segment,
the needle segments are free to move independently,
while the shrinking tube stays at the tip of the needle.

To connect the air tubes to the actuation unit, a set
of pins was designed. Figure 7 shows one of these pins.
These pins allow the air tubes to be placed over them on
one side, while the other side fits in the piston housing.
both sides fit with a tight fit, allowing for easy reassem-
bly, without the need to use glue in the prototype. For
each of the holes in the actuation unit, one pin was
used, resulting in a total of 12 pins. Figure 8 shows
the exploded view of the final actuation unit design,
excluding the pins.
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Fig. 7: One of the 12 3D-printed pins that connect the actuation unit
with the input air tubes coming from the control unit. A tube fits over
one side (left in the Figure) and the other side (right in the Figure) fits
in the actuation unit.

4 PROTOTYPE

4.1 Materials

Table 1 lists the parts and the material of the actuation
unit and the needle. Given that the actuation unit and
the needle should be MRI-compatible, the materials used
must be nonferrous [34]. Figure 9 shows the created
prototype of the actuation unit, which, excluding the
screws and the support structure, is made out of one
material, Formlabs Model V2 resin. The screws in the
piston tips and the screws to lock the piston stop are from
Toolcraft and are made from Polyamide [37]. To sup-
port the prototype during the measurements, a support
structure for the prototype was designed. Figure 9 shows
this transparent support structure, which is made from
polylactic acid (PLA). To ensure safety during the mea-
surements, a case for the prototype, also from PLA, was
designed. This is to prevent parts from shooting away
in the case of the prototype blowing apart. The lubricant
used for the actuation unit, as previously discussed in
Section 4.2.1, is a multi-purpose synthetic grease, with
syncolon (PTFE) [38].

The needle consists of six needle segments made from
Nitinol. The magnetic properties of Nitinol are compara-
ble to those of pure titanium, meaning it is paramagnetic
and thus MRI-compatible [39]. An advantage of using
Nitinol under MRI guidance is that it is clearly visible
on the images [39, 40]. The shrinking tube that holds
the needle segments together was made from polyester,
has an inner diameter of 0.81±0.05 mm, and has a wall
thickness of 0.013±0.002 mm [41]. The glue used to glue
one of the segments to the shrinking tube was made
from ethyl cyanoacrylate, which is popular due to the
low curing and because it can be used on a wide range of
substrates [42]. To support the needle segments, two sup-
port tubes made out of PLA were used. Finally, another
support structure to support the needle was designed.
This support structure was also made out of PLA.

TABLE 1: List of parts and the material they are made of for the
prototype of the actuation unit and the needle.

Part(s) Material
Actuation unit
Actuation unit, excluding screws Formlabs dental model V2 resin
Screws for the actuation unit (Toolcraft) Polyamide plastic
Support structure & prototype case PLA
Lubricant (Superlube) Synthetic, with syncolon (PTFE)
Needle
Needle segments Nitinol
Shrinking tube (Nordson Medical) Polyester
Gold gel glue (Pattex) ethyl cyanoacrylate
Rigid needle guide tube PLA
Support structure PLA

PLA, polylactic acid.

4.2 Manufacturing
4.2.1 Actuation Unit
As discussed in Section 4.1, the prototype of the
actuation unit, excluding the screws and the support
structure, was made out of one material, Formlabs
Model V2 resin. All these parts for the actuation unit
were 3D printed with a stereolithography (SLA) printer
(Form 3, Formlabs [43]). These types of printers use
light-sensitive resins which are polymerized layer-
by-layer during the printing. Although the materials
available are limited, these printers are very accurate
[44]. Figure 10 schematically shows the print process for
printing with these types of printers. First, in Figure 10a
the 3D model was created in Solidworks and prepared
by loading it into the 3D printer software. During the
preparation, the position of the model on the print bed is
determined and support is added. Then, after uploading
the model to the printer, the 3D printing of the model
starts (Figure 10b). For SLA printers, the print bed moves
upward while printing, while the resin stays stationary.
Due to this print method, the model including support
is printed upside down, hanging below the print bed.
After the model is printed, the print bed can be detached
and taken out of the printer. Now the print bed can be
flipped vertically, placed on a work area, and the model
can be removed. After removing the model from the
print bed, the model contains excess fluid resin on it,
which can be seen in Figure 11. To remove this excess
resin, the model is washed in alcohol in the Formlabs
washing station (Figure 10c) [45]. Finally, to maximize
the material properties, the model is cured under 405
nm light in the Form Cure station (Figure 10d) [46]. At
a number of stages of this process, the model can be
adjusted if a certain function is required. By an iterative
process of adjusting certain specifications at different
steps in the process, guidelines were formed on how to
approach such a 3D-printing process. In our case, the
Form 3 by Formlabs [43] with model v2 resin [47] was
used for all the prints. The next paragraphs discuss these
guidelines.

Model Design
For moving parts, first, it is important to examine the
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Fig. 8: Exploded view of the actuation unit. With the piston housing (1), the piston (3), the piston stop (2), screws to attach the piston tip to the
piston and the needle segment (6), the piston tip (5), screws to lock the piston stop (9), the piston guidance (4), the inner part of the nose (7) and
the outer part of the nose (8).

Fig. 9: Prototype of the actuation unit in its designed holder. The prototype, excluding screws and holder, was fully 3D printed.

Fig. 10: Print process. (a): Creation and preparation of the 3D model,
(b): printing of the model, (c): washing of the model, and (d): curing of
the model

layering process of a 3D printer. A 3D printer builds
the model layer by layer. Figure 12 shows this layering

process. The part in light blue is the actual part, and
the dark blue lines represent the desired profile of the
part. Due to the layer thickness, the desired profile is
not met. This is called the staircase effect. The lower the
layer thickness, which is also called the print resolution,
the more accurate the model [48, 49]. For our prints, the
resolution was 25 microns, which was the lowest possible
resolution for this printer.

This inaccuracy in printing means that when parts are
required to move in or around other parts, the tolerance
between the parts is of high importance. In addition
to that, if the parts are also required to be airtight, an
optimum tolerance that results in movable, airtight parts
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Fig. 11: Piston stop with support after printing. The parts are still
attached to the print bed. Excess resin can be seen in the openings
of the piston stop.

Fig. 12: Staircase effect when 3D printing a part (light blue) on the print
bed (black). The dark blue lines represent the desired profile of the part.
Due to the staircase effect, the desired profile is not printed correctly.
Adjusted from [49].

should be found. In our case, as previously discussed, the
moving parts all have one degree of freedom. This degree
of freedom is a translation along one axis, the x-axis in
Figures 6 and 8. It was found that for larger contact areas
between moving parts, the tolerance needed was also
larger. In our case, the tolerances are tested for a print
area up to 34 mm2. In most places, the tolerance is 0.2
mm. Only for the piston base, which has the smallest
contact area, the tolerance is 0.1 mm.

The nose of the actuation unit (parts 7 & 8 in
Figures 6 and 8) was printed as two parts. The nose
was split at the grooves where the needle segments
slide through. When 3D printing with an SLA printer,
sometimes clogging can occur. Clogging occurs when
entrapped resin can not flow out of the channel where
it is trapped before the next layer is printed. When the
polymerization of the next layer happens, it is thought
that this trapped resin also polymerizes, causing the
channel to clog and thus not being printed correctly
[50]. Although previous studies used a hive structure
to prevent clogging while printing cable grooves [51],
the current structure, with uninterrupted grooves, also
proved to work, as all cable grooves were printed
successfully.

