
Master Thesis

Designing for Post-Processing: 
A Case Study of  a 3D Printed Surgical Instrument

Mathijs Bruins

Thesis Committee
Ir. K. Lussenburg, Supervisor

Prof. Dr. Ir. P. Breedveld
Dr. J. Zhou

Department of  BioMechancial Engineering

Student Number 4572130
February 11  2021th



Abstract
In this report a design is proposed for a laparoscopic gripper that can be manufactured with metal 3D printing
and polished with mass finishing. The design is a continuation of the development of a laparoscopic gripper that
can be 3D printed in plastic. Laparoscopic grippers 3D printed solely out of metal have not yet been presented.
Laparoscopic instruments are limited in width to 5 mm, which is bordering the manufacturing limits of selective
laser melting 3D printing. The use of 3D printing for medical instruments has the potential to customise instruments
specific to patient, procedure, and surgeon.

Metal 3D printing can produce complex parts, albeit with a high surface roughness. Post-processing is required
to reduce the surface roughness. Mass finishing techniques are a group of mechanical polishing techniques, of which
centrifugal disc finishing was selected due to its capability to process parts in bulk without requiring workpiece
fixation.

To synthesise a suitable design, the processes of printing and polishing were analysed to formulate design guide-
lines. The analyses were part literature study, part experimental study. The experimental study had the aim to
quantify and supplement the guidelines found in handbooks and articles. Using a novel visualisation technique, the
polishing of different geometries could be distilled into quantitative design considerations. Here, a marking lacquer
was applied to the surface of workpieces, which remained on unpolished surfaces. In this experiment a number of
features were used, which corresponded to aspects that had potential to be used in the design. The use of channels
was deemed unviable for polishing at the scale of laparoscopic instruments, which required the removal of these
from the design. Mass finishing polishing removed the coarse surface structure present on metal produced with 3D
printing, and brought surfaces of the test pieces to 0.05 mm below their desired width.

Application of the design guidelines to the laparoscopic instrument was focused on making printing and polishing
compatible joints. The laparoscopic gripper has two degrees of freedom for increased manoeuvrability. The features
that comprise the joint are protrusions and cut-outs, sinusoidal gear arches, and actuation cable guides. Each of
these features were dimensioned with values from the guidelines. The joint design required a number of components
to be split so polishing access could be guaranteed, specifically for the cable guides. This had the added benefit of
having each part be orientated during printing individually. The final design is based on application of the relevant
design guidelines, and has been validated using scale models for mechanical stability.
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1 Introduction

1.1 Background Laparoscopy

Laparoscopic surgery is a type of Minimally Invasive
Surgery (MIS) in which laparoscopic instruments are
used to perform operations in the abdominal cavity of a
patient. With laparoscopic surgery the abdominal wall of
the patient is opened with a few small incisions. Through
these incisions tools are inserted to perform the desired
operation. Figure 1.1 shows a schematic illustration of
the laparoscopic procedure.

The alternative to MIS is open surgery, which is asso-
ciated with higher risk of infections, scarring, and longer
recovery times [1]. For routine surgical procedures MIS
is preferred for these reasons, and an increasing number
of procedures is performed in a minimally invasive fash-
ion. The incisions made to access the abdominal cavity
are fitted with air-tight ports, called trocars. Inserted
through these ports are at least one form of optic instru-
ment and one or more manipulating instruments. The
abdominal cavity is expanded with CO2. The expansion
of the abdominal cavity provides the surgeon with the
necessary space to maneuver the instruments.

As laparoscopic surgery becomes more routine, a shift
towards single incision laparoscopic surgery (SILS) is no-
ticed. SILS is a laparoscopic procedure in which the cam-
era and the required manipulators are inserted through
one incision. Recently, the use of laparoscopy robots con-
tinues to expand the procedures possible and the number
of surgeons capable of performing the complex proce-
dures [2].

Figure 1.1: Schematic depiction of laparoscopy with A) abdomi-
nal cavity B) abdominal wall C) trocar D) laparoscopic gripper E)
laparoscopic camera or laparoscope F) monitor.

1.2 Laparoscopic Instruments

The laparoscopic instruments are inserted through the
trocar placed in the abdominal wall. A smaller trocar
requires a smaller incision in the abdominal wall, which
decreases trauma and recovery time. Typical trocar sizes
are 10 - 12 mm, 10 mm and 5 mm [3]. For the aforemen-
tioned reasons, many of the standard surgical tools used
in laparoscopy have a width of 5 mm.

Laparoscopic instruments consist of three components:
the handle, the shaft, and the tip. The tip is where any
surgical end-effector is placed, which can be an actu-
ated gripper or cutter, or a unactuated probe or knife.
The shaft connects the tip to the handle, through the
abdominal wall. A surgeon uses the handle to control
the instrument, which can include a number of actions.
Laparoscopic instruments have four Degrees Of Freedom
(DOF) to move the tip, and often an additional DOF for
the actuation of the end-effector, for grasping or cutting
for example. The instrument is restricted by the trocar,
which is acting as a fulcrum. Laparoscopic instruments
can translate axially, but cannot translate in both radial
directions due to this constraint. Figure 1.2 illustrates
the DOF of a rigid instrument, in this case a gripper.

Figure 1.2: Degrees of freedom of a laparoscopic instrument dur-
ing a procedure. Three rotational degrees of freedom around the
trocar and one axial translation constitute the four degrees of free-
dom this instrument possess to orient the tip, and are depicted by
the blue arrows.

In addition to rigid laparoscopic instruments, steer-
able instruments have been developed so the tip can be
steered and re-oriented inside the body. Steerable instru-
ments have one or more hinge points or sections about
which they can rotate the tip with respect to the shaft,
see Figure 1.3. These hinge locations can allow rota-
tion in one or two directions, depending on the joint
type, granting one or two additional DOF. This addi-
tional maneuverability of the tip aids surgeons in ap-
proaching their target tissue from an appropriate direc-
tion. Currently, steerable laparoscopic instruments are
manufactured with conventional machining to create the
intricate components of which they consist [4].
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Figure 1.3: Schematic illustration of A) a rigid laparoscopic in-
strument and B) a steerable laparoscopic instrument. Steerable
laparoscopic instruments have one or more directions in which the
tip can orient itself with respect to the shaft.

1.3 3D Printing

3D printing, or Additive Manufacturing (AM), is a group
of production methods that build a part, often layer by
layer, by fusing material together directly from a com-
puter model [5]. This approach differs from the more
conventional, subtractive manufacturing, in which ma-
terial is removed. With subtractive manufacturing, ad-
dition of geometrical features increases production time,
as for instance an extra hole has to be drilled or a con-
vex surface milled. However, for AM the manufactur-
ing time is proportional to the outside dimensions of the
part. This means that a part with a high shape com-
plexity takes as long to print, as a part with a low shape
complexity, of the same size. The phrase ‘complexity is
free’ is often used to describe this effect [6].