Print Layout
The print layout is the preparation of the model before

Fig. 13: Guidelines for the orientation with respect to the print bed
(black) for 3D-printed parts with different sliding surfaces (light blue).
(a & b): Parts with curved sliding surfaces. To prevent overhang, print
the sliding surface perpendicular to the print bed. (c & d): Parts with
straight sliding surfaces. For the best results print the sliding surface
parallel to the print bed.

the model is printed (Figure 10a). At this step, the ori-
entation of the model with respect to the printing bed
is determined. The orientation of the part when printing
is of a large influence on the tribology of the part [52].
In general, for straight sliding surfaces, printing parallel
to the print bed results in the smoothest surfaces [52].
Hanon et al. [53] studied the friction when sliding two
3D-printed parts over each other. They found that sliding
on the surface printed parallel to the print bed has a
lower coefficient of friction than sliding on the surface
printed perpendicular to the print bed.

However, one effect that should be considered for
the orientation of the part is the previously mentioned
staircase effect. Due to this effect, the roughness of the
surfaces where this effect applies increases. When the
overhang angle, the angle between the print bed and the
desired profile (Figure 12), becomes less than 45 degrees,
the roughness of this surface will be very high [49]. As it
is wished to keep the roughness of the surface as low as
possible, the print should be positioned in such a way
as to prevent overhanging angles on the sliding surfaces
as much as possible. A possible solution to minimize
the roughness when the overhang angle becomes small
is to add support to the model. However, when adding
support to the model, the support has to be removed
after the print, which also leaves roughness. Thus, it is
recommended to not add support to sliding surfaces.
Figure 13 depicts our guidelines for the part orientation
with respect to the print bed (black) for 3D-printed
parts with different sliding surfaces (light blue). When
printing curved sliding surfaces (Figures 13a & 13b),
the sliding surface should be printed perpendicular to
the print bed. This way the overhang angle is always
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Fig. 14: Two 3D-printed parts. On the left: the part after 3D printing,
washing, and curing. The red arrow indicates where the 0.5 mm
diameter hole was supposed to be. Due to clogging, only a small part
of the hole was successfully printed. On the right: the same part after
drilling the hole with a 0.5 mm drill.

90 degrees, resulting in the highest print accuracy. For
straight sliding surfaces (Figures 13c & 13d), the sliding
surface should be printed parallel to the print bed. This
way the surface roughness is decreased as much as
possible.

To summarize the main guidelines:
• Do not add support to sliding surfaces..
• Print sliding surfaces parallel to the print bed, un-

less it is a curved sliding surface. In that case print
it perpendicular to the print bed, as in Figure 13.

Post-Processing
After finishing the printing process, the post-printing
process starts. First, the model was washed with the
Form washing unit in Isopropanol 99% on the recom-
mended settings. For our resin, this was ten minutes.
Sometimes, after the washing cycle, in small openings,
not all resin was removed. This was removed manually
by squirting Isopropanol 99% through these openings
with a syringe. After washing the model, the model was
cured. Curing the model maximizes the material prop-
erties [46], but it also makes the model more brittle. We
found that when screw thread is required at potentially
breakable places, it is better to tap it before the curing
process. Another interesting finding was that sometimes
when printing the same part, some prints fitted better
in the same housing than others. This is because there
are a lot of factors that influence the reproducibility
of a 3D print [54]. Some examples of these factors are
print layout [55], machine accuracy, and post-processing
accuracy [54]. Another observation was that small holes
(tested up to a 0.5-millimeter diameter) were not printed
correctly. This is due to the previously described clogging
effect. These holes were drilled with a 0.5 mm drill after
the print was cured. Figure 14 shows the part before (left)
and after drilling (right).

To fill the spaces between moving parts and to make
the actuation unit as airtight as possible, a synthetic
grease lubricant (Super Lube) was used. First, the

Fig. 15: Needle tip with the shrinking tube (light blue) and needle
segments (grey). In this configuration, where no needle segments are
moved relatively from each other, all segments have a 2 mm distance
between the tip and the shrinking tube. One segment is zig-zagged
between the cuts in the shrinking tube which are shown with a dashed
line.

lubricant was lightly attached to the model. To move
the piston with the model lightly lubricated, a large
amount of air was needed. The piston moved relatively
easily. After attaching a thick layer of the lubricant to
the model, it was observed that the model was more
airtight and a lower amount of air could move the
piston. Another thing noted was that the air could be
added more slowly, with the pressure building up inside
the actuator. Thus, the conclusion was that a thick layer
of lubricant is beneficial to maximize air tightness.

To summarize the main guidelines:
• Check for excess resin after washing the model.

Remove this manually with a syringe with washing
Isopropanol before curing.

• When tapping thread at potentially breakable
places, tap before curing the model.

• When needed, use sanding to fit the printed parts
properly. Due to inaccuracies in the printing, not
every print is the same. It was found that some of
the same parts fitted better than others in the same
openings.

• Small holes (tested for 0.5 mm diameter) require
additional drilling after the print is finished.

• For moving parts that require airtightness, use a
thick layer of lubricant to fill up the tolerances
between these moving parts to make it as airtight
as possible.

4.2.2 Needle
To compare the experimental results of the actuation
unit with the state-of-the-art, a similar needle design
as Scali [14] was created. Six needle segments of 0.25
mm were used. For the manufacturing of the needle tip,
first, six needle segments of equal length were cut from
one longer Nitinol wire. After this, four needle segments
were put through the 10-mm-long shrinking tube. Then,
by using a sharp knife the shrinking tube was cut open
in two places, as schematically shown in Figure 15. The
cuts were made 3 mm from the edges of the shrinking
tube, leaving 4 mm in between the cuts. A fifth segment
was then put through the cuts and the opening of the
shrinking tube in a zig-zag pattern. The tip of this fifth
needle segment was positioned so that there was a 2 mm
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space between the tip and the shrinking tube. Next, the
sixth segment was put through the shrinking tube. By
using the previously mentioned gold gel glue, the zig-
zag positioned segment was glued to the shrinking tube
with a drop of glue. While the glue dried out, the five
other, non-glued, segments were moved to make sure
they did not also get glued to the shrinking tube.

4.2.3 Control Unit
The control unit is the unit that controls the air pres-
sure of the system and the airflow for the inlets of
the actuation unit. Appendix K contains the full list of
components used for the control unit. To regulate the
pressure of the system, a pressure regulator was attached
after the air supply, which is a single air inlet. To digitally
measure this pressure, right after the pressure regulator,
a T-connector connects a digital pressure sensor with the
airflow that goes through the system. By using a valve
system, the single air inlet was divided over the six
actuators. Each actuator was connected to one electrically
controlled, magnetically switched, mono-stable 5/2-way
valve from Festo [36]. A 5/2-way valve has two outputs.
When no signal is sent to the valve, air flows through the
first output. Then, while applying an electrical signal, the
air flows through the second output. After the signal is
stopped the air flows through the first output [56]. The
first output was connected to the inlet of the actuator
that moves the piston back (inlet 2 in Figure 5). So,
when no electrical signal was sent to the valves, the
piston was pushed backward (negative x-direction in
Figures 6 and 8). The valve system consisted of six valves
together with a valve manifold. The automated control of
the valves was done via an Arduino One microcontroller.
The Arduino code is given in Appendix F. To power
the valves, the valves were connected to a 24V power
supply. The power supply and the microcontroller were
both connected to transistors to regulate the power when
switching the valves on and off. Since the control unit
contains ferrous materials and the tubes can be of suf-
ficient length, the actuation unit was located outside of
the MRI scanner. For safety precautions, the control unit
should also be placed in a fixed structure to prevent it
from being accelerated toward the magnet [34].

5 EVALUATION

5.1 Goal
The experiments’ primary goal was to investigate the
performance behavior of the needle actuated by the actu-
ation unit for different stroke lengths and different piston
interval times. To evaluate the performance behavior, the
slip of the needle with respect to phantom tissue was
used as the performance measure. The slip ratio gives
insight into the amount of slip of the needle segments
while the needle advances through the tissue and is given
by the following formula:

SR = 1− dmeasured/dtheoretical (4)

Fig. 16: Mold that was used to make the gelatin samples. The mold
contains a total of eight sections, for which the dimensions are given.
Per mold, eight gelatin samples were created.

where SR is the slip ratio, dmeasured is the measured
distance that the needle travels, and dtheoretical is the
theoretical distance that the needle travels. Meaning that
for one actuation cycle, dtheoretical is equal to the stroke.

5.2 Experimental Setup

To mimic tissue, and to compare results with previ-
ous studies [14, 15], gelatin was used for needle inser-
tion for both measurements. For each measurement, a
new gelatin phantom was created. Gelatin powder (Dr.
Oetker) was used to create phantoms of 10 wt% gelatin.
The powder was added to boiling water, whereafter it
was carefully stirred. After the gelatin powder was dis-
solved, the mixture was added to a flexible silicone mold.
The mold contains eight sections, all of the same size.
Figure 16 depicts this mold, including the dimensions of
one of the eight sections. After filling each mold with
the gelatin mixture, the molds were put in a refrigerator
overnight at 5 degrees Celsius. After the cooling process,
the gelatin was carefully taken out of the mold by folding
the mold. Then, one side of the gelatin was cut to get a
final dimension of 100x38x20 mm. The weight was kept
constant at 62.53 g, with a standard deviation of 4.22 g.

Figure 17 shows the full experimental setup, exclud-
ing the pressure regulator. The pressure regulator can
be seen in Figure 18. The input air came from the air
supply (O). The pressure regulator (N) was connected to
the experimental setup via a tube (I). A T-connector was
used to split the air coming from the pressure regulator
into two ways: one going to the pressure sensor (H), and
one going to the valves (J). The valves were powered
by a power supply (A), via transistors (K). To control
the valves, an Arduino microcontroller (L) was used.
The actuation unit (B) was surrounded by a protective
housing and attached to the needle. Instead of moving
the needle toward the gelatin, the gelatin was placed on a
low-friction cart (F) and moved toward the actuation unit
over rails from PLA (D). The actuation unit was fixed to
the base of the test setup, at the end of the rails. The
self-propelling mechanism works if the needle advances
through the gelatin, resulting in the gelatin moving to-
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Fig. 17: Experimental setup. With power supply (A), actuation unit in its designed protective case (B), guidance tubes that support the needle (C),
rails (D), gelatin (E), gelatin cart (F), laser sensor (G), pressure sensor (H), air tube that comes from the pressure regulator (I), valves (J), transistor
plates (K), Arduino microcontroller (L), and camera stand (M).

Fig. 18: Pressure regulator (N), which is connected to the experimental
setup via a tube (I). The pressure regulator regulates the pressure
coming from the air supply (O).

ward the actuation unit. This is the same approach as
Scali [14] and Pusch [15].

The needle goes through two guidance tubes of dif-
ferent diameters (C). One guidance tube is slightly larger
than the other tube, making it possible for the tubes to
slide over each other. This makes it possible to support

the full length of the needle during the measurements.
When the cart moves toward the actuation unit, it pushes
the tubes over each other like a telescopic tube. The cart
contains four ball bearings used to move the cart with
low friction. The base of the cart is an aluminum plate
(220x90 mm). On that base, a printed plate (PLA) with
a 40x100 mm opening was fixed. At the base of the cart,
at the location of the opening, a laminated millimeter
sheath was attached. The gelatin (E) was placed into the
opening of the printed plate, on the laminated millimeter
sheath. At one side of the cart, a part created for needle
support and guidance, also from PLA, was attached. This
part contains a hole which the needle can be inserted
through. To record the measurements with a cellphone,
a camera stand (M) was used. The linear laser displace-
ment sensor (optoNCDT) (G) to record the position of
the gelatin cart was attached to the rails by using double-
sided tape.

Because the needle works based on a friction dif-
ference between the non-advancing and the advancing
wires, this friction difference should be high enough for
the self-propelling mechanism to work. To make sure
that the friction forces become high enough, the needle
was inserted into the tissue at a certain distance. At this
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distance, the friction forces become high enough for the
self-propelling mechanism to work. Scali [14] describes
that an insertion depth of 25 mm is sufficient for the
system to work. However, after trying the insertion depth
of 50 mm it was found that for this insertion depth the
slip is constant from the beginning of the measurements.
As it is wished to use as less gelatin as possible, for our
measurements, an initial insertion depth of 35 mm was
chosen.

5.3 Experimental Procedure
The experimental procedure for each of the individual
measurements per condition was as follows:

1) Take the gelatin out of the mold and cut it to the
correct size.

2) Measure the weight of the gelatin.
3) Add the prototype to the experimental setup and

the needle through the tubes.
4) Insert the needle 35 mm in the gelatin.
5) Extend the guidance tubes so that they cover the full

length of the needle outside the gelatin.
6) Cover the prototype with the protective case.
7) Record with the cellphone camera.
8) Record the data with Labview.
9) Make sure safety glasses are on.

10) Start the measurements of a random condition from
the experiment by starting the Arduino script.

11) The actuation unit runs for 30 cycles.
12) Stop the cellphone camera and the Labview record-

ings.
13) Remove the needle from the gelatin.
14) Take the prototype out of the experimental setup

and clean the needle with water and alcohol.

5.3.1 Functionality test
The goal of the functionality test was to test for what
working pressure the actuation unit was able to execute
all desired piston movements, and if the self-propelling
mechanism of the needle works. For each measurement,
the actuation unit was programmed to perform 30 cy-
cles. For these measurements, the independent variables
are the pressure and the stroke. The control variables
are the interval time and the number of cycles. The
initial working pressure was slightly increased before
each measurement until an optimal pressure was found
for strokes of 2, 4, 6, 8, and 10 mm. We defined the
optimal working pressure as the pressure at which all
six pistons could move over all specified strokes (i.e., 2,
4, 6, 8, 10 mm) for three consecutive measurements. It
was found that for strokes up to 4 mm, the actuation
unit was functional (i.e., all pistons could move over the
stroke) for a working pressure of 0.5 bar. For strokes of
6, 8, and 10 mm, the system was not functional up to a
pressure of 1.5 bar. For 1.5 bar, with a 6 mm stroke, the
system showed some functionality, but not all pistons
were able to execute the full backward motion. After the

TABLE 2: Conditions for Experiment 1.

Condition Stroke (mm) Pressure (bar) Interval time (s) Number of
cycles

Number of
repetitions

s2-p05-i05 2 0.5 0.5 30 10
s4-p05-i05 4 0.5 0.5 30 10
s6-p05-i05 6 0.5 0.5 30 4*
s8-p05-i05 8 0.5 0.5 30 4*
s10-p05-i05 10 0.5 0.5 30 4*

*: fewer repetitions due to the actuation unit not being func-
tional for these strokes at this pressure.

TABLE 3: Conditions for Experiment 2.

Condition Stroke (mm) Pressure (bar) Interval time (s) Number of
cycles

Number of
repetitions

s4-p05-i05 4 0.5 0.5 30 10
s4-p05-i03 4 0.5 0.3 30 10
s4-p05-i01 4 0.5 0.1 30 10

third measurement at a pressure of 1.5 bar, one piston
broke, meaning the maximum working pressure was
exceeded and an optimal working pressure that works
for all specified strokes of the current prototype does not
exist. Therefore, we decided to set the working pressure
at 0.5 bar for Experiments 1 and 2.