To go from a CAD model to a part with AM, only one
intermediate step is required. This intermediate step is
using CAM software, often referred to as slicer software,
to translate the 3D model to a set of commands for the
3D printing machine to follow. The ease with which 3D
printing can produce geometrically complex parts, com-
bined with the small number of steps required with which
a design can go to manufacturing, have made it a pre-
ferred choice for the production of prototypes and scale
models. However, over the recent years, 3D printing has
grown out of this niche and is starting to become adopted
among many different industries on a functional level.
In particular healthcare was one of the early adopters
of 3D printing for functional components [7]. The use
of 3D printing ranges from patient specific prostheses,
printing of organs (bio-printing), dosage specific drugs,
and specialty instruments [8]. The application of 3D
printing for specialty instruments has had several rea-
sons. The use of cheap, disposable tools, that are made

when required, can be used by low income countries,
field hospitals or space missions [8]. On the other hand,
the high shape complexity has the potential to develop
novel tools, or customisable instruments for specific pro-
cedures, patients, or surgeons.

Culmone et al. [9], presented a state of the art of
3D printing in medical instruments. They discussed a
number of MIS tools, ranging from steerable needles to
laparo- and endoscopic instruments, in addition to other
other medical instruments. Among all of the presented
instruments, 86 % were made from polymers and 11 %
from metals, and metal 3D printed laparoscopic instru-
ments were absent [9].

The abundance of polymeric parts is a result of 3D
printing techniques often able to be applied to polymers
[10]. This in turn is attributed to the lower fusion tem-
perature of polymers compared to metals. AM technolo-
gies often depend on fusing material to previous layers,
making polymers more versatile in 3D printing use. How-
ever, there are inherent drawbacks of using polymeric
medical instruments [9]. The mechanical properties of
many of the polymers used in 3D printing are relatively
low. The three biggest groups of polymeric material re-
ported in 3D printed medical instruments were ABS (26
%), resins (19 %) and PA (18 %) [9]. These materials all
have an elasticity modulus of around 2.3 GPa [11, 12].
This is two orders of magnitude lower than that of steel,
which has an elasticity modulus of 210 GPa. For thin
parts with a high aspect ratio ( i.e. slender ), like the
shaft of a laparoscopic instrument, the material choice
dictates the stiffness of the instrument. High stiffness
instruments are desirable because this increases the ac-
curacy of the force feedback for the surgeon.

Aside from the mechanical properties, the sterilisation
of polymeric parts is harder to achieve [9]. The most
common sterilisation method, the autoclave, uses heat
and pressure. However, only a limited number of 3D
printable plastics are able to withstand the heat and
pressure. This is a result from both the low mechani-
cal properties and melting point.

3D printing of metals relevant for producing laparo-
scopic instruments, such as stainless steel and titanium
alloys, can be achieved by several printing techniques
[13], which are all considered Powder Bed Fusion (PBF)
techniques. PBF is a group of techniques in which a layer
of powder is selectively fused to the previous layer by an
energy beam. By building up the desired work piece in a
layered fashion, a 3D object is constructed (Figure 1.4).

One significant drawback of PBF techniques is that
they leave the part with a high surface roughness. Fig-
ure 1.5 is a photo of parts produced by PBF without post
processing. Friction and wear are dependent on surface
roughness, and a rough surface will increase both. While
some degree of friction is inevitable and perhaps desir-
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Figure 1.4: Schematic overview over the powder bed fusion pro-
cess. A) an energy beam, laser or electron, fuses material to a
base plate. A reservoir of powder is spread by a spreader to de-
posit the next layer. B) this continues as layers begin to form
the object and C) the process stops when the final layer has been
fused. The product is then removed from the base plate and ready
for post-processing.

able, wear is undesirable, as it breaks particles off the
surface. This is particularly pronounced during the ini-
tial use of a product, as the running-in of components see
the highest wear rate [14]. Many medical instruments are
single-use, resulting in them only experiencing initial use,
and therefore shed the most particles if produced with a
rough surface.

Figure 1.5: Close up of small (5 mm) parts produced with powder
bed fusion in SS 316-L. The surface roughness is visible by eye.

1.4 Design Objective

Currently used steerable laparoscopic instruments are
all made using conventional manufacturing. Designing
3D printed, metal laparoscopic gripper would be bring-
ing the advantages of 3D printing to MIS. The advan-
tages include the possibility to design surgeon, patient,
or procedure specific components. Before these perks
can be investigated, a working base instrument must be
developed. This requires a design in which the disad-
vantages of 3D printing, specifically PBF, are mitigated.
The main disadvantage of using PBF is the poor sur-
face quality, requiring post-processing to reduce the sur-
face roughness. PBF allows to produce components with
a high shape complexity and with minimal manual in-
tervention. Additional surface roughness reducing steps

should be accommodating of both these advantages, to
not undo the complexity of 3D printed geometry. There-
fore, the polishing post-processing step must alter the
geometry of any product predictably and reliably. Con-
versely, the geometry of the product must also allow for
the polishing to occur sufficiently. The primary objec-
tive is to generate a design for a laparoscopic gripper
that is manufacturable in metal using 3D printing. This
will be achieved by formulating and validating the de-
sign considerations that originate from combining metal
PBF with a post-processing step in order to facilitate the
production of fine medical instrumentation.

1.5 Report Structure
This research starts with investigating the manufactur-
ing processes of metal 3D printing and surface polishing
in Chapter 2. This investigation will result in a number
of design requirements for each of the associated manu-
facturing methods.

As a starting point for the development of a 3D
printed, metal laparoscopic gripper, a design developed
within the Bio-Inspired Design Group (BITE) of the
Delft University of Technology will be used [4, 15–18].
They have previously been successful in designing and
manufacturing a steerable, 3D printed laparoscopic grip-
per out of polymer, named the DragonFlex, see Figure
1.6. This instrument is analysed in Chapter 3, as to
understand the working principles of the instrument.

Figure 1.6: Image of the DragonFlex II laparoscopic gripper,
taken from [4]. Left a picture of scale, the shaft and tip have a 5 x
5 mm2 cross-section to comply with standard trocar sizes. Right
is a close-up of the two additional degrees of freedom hinges and
the tip.

In Chapter 4 the design requirements of manufactur-
ing are incorporated into the design requirements of the
instrument. Here, also a systematic design approach is
used to generate a concept design for a metal 3D printed
laparoscopic instrument.

This is then followed by Chapter 5, in which an exper-
iment aimed at understanding the influence of geometry
on the polishing process, and vice versa. This under-
standing is applied in Chapter 6 to quantify and finalise
design. The report concludes with Chapter 7 & 8, which
are the discussion and conclusion, respectively.
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2 Production method

2.1 Powder Bed Fusion

2.1.1 Process description

Powder bed fusion is a group of techniques with a compa-
rable working principle that can effectively make parts
ranging from 1 to 500 mm [10]. PBF uses an energy
beam to fuse powder particles together to create a part.
A layer of powder is fused onto a previous layer, each
layer adding a sliver of local cross section to the work
piece. In Figure 1.4 this is illustrated. Currently, PBF
is the only 3D printing technique used to make medical
instruments that can produce full metal parts [9].

Within PBF several techniques exist, primarily differ-
entiated on the energy intensity and energy type used
[10]. Electron Beam Melting (EBM) and Selective Laser
Melting (SLM) use different energy types to achieve full
melt. This process is different from Selective Laser Sin-
tering (SLS) or Direct Metal Laser Sintering (DMLS),
which sinter material together. Sintering, as opposed to
melting, does not liquefy the material, but rather makes
the particles fuse at the contact points with other par-
ticles. Sintering requires a lower temperature for the
material to fuse together, than required for full melting.
The size of the fused area is dependent on time, tem-
perature, and pressure. There are advantages and dis-
advantages to sintering and melting. Because less heat
is required for sintering, heat induced warpage and en-
ergy spot diameter are lower, which results in better spa-
tial resolution. The disadvantage of sintering is that the
material is only partially fused together, resulting in di-
minished mechanical properties compared to the solid
material. To combat this, sintered parts can be infused
with a lower melt point metal, to create a fully dense
product [10]. However, the infused material will still not
have the same material properties as the base metal.

In this project the choice for SLM 3D printing was
made as this was the method available.

2.1.2 Surface roughness

Surface roughness is an inherent process limitation of
which the effects can only be minimised [10]. The ex-
tent of these factors can be controlled and channeled
with design and process. Surface roughness is a result of
powder size and the layered nature of PBF. Powder does
not stack in flat planes, resulting an innate roughness
due to powder stacking. The surface roughness left by
the PBF process is very high, and according to Gibson
et al. [10] it ranges from 10 µm to 100 µm, depending on
the chosen surface roughness quantity. Multiple surface
roughness units exist, and they are used depending on
what aspect of the surface roughness is described. Ac-

cording to Townsend et al.[19] the arithmetical mean de-
viation of the surface, the Ra value, is the most adopted
in roughness quantification in metal AM. The Ra value
is measured by tracing a needle over a surface and taking
the average of the absolute value of the height deviations
with the mean height. Analysing fifteen articles [20–35]
on metal AM found a slightly lower but comparable av-
erage surface roughness (Ra value) of 9.6 ± 5.8 µm.

Surface roughness depends on surface orientation [10].
Klingaa et al. [36] investigated the relation between the
direction of the normal vector of a surface and its rough-
ness. Overhanging surfaces with respect to the building
directions have the worst surface quality. Areas without
a supporting layer underneath do not have the same heat
sink that supported area does. This means that unsup-
ported area will stay above the fusion temperature for
longer, spreading more heat, causing more particles to
adhere. Surfaces facing in the ‘up’ direction (± 90° from
the normal vector of the base plate) have a surface rough-
ness (Ra) an order of magnitude or more lower than sur-
faces facing ‘down’, 7 µm and 75 µm, respectively [36].

Aside from particle packing, the layered nature has an-
other implication for the surface roughness. Each shape
has to be approximated by layers, which results in a dis-
crepancy between the desired shape and printed shape.
This discrepancy is called the staircase effect, and it is
illustrated in Figure 2.1. The staircase effect is most pro-
nounced in surfaces non-parallel and non-orthogonal to
the building direction.

The building orientation dictates which faces experi-
ence the staircase effect, and can be used to change the
location or direction of the effect. For example, if the
‘steps’ of the staircase effect run parallel to the direction
of a sliding surface the negative effect is far less than if
the steps would run perpendicular to the sliding direc-
tion.

The high surface roughness of 3D printed metal also
makes it have a low fatigue strength without proper sur-
face treatment like shot-peening or milling [20, 24, 32,
37]. The valleys in the surface act as stress concen-
trators which cause local stress peaks. Repeated large
deflections for 3D printed metal is likely to result in pre-
mature fatigue failure.

2.1.3 Minimum feature size

The smallest volume that can be individually made us-
ing PBF is expressed as the minimum feature size. Min-
imum feature size is a machine property, limited by two
factors: the melt pool size and layer height. Both these
aspects cannot be infinitesimally small. These two as-
pects together limit the smallest possible size a feature
can be. The layer height for PBF ranges between 0.02
mm to 0.15 mm [10]. The melt pool size is depending
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Figure 2.1: Schematic illustration of the staircase effect. Within
the encircled close-up the uninterrupted line represents the actual
part contour, while the dotted line represents the desired contour.

on the energy beam intensity and duration, however, 0.5
mm wall thickness is a general lower limit [38].

The spatial resolution is also not equal in-plane and
out-of-plane. The spatial resolution out-of-plane is a
result of the minimum layer height, whereas in-plane
the resolution is defined by a minimum feature size or
thickness. This means that a smooth perimeter can be
achieved in-plane but not out-of-plane.

2.1.4 Support material

Support structures are required to produce parts out of
metal with SLM, and has to be removed after printing
[39]. Support material is needed for overhanging struc-
tures, anchoring to the base plate, and as a heat sink.

With SLM only short unsupported layer distances are
possible, only about one time the layer thickness [10, 40].
When the unsupported layer length increases, the risk
of manufacturing faults also increases. For overhanging
surfaces with an angle less than 45° to the base plate,
support material is needed. In Figure 2.2 different orien-
tations are shown and it can be observed the likeliness of
a part being produced adequately decreases as the over-
hanging angle get smaller than 45°. Geometries where
this is necessary are for example the roof of a large hole
or protruding elements parallel to the base plate. Small
overhangs are possible, but the unsupported distance is
depending on the specific machine and process. Using
fillets or chamfers reduces the amount of support needed
for overhanging surfaces. As the print orientation dic-
tates which surfaces are considered overhanging, defining
a printing orientation prior to designing is advisable.

Support material can also be used to absorb and dif-
fuse the heat used to fuse the powder away quicker. This
reduces the melt pool size, increasing the resolution of
the print. The thermal conductivity of loose powder is
lower than that of fused material, and the powder may
work as an insulator. The necessity for and location of
thermal support are a matter of experience by the op-
erator or designer [40]. Thermal support is dependent
on the part itself, but also the surrounding parts during

Figure 2.2: Example structures to assess the manufacturability
of overhanging geometries. Each structure has a different overhang
angle and different sized struts. A) shows a collection of different
angles used. B) is a close-up of horizontal long pillars. C) is a
close-up of horizontal short pillars. D) is a close-up of pillars on
a 45° angle. The longer the unsupported length, the worse the
printing quality becomes. Taken from [40].

printing.
Finally, support material is used to maintain part

alignment. For example to prevent movement of the
part while spreading of the next layer of powder, or to
decrease warpage by bracing the part.

Support material is sacrificial and needs to be removed
after printing. The support material removal is man-
ual process. The location at which the support mate-
rial determines which removal method can be used and
how effectively. For curved surfaces, and especially con-
cave surfaces, and recessed faces, support removal can
become a challenge. With SLM the support material is
the same as for the part, which makes metal supports
tough to remove. Hard to remove support structures
potentially leave marks on the surface, and often only
manual inspection and finishing will completely remove
them. Support material marks and high surface rough-
ness can be minimised by making smart design choices,
and part build direction reorientation.