5.3.2 Experiment 1: Variable Stroke
The goal of the first experiment was to investigate the
performance behavior of the actuation unit for different
strokes in terms of the slip of the needle with respect to
the gelatin. The independent variable is the stroke. The
dependent variable is the position of the cart, which was
used to calculate the slip ratio. The control variables are
the pressure, which was 0.5 bar at the start of each mea-
surement, the interval time between the pistons, which
was 0.5 seconds, and the number of cycles, which was
set to 30. Table 2 contains the conditions that were tested
for Experiment 1. The first two conditions were tested
ten times. The conditions with a stroke equal to or larger
than 6 mm were tested four times. Since, as described in
Section 5.3.1, with a pressure of 0.5 bar, the actuation unit
proved not to be functional for strokes 6, 8, and 10 mm.

5.3.3 Experiment 2: Variable Interval Time
The goal of the second experiment was to investigate the
performance behavior of the actuation unit for different
time intervals between the piston movements in terms
of the slip of the needle with respect to the gelatin. The
independent variable is the time interval between the pis-
ton movements. The dependent variable is the position
of the cart, which was used to calculate the slip ratio.
The control variables are the stroke, the pressure, and
the number of cycles. Table 3 contains the conditions for
Experiment 2. Condition s4-p05-i05 was already tested
ten times in Experiment 1, and thus, it was not repeated
for the measurements of Experiment 2.

5.3.4 Data Analysis
For both experiments, the data from the laser sensor
and the pressure sensor was collected via Labview 2014
and exported to Excel. The data was then loaded into
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Matlab R2019b and processed (Appendix I). By plotting
the pressure and position data against the time, the first
plots were created. Then, the slip ratio per cycle was
calculated by first smoothing the position data by using
a Savitzky-Golay filter. Whereafter each cycle was deter-
mined by first detecting the peaks of the signal with the
findpeaks function of Matlab. The peaks in the position
data indicate the start of a cycle. To find the dmeasured for
each cycle, the difference in position between peaks was
calculated by using the following formula:

dmeasured,j = xj+1 − xj (5)

where dmeasured,j is the measured distance traveled for
jth cycle, xj+1 is the position at the end of that cycle,
and xj is the position at the start of that cycle. Finally, to
calculate the slip, Equation 4 was used.

To test if the data meets the parametric assumptions,
first, a histogram was plotted (Appendix H), since this is
the easiest way to visually observe if the data is normally
distributed [57]. It was observed that the data is skewed,
and thus a number of normality tests were conducted.
The tests were conducted by using the Matlab function
from Öner & Deveci Kocakoc [58]. The function contains
ten different normality tests. The four conditions used
to calculate the slip ratio per cycle were tested first. The
data for all four conditions proved to be not normally
distributed for all ten normality tests. This means that the
parametric assumptions are not met, and thus nonpara-
metric statistic tests were used (Appendix J). To examine
if there were significant differences between the data
from the conditions for Experiment 1, a Wilcoxon signed-
rank test was conducted. Note that this is conducted for
conditions s2-p05-i05 and s4-p05-i05, because the other
conditions of Experiment 1 did not lead to position data.
To statistically compare the data from Experiment 2, a
Friedman test was conducted. To further examine the
differences between the data, three Wilcoxon signed-rank
tests were conducted.

For the pressure data of Experiment 1, it was ob-
served that there is a difference in pressure between
the start of the cycle and the moment when all valves
were activated. To calculate the maximum differences in
pressure per cycle, first, the data was smoothed with a
Savitzky-Golay filter. Then by using the findpeaks func-
tion of Matlab, the peaks and the valleys were located.
Then the following formula was used:

dPj = P peak,j − P valley,j (6)

Where dPj is the pressure difference for jth cycle,
Ppeak,j is the pressure at the peak of that cycle, and
Pvalley,j is the pressure at the valley of that cycle. To test
if these pressure differences were significantly different
for the different strokes, statistical analyses were con-
ducted. In the same way as the slip ratio data, the data
was first tested if it meets the parametric assumptions.
Although the pressure data for some of the conditions
is fully normally distributed according to the ten tests,

Fig. 19: Plot of the raw data of the position of the cart [mm] vs. time
of the experiment [ms] for an s4-p05-i05 measurement. The position
is the position of the gelatin cart with respect to the laser sensor. The
red markings indicate the start of the cycles, and the blue markings
indicate the moment when all six valves were activated, meaning all
six pistons were moved forward. The plotted data between two red
markings corresponds to a single cycle. The plotted data between a
blue and a red marking is the moment when all six pistons were pulled
backward.

the pressure data for other conditions proved to be not
normally distributed. It was chosen to use the same ap-
proach as for the slip ratio. After conducting a Friedman
test, Wilcoxon signed-rank tests were conducted to show
differences between condition pairs. To examine the dif-
ferences between the groups with a different sample size
due to fewer measurements, a Wilcoxon rank-sum test
was conducted. For all statistical analyses, the value for
statistical significance, α, was chosen to be less than 0.05.

5.4 Experimental Results
5.4.1 Experiment 1: Variable Stroke
The raw data of the position of the cart [mm] vs. time of
the experiment [ms] for two cycles of one measurement
from the s4-p05-i05 condition is shown in Figure 19. The
raw data shows that for each piston moving forward,
the cart moves backward (away from the actuation unit).
Theoretically, if no slip occurs, the position change of the
cart, and thus of the needle with respect to the gelatin
for one cycle will be equivalent to the stroke. However,
due to slip of the needle with respect to the gelatin, in
practice, this is less. Figure 20 shows the slip ratio per
cycle for each cycle for the s4-p05-i05 measurements. One
thing to note is that sometimes, a slip ratio larger than 1
was measured. In that case, the cart moved away from
the actuation unit during the cycle. An observation for
the slip ratio data is that the slip ratio was generally
lower in the first few cycles.

Table 4 shows the means and standard deviation
for the slip ratio and pressure difference per cycle, for
all conditions. For conditions s2-p05-i05 and s4-p05-i05,
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Fig. 20: Plot of the slip ratio per cycle vs. the number of cycles for
the s4-p05-i05 measurements. The light blue lines represent the data
from each of the ten measurements, the thick blue line represents the
mean of the ten measurements, and the blue shaded area represents the
standard deviation.

Fig. 21: Plot of the raw data of the pressure in the system [bar] vs. time
of the experiment [ms] for an s4-p05-i05 measurement for two cycles.
The red markings indicate the start of the cycles, and the blue markings
indicate the moment when all six valves were activated, meaning all six
pistons were moved forward. The period between two red markings is
a cycle.

TABLE 4: Results of Experiment 1 and 2. List of the means and
standard deviation for the stroke and pressure difference per cycle, for
all conditions.

Condition Mean slip ratio (mm) Mean pressure difference
per cycle (bar)

s2-p05-i05 0.926±0.123 0.111±4.3e-3
s4-p05-i05 0.935±0.089 0.108±3.6e-3
s6-p05-i05 * 0.116±5.6e-3
s8-p05-i05 * 0.092±7.6e-3
s10-p05-i05 * 0.070±3.1e-3
s4-p05-i03 0.912±0.081 *
s4-p05-i01 0.955±0.049 *

*: no data available

Fig. 22: Plot of the raw data of the position of the cart [mm] vs. time [ms]
for one measurement of each of the conditions for Experiment 2. The
blue line represents one measurement for the s4-p05-i05 condition, the
orange line represents one measurement for the s4-p05-i03 condition,
and the yellow line represents one measurement for the s4-p05-i01
condition.

the means and standard deviations are 0.926±0.123 and
0.935±0.089, respectively. A Wilcoxon signed rank test
showed that there is no significant difference between
both conditions (z = -0.662, p = 0.508). An interesting
result that came from the data of the pressure sensor
was that during the measurements, the pressure was not
constant. Figure 21 depicts the raw time vs. pressure data
for two cycles from one of the s4-p05-i05 measurements.
Initially, the pressure was set to approximately 0.5 bar.
After starting the Arduino script, each time a valve
switched on, the pressure built up. In the case of this
specific s4-p05-i05 measurement, it led to a maximum
pressure of approximately 0.62 bar.