Flat surfaces or even vertices are preferred as this re-
duces the complexity of support removal. In these cases
removal can be done with relative ease using sawing,
milling or wire discharge machining [10]. Curved, and
especially double curved surfaces increase the difficulty
of removal as wire erosion or band saws can only remove
material in a line. This would then require milling or

6



clipping to remove supports. Placing support material
on a surface where it is hard to remove and if the sur-
face quality of that surface is of importance should be
avoided.

2.1.5 Warpage

The building orientation influences several aspects of
production. Most 3D printing techniques, including
PBF, are anisotropic because of a difference between in-
tra and inter layer fusion. The fusion between layers is
less than the fusion within a layer, which can cause de-
lamination. Delamination can be problematic for part
layers with a large surface area, where thermal warpage
is most pronounced. Angling a workpiece can reduce the
cross sectional area, and therefore the chance of delam-
ination and warpage. Alternatively, creating hollow or
strutted volumes is a good way to decrease cross sectional
surface area. It should be noted that enclosed voids are
undesirable, as this leaves the excess powder trapped in
the part.

Surfaces parallel to the building plate experience an ef-
fect that creates unwanted dimensional inaccuracies. To
ensure a smooth, continuous outer perimeter, the energy
beam fuses the material with an outside perimeter pass.
This outside pass partially overlaps with the hatching
pattern (i.e. the filling path of the energy beam) used for
the material inside of the perimeter. This overlap results
in an increased local layer height around the perimeter.
It is unclear whether increases linearly with the number
of layers following the same perimeter, but manufactur-
ers advice including an angle of a few degrees to nullify
this effect (email correspondence).

2.2 Material

Three alloys currently used for medicals instruments can
also be 3D printed [9]. These three alloys are titanium
(Ti), stainless steel (SS), and cobalt-chromium (Co-Cr)
based alloys. All of these materials are used, in 3D
printed form, in medical items like implants and non-
medical items. Any of these materials could be used to
produced laparoscopic instruments with. The usage of
stainless steel was most prevalent among these three for
usage in medical instruments according to Culmone et
al.[9]. All three alloys can be produced with PBF, and
changing the material between these three has limited
effect on the production.

2.3 Post-processing

2.3.1 Overview

Post-processing of metal parts typically includes removal
of support structures and a heat treatment. The steps

used during post-processing heat treatment depend on
the alloy, but aim to achieve a similar goal. In general
the heat treatments are used to normalise the stresses
in the material induced by the repeated rapid heating
and cooling, and for some materials an additional re-
hardening cycle is applied. The support material is re-
moved mechanically. In the case of 3D-printing metal
parts, post-processing will also include some type of sur-
face treatment to lower the surface roughness.

There are numerous ways to decrease surface rough-
ness, but not all methods are equally suited for all addi-
tively manufactured parts. The surface roughness can be
lowered by use of mechanical, electrical or physical pro-
cesses. Many of the techniques found in literature that
are applied to 3D printed metal parts require the parts to
be affixed and processed individually. While this is not
necessarily a problem, there are a few techniques that do
not require individual processing and indexing. Applied
to AM produced metal parts the found techniques were
mechanical, chemical, and electro-chemical polishing.

2.3.2 Mass Finishing Technique process

Mass Finishing Techniques (MFT), i.e. surface finishing
techniques that can process a larger number of parts si-
multaneously. MFT is a group of mechanical surface and
edge finishing and deburring operations [41]. Generally
speaking, with MFT an abrasive medium, consisting of
ceramic, plastic or metal particles, is run past, over, or
through one or more work pieces, Figure 2.3. Free flow-
ing or fixtureless MFT is a sub group in which the work-
pieces and media tumble, vibrate, or flow together [42].
These techniques are one of few that can work on all sur-
faces in one sitting, assuming the media can access each
surface. This is not the case with most other techniques,
where the work piece has to be fixated on at least two
different surfaces to polish the whole item. Addition-
ally, many of the MFT are unaffected by batch quan-
tity, meaning that one cycle can process many items,
even different items, at once. MFT and metal AM have
the potential to work complimentary, because both tech-
niques are free from the need of having flat, straight, or
circular geometries which many other techniques do pre-
fer. The MFT available at Dienst Elektro-Mechanische
Ontwikkeling (DEMO), the contractor who makes test
set-ups and prototypes for the Delft University of Tech-
nology, is Centrifugal Disc Finishing (CDF).

2.3.3 Abrasives

To speed up the process and preserve the lifetime of the
abrasives, oftentimes coarse to progressively finer abra-
sives are used. With MFT parts of many different ma-
terials can be polished, although not in the same batch.
Ceramic abrasives are used for harder metals like steel
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Figure 2.3: Schematic illustration of a general mass finishing pol-
ishing process. A moving bulk of polishing media (red) in which
multiple workpieces (blue) are processed simultaneously. The pol-
ishing media and workpieces can be moved by vibration or rotation.

and titanium. These abrasives can be formed in many
different shapes and sizes. Common shapes include cylin-
ders with a circular, ellipse, triangle, tri-star base, but
also cones and tetrahedrons [43]. Sizes for ceramic abra-
sives range from 1 mm to 15 mm [43].

2.3.4 Polishing access

In order for MFT to be effective, the polishing media
has to be able to access the to be polished surfaces. This
means that the smallest available abrasive has to fit in-
side recessed or internal features for them to be polished.
Depending on the media’s shape, this could mean more
than one time the diameter of the abrasive, as jamming
of abrasives is common for small holes [44]. For MFT,
internal radii have to be equal or bigger than the peak
radius of the media to be accessed properly [41]. Any
inside radius smaller than this peak radius is unpolish-
able.

As explained, MFT effectiveness is a result of the pol-
ishing media’s capability to access the local surfaces.
However, not all surfaces have to obtain the same sur-
face roughness. In fact, some surfaces can be left unpol-
ished to increase design effectiveness. The necessity of
(fully) polishing a specific surface should be analysed be-
fore making design adaptations. For example, a higher
surface roughness increases the strength of interference
fits, which is a suitable method for joining components
that have to be permanently connected [45]. The same
extends to other fits dependent (in part) on friction.

The surfaces that do have to receive proper polishing
are rolling and sliding surfaces, as these experience wear
and possible particle detachment.

2.3.5 Material removal

The parts are taken to final dimension with the post-
processing technique, which is important for parts that
have to fit or mesh into each other. The exact amount
of material that is removed is a depending on process
parameters like duration and intensity (speed), but also
on the polishing media’s age [44]. With time, the polish-
ing media can dull which increases its smallest radii and
lowers its cutting ability. The rate at which material is
removed is depending on many factors and can best be
experimentally quantified [41].

The material removal rate is likely to be heteroge-
neous, as more accessible surfaces will experience more
abrasion. More accessible surfaces include outside cor-
ners, but also free standing pillars. Less accessible sur-
faces can include trenches and inside corners.

2.3.6 Surface roughness reduction

MFT can be used to achieve a few goals: it can be used to
deburr edges, give edges a radius, reduce surface rough-
ness, or increase a surface’ reflectivity. Often, more than
one of these aspects is affected, depending on the mate-
rial of the work piece and abrasives. Zooming in on the
surface roughness, the final surface roughness is a result
of the initial surface roughness and the MFT process.
A surface roughness measurement on 3D printed stain-
less steel polished with CDF at DEMO showed a surface
roughness reduction of around 35 % (Appendix A). Two
test pieces, each with four differently angled surfaces was
measured before and after polishing. The average sur-
face roughness across the different surfaces and angles
went from 9.2 ± 1.7µm to 6.3 ± 1.5 µm. The polishing
in this case was done with two steps of 1.5 hours, using
medium and fine abrasives as described later in Section
5.3.

2.4 Production Guidelines

2.4.1 Selective Laser Melting

To ensure a 3D printed part that is as close as possible to
the desired shape, a number of design guidelines can be
formulated. Many of the production hardships of SLM
are related to the part orientation during printing, and
many ways of mediating these hardships can be applied
for a specific building direction.

• Choose a building direction prior to designing.
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• Avoid overhanging surfaces with an angle lower than
45° relative to the base plate.

• Avoid requiring support on recessed and curved sur-
faces, and if possible have all the support on flat
surfaces or vertices.

• Avoid cross-sections with a dimension larger than
the building height of the part.

• Prevent perimeter-line height increase by avoiding
faces parallel to the building plate.

• Do not use features smaller than 0.5 mm.

2.4.2 Centrifugal Disc Finishing

The use of CDF adds additional constraints to the de-
sign. The choice and state of the abrasive media is the
biggest factor in what can and cannot be polished. Un-
fortunately, many of the guidelines found in literature
are qualitative in nature, and have to be quantified ex-
perimentally.

• Identify surfaces that require polishing.

• Ensure media access by limiting recessed features.

• The smallest internal radius should be larger than
the smallest external radius of the polishing media.

• Take into account the loss of feature definition.

Media access, smallest internal radius, and loss of fea-
ture definition are qualitative guidelines. To quantify
these guidelines a practical method was formulated in
Chapter 5.

3 Design Analysis of the Dragon-
Flex

3.1 Overview
The DragonFlex is a steerable gripper for general laparo-
scopic surgery [4, 15–18]. This instrument was designed
with the aim to create a high stiffness, high endurance
instrument. The design of the DragonFlex consists of
eleven components, of which some are joined together to
create seven bodies (Figure 3.1).

The design of the DragonFlex is a result of a number
of design objectives aside from fulfilling the laparoscopic
gripper function [16]:

• The DragonFlex is designed to be fully mechanically
actuated in two perpendicular directions for ± 90°.

• The instrument has to have a high stiffness, which
can be an issue for laparoscopic grippers, since 5
mm is the smallest standard trocar size [3].

• The actuation cable curvature has to be as low as
possible, as this improves the lifespan of the actua-
tion cables. Short cable lifespan is an issue for high
stiffness laparoscopic grippers.

• To be compliant with laparoscopic standards, the
design has a cross section no wider than 5 mm from
the tip up to the beginning of the handle (compo-
nents 1 to 6 in Figure 3.1).

The next sections (Section 3.2, 3.3, and 3.4) analyse
and discuss the design objectives in more detail. In Sec-
tion 3.5 the design of the joints used to facilitate the
design objectives is dissected. To conclude, this joint de-
sign is viewed through the lens of the desired production
techniques in Section 3.6.

Figure 3.1: Exploded view of the DragonFlex’ components.
Green elements (1 & 2) form the gripper. The elements 1 to 5
together are considered the tip of the instrument. Component 6 is
the shaft and is press fit to components 5 & 7. Components 3 & 4,
and 8 & 9 are press fit together, too. The components 7 to 11 form
the handle, and actuate and control the tip. The grey components
(10 & 11) are finger holds for the operator. The top image is an
unexploded close up of the tip.
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3.2 Actuation & Control
An unsteerable laparoscopic instrument has five DOF:
four rigid body movements constrained by the trocar,
and one gripper actuation DOF. The DragonFlex has
two more DOF, which allow the gripper to have addi-
tional orientational freedom. The DOF that pertain to
the actuation and orientation of the gripper will be re-
ferred to as internal DOF, and similarly rotation and
translation of the entire instrument will be referred to
as external DOF. Figure 3.2 illustrates the direction of
rotation and position of these additional DOF, and what
should be noted is that the gripper actuation DOF and
one steering DOF coincide at one location at the dis-
tal joint. This means that rather than two individual
rotational DOF and an individual DOF for actuation,
the DragonFlex has three rotational DOF, of which two
together result in an actuation freedom.

The DragonFlex is set up as a master-slave system.
The position of the handle (master) is transferred to the
gripper (slave) using cables. The internal DOF are lim-
ited to ± 90° by physical stops at the master side. Each
of the three internal DOF has two bodies associated with
it, forming master-slave pairs. One pair are the centre
bodies on each side of the shaft, and these are ensured
to always be parallel to each other. The other two pairs
are formed by one of the gripper elements with one of
the handle elements. The handle and gripper elements
are paired diagonally, meaning element 1 with 10, and
element 2 with 11 as shown in Figure 3.1. The way
the system operates is the direction or angle the master-
side makes to the hinge, is equal to the angle the slave-
side makes away from the hinge. With this type of con-
trol, the user experiences no mirroring or amplification
of movement. Additionally, because of the high stiffness
design objective and the physical connection via cables,
the user also experiences accurate force feedback. With-
out force feedback the surgeon would have to rely on
visual information from the laparoscope only. The po-
sition of the DragonFlex is transmitted from the handle
to the gripper using cables.

3.3 Stiffness
Stiffness in laparoscopic instruments is the relation be-
tween the total error in position caused by an external
force, and the force required to create that error. In other
words, how much force at the end effector is needed to
create a deflection. In particular a force perpendicular to
the shaft direction is problematic, because laparoscopic
instruments behave similar to a cantilever. So when a la-
paroscopic gripper is used to manipulate tissue, the force
can cause unwanted deflection. Deflection is undesired
for two reasons: for one, it is an error between input
and output, complicating control, and secondly, it stores

Figure 3.2: CAD model of the DragonFlex (top) and a schematic
depiction of the hinging directions of the joints (bottom). The
DragonFlex gains its additional degrees of freedom from two joints,
which are mirrored along the shaft. The proximal joints allow for
one degree of freedom bending. The distal joints allow two DOF,
one for each gripper half.

elastic energy in the instrument. Energy stored in the
instrument is additional work which the surgeon has to
both generate and release.

The total stiffness of a system is dependent on the stiff-
ness of its components and how they are structured. In
the case of steerable laparoscopic instruments the total
stiffness is primarily comprised by stiffness of the shaft
and hinge(s), which are working in series. The stiffness
of a system of components in series is always lower than
the stiffness of its lowest component. Therefore no low
stiffness elements can be used to create a high stiffness
instrument.