After conducting a statistical analysis on the data of
pressure differences per cycle, it was found that all means
are significantly different. An interesting result was that
for the condition with the largest stroke (s10-p05-i05), the
mean pressure difference per cycle is significantly lower
than the means of the other conditions. Besides this, the
mean pressure difference per cycle for the condition with
the second largest stroke is also significantly lower than
those of the conditions with a smaller stroke (s2-p05-i05,
s4-p05-i05, and s6-p05-i05).

5.4.2 Experiment 2: Variable Interval Time
Figure 22 contains the unfiltered data for one mea-
surement of each of the conditions for Experiment 2.
The mean and standard deviation for the slip ratio
for conditions s4-p05-i05, s4-p05-i03, and s4-p05-i01 are
0.935±0.089, 0.912±0.081, and 0.955±0.049, respectively.
A Friedman test (p = 1.588e-10) showed that there are
at least two conditions with significant differences from
each other. Further examination with a Wilcoxon signed
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Fig. 23: Actuator design with the places of air leakage marked. With (a): Moment after the backward motion, when the chamber is pressurized
with pressure P1, and (b): Moment after the forward motion, when the chamber is pressurized with pressure P2. The places marked with a green
square are thought to have constant air leakage. Note that when the chamber is pressurized by P2, the piston forms an extra barrier before the
air can leak. The places marked with red and purple are the places of variable air leakage, depending on the position of the piston stop (blue).
distance dleak,stroke is the distance that the piston stop overlaps the piston housing (yellow).

rank test showed that condition s4-p05-i01 has significant
differences from both condition s4-p05-i05 (z = -2.905,
p = 0.37e-3) and s4-p05-i03 (z = -8.230, p = 1.881e-16).
Conditions s4-p05-i05 and s4-p05-i03 also proved to be
statistically different (z = 3.59, p = 3.294e-4).

6 DISCUSSION

6.1 Main Findings
In this work, we created a prototype for an MRI-
compatible actuation unit for a self-propelling needle.
The results of this study show that the locking mech-
anism for the piston stop worked, because it stayed in
position during the experiments, even during the ones
with increased air pressure up to 1.5 bar. The production
cost of the prototype of the actuation unit is relatively
low because almost every part of the prototype was 3D
printed. However, the current control unit is expensive
due to the valves being expensive (€124,78 per valve).
Appendix K contains a full list of the costs for the parts
of the control unit. The total costs were within the range
to fulfill Requirement 13. The largest diameter of our
actuation unit is 34.2 mm, and the length of our actuation
unit is 100 mm, making it a handheld device. The weight
of our prototype of the actuation unit, including the
pins for tube attachment, is 31 g. The dimensions and
the weight fulfill Requirements 8 and 14. All desired
requirements regarding the design of the system were
fulfilled.

After testing the prototype, it was found that the pro-
totype was not functional at larger strokes (i.e., 6, 8, and
10 mm). Although at 6 mm it showed some functionality,
it did not perform all desired movements. This means
that for this test setup, Requirement 1, regarding the
adjustable stroke, is not fully met. For smaller strokes
(i.e., 2 mm and 4 mm), it was found that the actuation
unit was functional for a working (gauge) pressure of

0.5 bar. For lower working pressures (i.e., 0.2 bar), it was
found that the forward motion of the pistons was pos-
sible, however, the backward motion was only achieved
for a working pressure of 0.5 bar. For the larger strokes
(i.e., 6, 8, and 10 mm), the results of this study show that
for lower working pressures (i.e., 0.5 bar) the forward
motion was possible, but the backward motion was not.
This indicates that the forces during the forward motion
were high enough to overcome the cutting and friction
forces on the needle segments. Compared to previous
work done by Scali [14], the measured mean slip ratio
from our measurements is high. Scali [14] researched the
slip ratio for the needle advancing through gelatin of
5 wt%, whereafter it entered another layer of 10 wt%
gelatin. The tissue was placed on the same cart as our
experiments, but only the box to hold the tissue was
different. For six segments of 0.25 mm diameter, with
a stroke of 4 mm, and an insertion speed of 2 mm/s, she
found that the mean slip ratio when the needle entered
the 10 wt% gelatin layer was 0.3. The mean slip ratio of
our experiments with a 4 mm stroke and a 0.5 s piston
interval (condition s4-p05-i05) is 0.935. Although during
the testing Requirement 1 was not fully met, and the slip
ratio was high, the prototype still proved to be functional
(i.e., the needle could self-propel through the gelatin) and
thus is considered a successful prototype.

6.2 Limitations and Recommendations
6.2.1 Prototype
The main difference between the prototype and ideal
design is the air-tightness. Due to the limitations of 3D
printing, as discussed in Section 4.2, a completely airtight
design is not possible. Figure 23 depicts the places in
a single actuator, for two piston positions, where air
leakage occurs. It was observed that the pressure during
the measurements increased with each piston moving
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forward. Initially, when the pressure was set at 0.5 bar, all
pistons were in a backward position (Figure 23a). Then,
when the pistons were moved forward (Figure 23b) the
pressure measured by the pressure sensor increased. A
reason for this could be that when the piston was in a
backward position, it is hypothesized that air leakage
occurred in a greater number of places than when the
piston was in the forward position because the volume
under pressure existed within multiple (moving) parts.
This is why we believe that the places marked with
pink leaked more air when pressure P1 was applied,
compared to when pressure P2 was applied. Besides
this, when pressure P2 was applied, the piston itself was
placed in such a way that it formed another barrier for
the air to escape.

Furthermore, for larger strokes, the pressure differ-
ences per cycle were found to be statistically lower. This
could mean that for larger strokes, more air leakage oc-
curred. Distance dleak,stroke is the distance that the piston
stop overlaps the piston housing. It is hypothesized that
for small dleak,stroke, and thus for large strokes, the air
leakage is high because if the overlap is small, the chance
of a good seal between the surfaces reduces. For smaller
strokes, dleak,stroke increases, resulting in a better chance of
a good seal between the surfaces. Thus, for the least air
leakage with the current prototype, it is recommended to
keep the stroke sufficiently small (i.e., under 4 mm).

No needle buckling happened inside the prototype
due to the sufficiently small unsupported needle length,
fulfilling Requirement 11. Buckling only happened where
the needle came out of the prototype before entering the
first guidance tube since here the unsupported needle
length was larger than 10 mm. Figure 24 depicts the
moment that the segment indicated with the red arrow
was pushed forward and buckled. This was observed
during the measurements of Experiment 2, it only hap-
pened to the segment that was attached to the shrinking
tube, and was only observed a few times in all the
measurements. To reduce buckling as much as possible,
it is recommended to use tubes to cover the full length of
the needle that is not in the tissue.

The actuation unit failed after a few measurements
with high working pressure because one of the pistons
broke. One could argue that this is a failure, and thus,
to make the pistons more resistant to high working
pressures. On the other hand, if the piston is the first part
to fail, the actuation unit fails in a relatively safe way.
This failure method will do no harm to the patient and
surgeon because there will be no parts shooting away.
Besides this, it is easily visible to the surgeon that the
part has failed, since the part is visible from the outside.
Thus, for the current actuation unit to be functional with
less chance of failure, it is recommended to operate at
lower pressures (i.e., 0.5 bar).