Underactuation lowers the stiffness of a laparoscopic
instrument, and is a common approach to creating range
of motion. Jelinek et al. classified joints used in steer-
able MIS instruments found that many of the hinging
principles used rely on underactuation. An underactu-
ated system is a system with more DOF than actuators.
This can come in the form of multiple hinges in series or
a flexible section. To control multiple small DOF (joints)
with one actuator, a path of least resistance has to be
imposed on the system. This usually has the form of
a compliant components, but can also use the stiffness
of the actuation cables. It is this additional compliancy
that drastically reduces stiffness at the end effector.

The DragonFlex does not use multiple joints in series
to achieve a DOF, but rather uses one hinge per internal
DOF. This is not unique to the DragonFlex, as more
laparoscopic systems use fully actuated hinge designs.
Most noteworthy is the EndoWrist by Intuitive Surgical
Inc., Sunnyvale, CA, USA, which is a system used in
the da Vinci surgical robot [46, 47]. The DragonFlex’
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design was in part an answer to one of the EndoWrist’s
endurance related drawbacks, while maintaining a high
stiffness system [16].

3.4 Endurance

Actuation cable longevity was one of the additional de-
sign objectives for the original DragonFlex. As explained
previously in Section 3.3, a single, full range of motion
joint increases the stiffness of the system, however, it also
increases the curvature actuation cables have to endure.
This is because the arc length of the section of cable that
curves becomes shorter with a single hinge point, while
the same range of motion has to be achieved. The lifes-
pan of cables depends on the curvature and frequency
of bending as well as the thickness of the cables. The
frequency of bending cannot be limited without dimin-
ishing the value of the instrument for the application,
and the thickness of the cables also has a lower limit.
This leaves the curvature as the only design parameter
which can be tuned.

The simplest cable path would be using a cylinder to
wrap the cables around between two bodies, leaving a
single point of rotation. This is how the EndoWrist
(Figure 3.3) is designed, and this approach is effective.
However, the curvature of bending is relatively high, and
results in a limited number of ten procedures that can
be performed with one set of cables [46]. The bending
radius (inverse of curvature) of the cable for this system
is 0.5 times width of the instrument.

Figure 3.3: Simplified exploded view of the EndoWrist, taken
from [48].

The DragonFlex design decreased the maximum cur-
vature by allowing the cables to cut the corners in bend-
ing. This approach is illustrated in Figure 3.4, where
the cable paths are depicted for different rotation an-
gles. The final bending radius was increased to 0.8 times
the instrument width.

For the cables to be able to cut the corners, a con-
tinuously changing pivot point is needed. A fixed pivot
point would cause the joint to become unstable near the
end of the range of motion. This is achieved by a rolling
contact point.

Figure 3.4: Schematic view of cable path throughout the range
of motion of a DragonFlex joint, taken from [16]

3.5 Joint Constraints
Four joint locations are present in the DragonFlex, con-
sisting of two pairs, as discussed in Section 3.2. To anal-
yse how the joints currently function, the joints will be
referred to as proximal and distal, in relation to their
position relative to the shaft. In particular the gripper
side will be analysed, as the handle is both a copy and
does not have a space limitation like the gripper does.

That the proximal and distal joints are different is a
result of the number of bodies and constraints they con-
trol. The proximal, full width joint consists of seven
functional regions or layers. The distal joint consists of
four functional layers, and one layer which is not func-
tional for the working of the joint. In Figure 3.5 the
functional layers are illustrated in an exploded view:

1. Spur gear arcs: constraining translation in X-
direction

2. Cable path guides: actuation and Z-direction sepa-
ration
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3. Rolling contact surface: guiding the motion and Z-
direction constraint

4. Protrusion/cut-out: constraining Y-direction trans-
lation, and X and Z rotation

In the proximal joint, a number of layers are redun-
dant. Multiple layers prevent the rotations around Y-
and Z-axes. Both the the protrusion/cut-out layer, and
the cable path and rolling surface layers prevent rota-
tion around the Y-axis. Likewise, the protrusion/cut-out
layer, and the gear arcs constrain the rotation around
the Z-axis. Although not necessarily problematic, using
more than the required number of geometries to con-
strain a joint indicates a simpler joint could be con-
structed.

Analysing the distal joint shows it is a split version
of the proximal joint. In what is the mid-plane in the
proximal joint, the functional layers are split. This leaves
a total of eight functional layers for the whole joint, four
for each gripper. In Figure 3.5 an exploded view of five
layers is shown, in which the last layer is redundant for
the working of the joint. Figure 3.6 illustrates the two
joints schematically. This schematic representation will
be used to explore and investigate concepts later on.

In the distal joints there are no over constraints, as
every possible relative motion between two bodies is con-
trolled. The choice to use similar joints for the proximal
and distal joints is intuitive. The distal joint is the more
complex joint, and a design that works in that case also
works mirrored or full width.

Figure 3.5: Exploded view of the two joint types in the Drag-
onFlex. The arrows indicate reaction forces which occur when
external forces are applied to the counterpart of this joint. Left:
Exploded view of proximal joint’s components, without the oppos-
ing body. Right: Exploded view of distal joint’s components, with
one opposing body.

4. Protrusion/
3. Rolling surface

2. Cable guide

1. Spur gear

Back body

Proximal Distal

Cut-out

Figure 3.6: Schematic representation of the layers that comprise
the dragon flex joints. The image illustrate the similarity between
the two joints.

3.6 Production Technique Incompatible
Joint Features

The design of the DragonFlex has a number of geome-
tries which are difficult to produce with either PBF or
MFT. Printing of the original design parts had shown
that SLM cannot consistently produce the cable paths.
The cable paths are intended to be circular holes follow-
ing a curved path. The small diameter of this hole (0.4
mm) proved problematic for loose powder removal, and
for geometrical resolution of PBF. A few of the holes were
even fused shut completely. The layered nature of PBF
resulted in non-circular holes, making threading of the
cables through the holes not possible at instances. For
this reason, when 3D printing circular holes, Gatto et al.
suggest undersizing the hole by 0.6 mm, and drilling the
hole to final diameter [49]. This is clearly not feasible
with this hole diameter. Next to that, the cable paths
curving in two directions makes opening up the hole after
printing a difficult task altogether.

The design also contains many slender plates to cre-
ate the protrusion/cut-out layers, and occasionally these
slender objects would be warped by thermal stress, as
is visible in Figure 3.7. Warpage of a part is hard to
predict as it does not just depend on the part itself, but
also on the surrounding parts during build [42]. Increas-
ing the thickness of these plates would reduce the effect
of warping, but the current design does not leave space
for this.

Support material removal is a possible point of con-
cern for many designs produced with PBF, as well for
the DragonFlex. In Figure 3.8 the amount of support
material that is needed to produce handle components
of the DragonFlex. Due to the complexity of this support
material, all of it had to be removed by hand. Support
material cannot be avoided, but clever design choices
can minimise the amount of manual labour involved with
support removal.