6.2.2 Experiment
A reason for the high slip ratio could be the influence of
friction in the test setup. In our experiments, the friction

Fig. 24: Nose of the actuation unit, the needle, and the first guidance
tube, at the moment that the segment indicated with the red arrow was
pushed forward and buckled. This figure was taken from video footage
of a measurement of the s4-p05-i03 condition.

between the cart and the rails was high. For the cart to
be pulled toward the actuation unit, the pulling force
on the cart, exerted by the needle, had to overcome
the friction force between the cart and the rails. If the
needle advanced through the tissue with no slip, the
pulling force on the needle had to be equal to the friction
force between the needle and the tissue. Slip occurred
when the pulling force was greater than the friction force
between the needle and the tissue. This means that for
constant friction between the needle and the tissue, an
increase in the friction between the cart and the rails
could have contributed to a higher slip ratio. The larger
the weight of the gelatin cart, the higher the friction
between the cart and the rails. The cart is relatively large
for the amount of gelatin that is on it. Also, it was found
that the needle never got to the end of the gelatin during
the experiments, meaning that a smaller piece of gelatin
could have been used. Additionally, the bearings used
for the cart were old, which could have added to the
friction. These factors could have contributed to the high
slip ratio observed in our work compared to previous
work by Scali [14].

Another possible reason for the high mean slip ratio
may be that the cart moved backward with each move-
ment of the piston, as shown in the raw time vs. position
plot (Figure 19). This also is the reason for the slip ratio
being larger than 1 sometimes. This could be explained
by the high insertion speed of the independent needle
segments. Gerwen et al. [59] suggested that for needle
insertion in artificial materials the friction force increases
with increasing velocity. This increase in friction force
could be due to the increase in viscous friction, which is
proportional to the relative speed between the two mate-
rials [60, 61]. The high friction between the needle and the
tissue may have caused the cart to move backward rather
than advancing the needle segment through the tissue.
This increase in friction force may also be a reason for
the high amount of buckling observed in the advancing
needle segments when no tubes were used. Additionally,
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the mean slip ratio per cycle was found to be lower at
the start of the measurements and at a lower number
of cycles. This could be because, at deeper insertion
distances, the friction force between the needle and tissue
acted on a longer needle distance, leading to a higher
chance of moving the cart backward. Therefore, it is
suggested that the high insertion speed of the individual
segments has a negative impact on the performance of
the prototype.

For the piston interval of 0.1 s, with a stroke of 4 mm,
it was observed that the last piston of the actuation cycle
was not able to execute the full forward and backward
movement within the specified interval. Although the
actuation unit proved to work for this piston interval,
the mean slip ratio was significantly higher than the slip
ratio of the other conditions. An idea for further research
would be to investigate whether for this piston interval
(i.e., 0.1 s) the slip ratio is lower for a stroke of 2 mm
than for a stroke of 4 mm. No significant differences
were found between 2 mm and 4 mm strokes for a 0.5
s piston interval. This could mean that if the piston is
able to execute the full desired motion for a 2 mm stroke
at a 0.1 s piston interval, the slip ratio could be less than
the slip ratio measured during the current 0.1 s interval
measurements. This is interesting to investigate since the
speed of the needle insertion then increases while having
a similar slip ratio. Additionally, according to Mahvash
& Dupont [8], a higher insertion speed can also reduce
tissue damage.

6.3 Medical Application
6.3.1 Focal Laser Ablation
As previously tested by Pusch [15], the needle can imple-
ment a seventh segment in the center of the six segments
described in this article. This seventh segment could be
replaced by a functional element such as a laser fiber. Our
actuation unit, as stated in Requirement 9, has the option
to incorporate a hollow core to implement such a laser
fiber as the seventh segment. For medical applications,
this could mean that the instrument can be used as a
focal laser ablation instrument, where the laser fiber can
be placed in the desired location in the patient.

Previous research has also explored the possibility of
steering wasp-inspired needles [14, 15]. If implemented
in our needle, one potential application could be for
the treatment of kidney tumors. Currently, rigid needle-
like instruments are manually inserted while the patient
holds their breath, as the kidneys can move up to 30 mm
while breathing [62]. A flexible, steerable needle could
be a solution for this because potential errors can be
compensated for with the steering.

6.3.2 Medical Device Regulations
To use a medical device inside patients, it has to meet
certain norms. One group of these norms is the norms
regarding sterilization [63, 64]. The needle described in
this article potentially will be used inside of the patient

in a normally sterile area. This means it is classified as
a critical device, which means that the needle should be
properly sterilized [65]. For the current needle design,
the Nitinol segments can be sterilized [66], just like
the shrinking tube [67]. However, it is uncertain if the
shrinking tube and the glue that is used to glue the
shrinking tube to the needle segment can be sterilized
without losing their function. If this can not be sterilized,
to use the needle in a patient, a different connection
mechanism to bundle the needle segments at the tip has
to be used.

It is important to consider the reusability of an instru-
ment when thinking about the medical application. On
the one hand, single-use instruments are cost-effective
[68] because the instruments are cheaper and they have
no additional costs for sterilization and maintenance [69].
On the other hand, single-use surgical equipment from
the operating room is a major source of waste [69]. With
environmental issues becoming a more popular topic, we
think it is important to reuse the instrument as much as
possible. This means that the instrument should follow
procedures like sterilization in between the operations
and the use of reusable packaging [70]. If the materials
are determined to be unsuitable for reuse, the instrument
could be reprocessed by a reprocessing company. These
types of companies collect medical single-use instru-
ments from hospitals, then reprocess them, whereafter
they sell them back to the hospitals at a lower cost
than the original cost. This results in lower costs for the
hospitals and less environmental damage [71]. To our
knowledge, these companies do not yet exist in every
country so a solution like this is not available to every
hospital. In summary, before the medical application of
the instrument, it is important to think about whether or
not the instrument is reusable, and if not, how environ-
mental damage can be reduced.

6.4 Further Research

6.4.1 Design Adjustments

One thing that followed from the testing of the prototype
is that the fixation of the piston stop at the correct stroke
was hard to do accurately. This is because the movement
is a continuous movement, where the piston stop has to
be manually fixed at the desired stroke. The markings on
the bars of the actuation unit help with this, however, the
distance between the bar and the piston stop is of such a
large size that when not looking perfectly perpendicular
to the surface, it can give a wrong view of the stroke. An
idea for further research would be to make the movement
discrete, so it is easier to know the exact stroke. An
example could be to use a teeth-like system with a step
size of 1 millimeter, so there are ten different strokes
possible. This would also enhance the reproducibility of
the measurements. However, for future models, it could
be argued that the adjustment of the stroke is not needed,
as an optimum stroke could have been found. In this
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Fig. 25: Actuator design for the alternative design with an external
piston stop (blue). By attaching the piston stop at a certain position in
the x-direction at the piston, the stroke is adjusted. The piston stop is
attached to the piston with a screw (green).

case, the model would be designed around a fixed stroke
requirement.

Another way to improve the design of the actuation
unit is to change the actuators so that less air leakage
occurs. Figure 25 depicts an alternative design for the
actuator. Unlike the actuator used in our experiments,
which has an internal piston stop, this actuator has an
external piston stop that is attached to the piston with
a screw. As the piston moves, the attached piston stop
moves with it, thereby limiting the forward motion of
the piston, because the forward motion of the piston stop
is limited by the piston guidance (red in Figure 25). While
this design requires each piston to be separately attached
to the piston stop, which may make it less convenient
to change the stroke during experiments, it may offer a
more airtight design.

6.4.2 Control
The current system requires a control unit, as described
in Section 4.2.3, to regulate the cycles of the system. This
requires multiple valves and a microcontroller. These
valves are the most expensive part of the whole system,
and thus it is wished to either have fewer or no valves
in future prototypes. For further research, an interesting
direction to look at would be making the actuation unit
compatible with a single, continuous air input, where
the cycle is mechanically implemented. An idea could
be to take inspiration from Walschaerts valve gear [72]
and implement such a system with the pistons. The input
air can then create a rotating motion, which is the input
motion of the system. This rotation then can be converted
into a translational motion that actuates the pistons in a
specific order. Such a mechanism could also reduce the
insertion speed of the individual segments, potentially
decreasing friction during insertion.

If during needle insertion the slip ratio would be
constant, the slip ratio can be pre-programmed so that
the needle can follow a programmed trajectory. However,
in biological tissue, the slip most likely is not constant.
When inserting a needle in biological tissue, sudden
tissue ruptures occur due to tissue heterogeneity [8]. In

that case, it may be beneficial to implement a feedback
loop that adjusts the input pressure or valve opening
time until the piston reaches its desired position. Adding
a feedback loop increases the level of automation. This is
because in that case, the human operator does not have
to check whether the piston movement is successful. The
human operator now is taken out of the loop. To further
increase the level of automation, an idea for further
research could be to let the instrument work together
in an automated way with imaging techniques such as
MRI. This could be done by letting the needle follow a
pre-planned path toward a pre-planned target location
specified on the MR images. In the future, MRI-ready,
pneumatic, self-propelling needles that can follow a pre-
planned path toward a pre-planned target location could
be used for MRI-guided needle insertion procedures,
while reducing tissue damage.

7 CONCLUSION

In this work, we created and evaluated a prototype of
an MRI-compatible, pneumatic actuation unit for a self-
propelling, ovipositor-inspired needle. The actuation unit
has the option to implement an optical fiber, which can
be used with the needle for focal laser ablation to treat
tumors. The prototype’s components were 3D printed
using MRI-compatible materials, or, in the case of the
screws, made of an MRI-compatible material. The input
air for the actuation unit was controlled and divided over
the inputs of the actuation unit, using a control unit. By
moving the pistons in a specific order, the so-called cycles
for the six needle segments were performed, resulting in
the desired needle segment motion for the self-propelling
mechanism to work. The actuation unit allows the user
to change the distance that the needle segments travel
each cycle, called the stroke. It was found that for smaller
strokes (i.e., 2 and 4 mm) at a gauge pressure of 0.5 bar,
the actuation unit was able to actuate the self-propelling
needle, resulting in the needle advancing through 10 wt%
gelatin tissue phantoms. However, for larger strokes (i.e.,
6, 8, and 10 mm), it was found that the actuation unit
was not able to actuate the self-propelling needle. The
prototype is the next step in developing self-propelling
needles suitable for focal laser ablation to treat tumors.
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Appendix A. Morphological Chart 
This appendix contains the morphological chart, including some morphological charts for solutions to 
problems that were present at a later phase in the design phase. 
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Function Solution A Solution B Solution C 
Actuator 
Type 

Cylinder-shaped 

 

Triangle-shaped 

 

Cube-shaped 

 
Adjustable 
stroke 
mechanism 

Change end of actuator 

 

Use external “wall”  

 

Change second piston 
“stop” 

 

Locking 
mechanism 
for axial 
adjustment 

Hole + Pin system 

 

Teeth system 

 

Screw system 

 

Locking 
mechanism 
position 

At cable section (X)

 

At actuator housing 
section (Y) 

 

At piston section (Z) 

 

placement 
of air tubes 
for pushing 
pistons 
back 

In center 

  

Out center 

 

 

Piston 
orientation 

Needle attached to piston Needle attached to 
actuator housing 

 

Locking + 
changing 
the needle 
segments 

Use a screw to fasten 

 

Use needle segment as 
screw 

 

Compliance 
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Mechanism 
to move 
the 
actuator 
back 

By using positive pressure (2 
inlets)

 

By using negative 
pressure (1 inlet) 

 

 

 

 

Function Solution D Solution E Solution F 
Actuator Type Pneumatic stepper 

motor 
Soft robotics/muscle actuator 

 

 

Adjustable stroke 
mechanism 

Change second “stop” at 
other side 

 

Use internal stop 

 

 

Locking mechanism 
for axial adjustment 

Compliant click system  

 

 
 
 
 

External click-on 
 
On whole structure: 

 
 
 
On part after base: 

 

Tie-wrap-like system 

 

Locking mechanism 
position 

After the base, with A  
fixed to the base 

 

  

Locking + changing 
the needle segments 

Move ring over two tube 
segments to lock 

 

Use (detachable) tip that 
connects segment with piston 
stick. 
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Ideas for locking in case of a base where the model moves through: (for concept 1 in Appendix B) 

 

Hole+Pin system: 

 

Screw system: 

 

Pin system: 

  

Click system 

 

Pin system 2: 

 

Teeth system 
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Solutions to other problems that were encountered at a later moment in the design process: 

Function Solution A Solution B 
Option for the “return” 
air tube  

Two tubes moving over each other.

 

Flexible tubes, with enough space to 
move the desired distance.

 
Locking the piston 
guidance + piston 
housing at the correct 
position 

bars on the side, attached to the 
piston guidance, attachable and 
detachable to the housing. 

 

Attach to a base by modifying the 
prints with a part that fits in the 
base. 

 
Options: 

- Pins 
- Compliant click system 
- Screws 

 
Locking the piston stop 
at the correct position 

Slide through the base/bars and lock 
on the sliding parts. 
 
Options: 
- Pins 
- Compliant click system 
- Screws 

Use bars with shapes fitted for each 
stroke. 

 

 

 

Function Solution C Solution D 
Option for the “return” air 
tube  

Accordion expanding tubes.

 

 

Locking the piston guidance + 
piston housing at the correct 
position 

Attach to a base by using an 
external part. 

 
Options: 
- Pins 
- Compliant click system 
- Screws 

Piston guidance is part of the 
base. The piston housing is 
attached to the base. * # 
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Appendix B. Old concepts and partial concepts 
This appendix contains designs of old (partial) concepts. 

1. External wall piston sliding through a solid base. 
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2. External wall piston with compliant stroke change mechanism on outside 
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3. External wall piston with compliant stroke change mechanism on inside 
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4. Rotate to change stroke idea 
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Appendix C. Technical Drawings Actuation Unit 
The following technical drawings of the designed pneumatic actuation unit can be found in this 
appendix: 

Assembly drawings 

- Pneumatic actuation unit 

Part drawings 

- Piston housing 
- Piston stop 
- Piston 
- Piston tip 
- Inner nose 
- Outer nose 
- Piston guidance 
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ITEM NO. PART NUMBER DESCRIPTION QTY.
1 piston housing  1

2 piston stop 1

3 piston 6

4 piston tip 6

5 bolt (m2) 15

6 inner nose 1

7 outer nose 1
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Appendix D. Calculations and Variables as in the Matlab Script 
 

Piston dimensions as referred to in the matlab script. 

 

 

Piston Length Calculations for Inner stop: 
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Piston dimensions (for tolerance) 
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Calculate the losses in area due to the fillets: 
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Piston Frequency Calculations 
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Appendix E. Matlab Script for Dimensions, Force, and 
Frequency Calculations 
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Appendix F. Arduino Code 
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Appendix G. 3D-Print Iterations and Findings 
First print: preform vs ultimaker 

- Ultimaker quality is poorer, especially the curved tubes, which were printed at a 45 degrees 
angle instead of a smooth curve. Also the pistons were printed very poorly with no details. 

 

First print preform 

Specs: 0.5mm tolerance in most places. 0.25mm tolerance for the outer tubes and varying (0.1, 0.2, 

0.4mm) tolerance for the piston stick.  

Notes: 

- Jamming can occur if it slides at a slight angle. Maybe due to the large tolerances. Lubrication 
helps. 

- The design is not airtight enough. Forward motion works, but backward motion via the outer 
tubes is not possible. Even when most gaps are filled, it still doesn’t work. It is assumed this is 
due to the gap between piston and housing. 