To reduce the surface roughness with MFT, the pol-
ishing media has to sufficiently access the surfaces, as
explained in chapter 2.3. The DragonFlex design does

12



not take this into account, as stereolithography leaves
the parts with an excellent surface quality. In particular
the cable paths, gear teeth, and the cut-out in the cen-
tre are hard to polish or unpolishable. The blue lines in
Figure 3.7 are designed to be parallel with a distance of
2 mm apart, which is smaller than the smallest available
abrasive medium and is therefore unpolishable.

Figure 3.7: One of the gripper jaws produced in SS 316-L with
Selective Laser Melting. Thermal stresses caused the 0.5 mm thick
plate right above the lower blue line to curve inwards.

Figure 3.8: Handle components of the original DragonFlex de-
sign produced in SS 316-L with Selective Laser Melting. The com-
ponents are still affixed to the build plate, and the amount of
scaffolding to support the part during build is significant.

4 Concept Design

4.1 Programme of Requirements
The programme of requirements is a set of targets that
encompasses the design problem that has to be solved
[50]. The requirements are separated further into hard
requirements and wishes. Hard requirements have to be
met in order for a concept to be viable. Wishes are
additional to the hard requirements, and can be a reason
to choose one concept over the other.

The design for a metal 3D printed laparoscopic
gripper will be based on the design of the DragonFlex
[16]. A number of requirements of that design will be
absorbed into the programme of requirements, listed
below as requirements R1 to R5. R5 in the original
design was a range of motion of ±90°, however, 60° is
the market standard and will be used as a minimum.

Hard requirements

R1 The tip of the instrument up to the end of the shaft
has to fit through a 5 mm trocar [16].

R2 The instrument should be mechanically actuated by
cables[16].

R3 The instrument should be fully actuated as opposed
to underactuated to ensure a high stiffness [16].

R4 The instrument should have at least two DOF work-
ing in two planes perpendicular to each other [16].

R5 The instrument should have a minimum range of mo-
tion of 60 degrees in both directions (± 60°) [51].

R6 The instrument should have an actuated gripper.

R7 The minimum cable bending radius of 4 mm should
be respected where the cable experiences bending
that changes throughout use.

R8 The instrument has to be fully 3D printable, in
metal, using SLM, with the exception of any cables.

R9 SLM, support material removal, heat treatment, and
MFT are the only necessary manufacturing steps to
produce the instrument.

R10 All surfaces which experience contact with another
surface have to be polished using MFT, including
surfaces that would contact bodies other than the
instrument.

Wishes

W1 The design consists the same number (11) compo-
nents as the DragonFlex, or fewer.

W2 Support material should only be needed at flat sur-
faces or edges.
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4.2 Joint Type Selection

A classification of joints used in laparoscopic instruments
that have a range of motion in two perpendicular direc-
tions is shown in Figure 4.1 [52]. The current design
employs a layer of rolling friction joint and a layer of
rolling toothed joint, among a protrusion/cut-out layer
and cable guide layers as discussed in Chapter 3.5. These
two joint types as presented in Figure 4.1 provide DOF
in two rotational directions and constrain one. However,
some of these joints do not constrain all translational
DOF. In fact, only the rolling belted and bending flex-
ure joint are fully constrained. Unfortunately, these two
joints are problematic to execute in metal, as they rely on
high ductility of the material or result in a low stiffness
system, as Chapter 3.3 explains. 3D printed metal is no-
torious for having a low fatigue strength [20, 24, 32, 37],
which is why a flexure joint hard to produce reliably.

A rolling joint is used in the DragonFlex to limit the
maximum cable curvature. Pessers [16] showed that this
is the only type of joint that can be used which abides
requirements R1, R5 and R7.

If the joint type has to be of the rolling joint vari-
ety, and belted joints are unviable to 3D printed, that
leaves the rolling friction and the rolling toothed joint
according to Figure 4.1. Theoretically, the rolling fric-
tion joint should provide all the necessary constraints
using friction. However, this would require pretension
throughout the whole range of motion and relying solely
on friction to constrain the DOF is problematic when
bodily fluids can act as lubricants. In addition to uncer-
tainty in the coefficient of friction, any loss of pretension
throughout the range of motion will cause the joint to
fail. Considering these factors, rolling toothed joints are
the most viable option. As the rolling toothed joint is
not constrained in all the desired directions, additional
constraining features must be added.

4.3 Joint Components Designed for 3D
printing & Polishing

4.3.1 Gears & rolling surfaces

Toothed joints rely on shape enclosed force transfer, as
opposed to friction (rolling friction joint) or material
(rolling belted joint) for force transfer. In Figure 4.1
only one type of toothed joint is illustrated, an involute
spur gear, also illustrated in Figure 4.2 (A). The invo-
lute function is optimal for gear teeth, as it minimises the
sliding component throughout the motion of gears turn-
ing, which reduces friction. Unfortunately, this tooth
design is hard to polish as discussed in Chapter 3.6.

A tooth profile that is better accessible by a polishing
medium is required. Minimising friction is not of great
importance for finite angle gears. A sinusoidal gear (Fig-

ure 4.2 (B)) profile does not have sharp inside corners,
and is therefore a good candidate for a polishable gear.
The sinusoidal function can be adjusted to the size of the
polishing media available by changing the frequency and
amplitude.

The shallow teeth angle of sinusoidal teeth are better
at accepting radial loading than the involute teeth, which
means they can fulfill the function of gear arch as well as
rolling surface, as described in Chapter 3.5. Absorbing
two functions into one geometry requires fewer features
in the joint. This is highly desirable as instrument width
is a hard constraint (R1).

For a smooth trajectory, a gear tooth must be engaged
with other teeth at both sides. A sinusoidal spur gear
does not have its teeth engaged at both sides through-
out the range of motion. With this being the case, the
gears will jump from one constraint position to the next,
creating a rocky motion. Fortunately, this can be reme-
died by constructing helical gears instead of straight spur
gears. Figure 4.3 (A) and (B) show spur and helical gear
profiles. By placing the gear teeth on an angle, multi-
ple teeth are engaged at once, which will smoothen the
motion.

Related and a descendant of the helical gears are the
herringbone profile gears. Herringbone gears are two he-
lical gears with opposing angles placed on the same axis.
In this manner the gear can absorb axial loading, effec-
tively constraining this direction. Figure 4.3 (C) illus-
trates a herringbone profile. This gear profile is more
complex, but does constrain more directions than a spur
or helical gear.

4.3.2 Cable guides

Small holes or tunnels are a challenge to correctly 3D
print, due to the risk of fusion, and in addition cannot
be polished. A solution for this is opening the tunnels
into channels along the surface. This means the cable
guides have to be placed on an exterior surface of the
joint.

Cables are only experiencing tensile forces, and there-
fore only require support at the inside of a bend. Cable
support on any side other than the inside bend is not
required (Figure 4.4). This can be used to increase the
polishing medias access to the cable guide surfaces.