- At this design the 0.1mm tolerance for the piston stick seems to work. 
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Second print preform 

Specs: 0.1mm tolerances everywhere. The part where the piston stick slides through is increased in 
length from 1 to 4mm. It is believed that this will guide the piston better and that it will make the 
design more airtight. 

Notes: 

- Between the piston and the housing, the 0.1mm tolerances were sufficient.  
- At the other places, the 0.1mm tolerance was too tight. It could go in but getting it out was a 

lot harder. 
- The tolerance at the piston pole and the piston guidance was also too tight, it is believed that 

this is due to the fact that this is a smaller hole and thus tolerances play a larger role(?) 
- For the piston base it is found that some holes move better than the other, however it is 

believed that this can be fixed by sanding the jamming pistons. 
- A positive point was that when the piston stick was sanded and the design was put together, 

the forward and backward motion of the piston worked very well. 

 

Third print ultimaker 

Specs: 0.2mm tolerances, except for the tolerance between piston and housing, where it is 0.1mm. 

Notes: 

- Only minor jamming, which is easily fixed by sanding some parts. 
- Forward and backward motion is going smooth. 
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Prototype 1.0 

- Holes for needle segments in the piston tip needs to be drilled, because the hole is not 
printed that good. 

- The bars on the side that were laser cutted do not fit in the housing, only after sanding. 
- The nose does not fit 100%, this is believed to be due to the inner part that was printed using 

support. The part was sanded and after that both parts fit together better, but still not with a 
100% fit. 

- The play between piston tip and piston is still pretty large, the piston tip could be printed 
with a lower tolerance. 

 

 

55



Prototype 2.0 

Adjusted: 

- 0->0.05 tolerance for the bar/housing attachment 
- Piston tip 0.1->0.05 tolerance. 
- No print support attached to the inner part of the nose 
- Nose tolerance 0.05->0.075 
- Made holes for the screws in the piston stop deeper.  
- Tolerance between screw holes and bars 0.6->0.2 
- Tried 3d printing of bars + piston guidance, together with laser cutting to compare the 

differences. 

Results:  

- piston tip tolerance fits perfectly, less play than before. 
- The nose fits almost the same, could be 0.1 in the future.  
- Bars + guidance printed fits better and more precise, only forgot tolerance between support 

and nose attachment. 
- More tolerance between screw and bar (see picture) is needed, as this jams. 
- Less jamming of the piston stop when the 3d printed Bar/guidance part is used, so this part 

will be used for the final concept. 
- The Screw system to fix the piston stop works well. 
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Prototype 2.1 

Adjusted: 

- Bar/guidance part: added tolerance for the screws (0.1) and added tolerance to attach the 
nose (0.1). 

- Reprinted the piston stop because a part of the screw thread broke. 
- Sanding the tip of the screws that are used to attach the needle wires to the piston tips. This 

allows the screws to go deeper. 

Results: 

- 3D printed bar/guidance fits better into the nose, still a bit tight but after sanding it works.  
- The screw thread for the piston stop still did not work for all three screw threads. However, 

after manual testing, it was clear that two are sufficient for the stop to hold position. 
- After sanding the tip of the screws that are used to attach the needle wires to the piston tips, 

the needle wires are attached successfully to the design. 
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Prototype 2.2 (Final) 

Adjusted: 

- Screw holes made before curing the print. 

 

Results: 

- Screw thread was easier to add and with no failure.  
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Appendix H. Figures Data Analysis + Statistical Analysis 
Slip ratio per cycle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Box plot for the slip ratio per cycle data 
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Unfiltered speed comparison 

 

Unfiltered Pressure data s2-p05-i05 

 

Unfiltered Pressure data s10-p05-i05 
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Unfiltered cart distance graph 

 

Boxplot mean pressure difference 
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Histograms for the statistical analysis for the slip ratio per cycle 
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Histograms for the statistical analysis for the pressure difference 
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Appendix I. Matlab Script Data Analysis 
The following code was repeated for each of the conditions: 

Only for condition s4-p05-i01, the Savitzky-Golay filter was used with an order of 4 instead of 3. This 
is because, for these measurements, the interval was small (as small as the measurement interval). 
This caused the data to look smooth, however, it just had fewer data points for the cycles. This is why 
smoothening with a larger order was found to work better. Smoothening with a 3rd order would 
smoothen the data too much, causing the peaks to disappear. 
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To get the Pressure differences per cycle: (Also repeated for each condition) 

 

For the mean and standard deviation of the slip ratio: 

 

For the boxplot to compare the slip ratios: 

 

Unfiltered speed comparison: 
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Plot the raw pressure data (works the same for the raw position data) 

 

Make a boxplot for the mean pressure difference for each of the conditions 

 

Calculate the mean for pressure difference per condition 
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Appendix J. Matlab Code Statistical Analysis 
The outcomes from the statistical analysis of the pressure data might be hard to compare, due to the 
different sample sizes. The conditions for larger strokes (i.e., 6, 8, and 10 mm) were only measured 
four times, compared to ten times for the conditions with smaller strokes (i.e., 2 and 4 mm), which 
makes it hard to conclude something about these outcomes. Another point of discussion regarding 
the statistical analysis could be the approach that was taken regarding the parametric assumptions. 
The histograms showed that the data was skewed, but it showed some similarities with a normal 
distribution. Minor errors in parametric assumptions have no or little effect on the conclusions of a 
statistical analysis (Garson, 2012). Thus, it could be discussed that the assumption could have been 
made that the data is normally distributed. To check whether both approaches resulted in the same 
conclusions, outcomes for both approaches were calculated. The conclusions, about whether there 
are significant differences, were found to be the same for both approaches.  

G. D. Garson. Testing Statistical Assumptions, Statistical Associates Publishing, 2012. 

Histograms + normality tests 

 

Wilcoxon signed rank test for data of experiment 1 
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Friedman + Wilcoxon signed rank test for data of experiment 2 

 

Friedman +_ Wilcoxon rank-sum test for the pressure data of Experiment 1 

 

Repeated measures ANOVA + Tukeys HSD test (If the data would have been normally distributed) 
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Two sample t-test for the pressure difference data (If the data would have been normally distributed) 
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Appendix K. Components for the Control Unit 

 
Part Amount Company/Brand Product Code Price ea. 
Pressure regulator 1 Norgren B72G-2GK-ST3-

RMN 
€ 130 

Electronic pressure 
sensor 

1 Autosen / € 84.12 

Tubes 6 mm OD / Festo PUN-H / 
Tubes 4 mm OD / Festo PUN-H / 
T-connector 1 Festo T-PK-4 € 2,42 
Tube/screw coupling 
1/4”/6 mm 

1 Festo CRCN-1/4-PK-4 € 17,73 

Tube/screw coupling 
M5/4 mm 

12 Festo CRCN-M5-PK-3 € 10,08 

Mono-stable 5/2-way 
valve 

6 Festo MHP2-MS1H-
5/2-M5 

€ 124,78 

Electrical connection for 
valve 

6 Festo NEBV-Z4WA2L-P-
E-2.5-N-LE2-S1 

€ 21,69 

Valve manifold for 2 
valves 

1 Festo MHP2-PR2-5 € 55,32 

Valve manifold for 4 
valves 

1 Festo MHP2-PR4-5 
525123 

€ 79.89 

Double nipple 1 Festo NPFC-DS-M5-M5-
M 

€ 1,81 

Reducing nipple 1 Festo NPFC-R-M7-M5-
MF 

€ 1,30 

Screw plug 1 Festo NPQH-BK-M5-
P10 

€ 0,87 

24V Power supply 1 Delta Elektronika SM 66-AR-110 / 
Microcontroller 1 Arduino A000066 € 25 
transistors 6 / / / 

 

OD = outer diameter 
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