The cable guides have to be accommodates on the out-
side of the part, to allow proper polishing access. This
means either that the cable guides are placed on the ex-
terior of the instrument (Figure 4.5 A), or additional
’outside surfaces’ are created (Figure 4.5 B). Creating
additional outside surfaces requires splitting the part.
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Figure 4.1: Classification of rolling joints that can provide rotation in two perpendicular directions (R4). Adapted from [52]

A B

Figure 4.2: Illustration of A) involute gear teeth and B) sinu-
soidal gear teeth. The polishability of the sinusoidal teeth is a lot
higher.

4.3.3 Protrusions & cut-outs

Protrusions and cut-outs are able to constrain three di-
rections at once, making them a very useful feature. Un-
fortunately, the inside surfaces of cut-outs are hard to
polish. The reason for this is that the smallest available
media is around 2.8 mm across. As stated in require-
ments R1, the thickness of the instrument cannot exceed
5 mm, thus keeping a clearance of at least 2.8 mm will
utilise much of the available feature space in the joint.

The issue with protrusions and cut-outs is comparable
to that of the cable guides. In fact, approaching cut-outs
from the same angle reveals that when placed on the
outside of a part, the polishing access is created (Figure
4.6 A). Likewise to the cable guides, splitting the whole
joint body in half can allow the protrusion and a narrow
cut-out to be in the centre line of the joint (Figure 4.6
B).

4.4 Joint Concepts

4.4.1 Proximal joint

The proximal joint is the simpler joint of the two, and
will be used as a start for reinventing a joint suitable for
SLM and MFT. As found in the analysis of the original
design, the proximal joint is overconstrained and does

A B C
Figure 4.3: Schematic illustration of different tooth profiles. A)
spur tooth profile, B) helical tooth profile, and C) herring bone
tooth profile. The gears are viewed parallel to the rolling axis.
The grey and black lines illustrate the tooth faces of the gear.

not need all the constraining features. Combining the
gear arch and the rolling surface frees up joint space,
which improves printability and polishability.

Unfortunately, polishable cable guides and cut-outs
compete with each other for space on the outside of the
part. Only when splitting the joint length-wise would
there be the required ’outside surface’ for both cable
guides and cut-outs in the same joint.

For the proximal joint there are four options; having
the cable guides on the centre line or on the exterior
of the joint, and whether or not to use protrusions and
cut-outs. Whether protrusions and cut-outs are required
is a matter of stability; adding this feature would con-
strain the joint in all directions except along the instru-
ment axis without the cables. Omitting protrusions and
cut-outs relies on the cables to constrain rotation per-
pendicular to the DOF, as well as rotation along the
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Figure 4.4: Illustration of the reaction forces (blue) that occur
when a cable (black) is put under tensile load (red) around a sur-
face. Note that the reaction forces are only on the inside of the
bend, the rest of the cable can be left unsupported. If the ca-
ble only needs to curve in one direction, support only needs to be
present at the blue arrows.

A B
Figure 4.5: Schematic depiction of polishable cable guides. In
this figure blue are cable guides, orange are the other features and
base, and black is the contact area that the two halves are engaged
on. Both parts have the hard to polish areas on the outside of each
part. In (B) the both sides of the joint consist of two parts.

instrument. If the a joint has the mechanical stability
required, not including the protrusions and cut-outs is
favoured because this simplifies the joint structure.

These four options are schematically presented in Fig-
ure 4.7. All four concepts use helical gears, either ori-
ented as herring bone gears or not, to ensure a smooth
range of motion. In the case of the proximal joint,
any joint split required to accommodate polishable cable
guides or cut-outs will have to be joined together during
assembly.

4.4.2 Distal joint

The distal joint can be approached in a similar fashion
to the proximal joint. Different from the proximal joint
however, is that only three options remain (Figure 4.8).
Where the centre body held together P1, this is not the

A B
Figure 4.6: Schematic depiction of polishable protrusions & cut-
outs. In this figure green are protrusions, orange are the other
features and base, and black is the contact area that the two halves
are engaged on. Both parts have the hard to polish areas on the
outside of each part. In (B) the bottom joint half with the cut-out
consists of two parts.

P1 P2 P3 P4

Protrusion/
Cut-out

Cable guide

Helical gear

Back body

Figure 4.7: Schematic depiction of the four possible concepts for
the proximal joint when using herring bone gears to constrain (P1
& P2), and when using protrusions and cut-outs with helical gears
to constrain (P3 & P4) the motion. Note that different joint splits
are necessary to make these concepts work. P1 does not require
any split, P2 & P4 require a split on both sides to accommodate
polishable cable guides, and P3 requires a one-sided split to ac-
commodate a polishable cut-out.

case for the grippers, as these need to remain separate.
This required separation will cause the cables to pull
the grippers apart, rendering this option unviable for the
distal joint. If the cables are placed on the exterior of the
joint, a protrusion and cut-out are needed to maintain
gripper alignment. Cables placed on the interior of the
joint will not have this problem, as the cables in tension
will help the grippers stabilise each other.

The distal joint concepts only function in the orienta-
tion presented in Figure 4.8. On the side of the centre
body the back body is joined during assembly.

4.4.3 Joint selection

There is no requirement to use the same arrangement
of joint features in the proximal and distal joints, so
these two groups can be assessed separately. To vali-
date the mechanical stability of these concepts, they were
3D printed at a 3:1 scale in PLA using Fused Deposi-
tion Modelling (FDM). In particular the effectiveness of
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D1 D2 D3

Protrusion/
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Helical gear

Back body
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Figure 4.8: Schematic depiction of the three possible concepts
for the distal joint with polishable cable guides and cut-outs. D1
uses a herring bone gears to constrain the joint. D2 & D3 use
helical gears with protrusions and cut-outs to constrain the joint.

the cable guides and gears had to be investigated. The
effectiveness of the protrusion and cut-out was already
validated in the original DragonFlex design. The scaled
proximal (Figure 4.9) and distal joints (Figure 4.10) were
assembled and wire cable was used for actuation and re-
tention.

Figure 4.9: Photos of the scale models of the distal joint concepts
printed in PLA on a 3:1 scale using Fused Deposition Modelling.

By evaluating the prototypes of the concept joints, the
following aspects were discovered:

• Exterior cable guides (P1, P3 & D2) are problematic
as their cable retention was lacking throughout the
range of motion. Deeper cable guides could be a
solution, but this likely makes the polishability of
the parts go down. This is due to a section of cable
guide in the joint that needs to enclose the cable on
both directions. Deepening the cable guides would
likely make this section unpolishable.

• The axial torsional stiffness (rotation along the
length of the instrument) of joints without protru-
sions (P1, P2 & D1) is low. Steeper gear teeth will
likely increase the stiffness, but the sinusoidal gears

Figure 4.10: Photos of the scale models of the distal joint con-
cepts printed in PLA on a 3:1 scale using Fused Deposition Mod-
elling.

were designed to have shallow teeth, to improve pol-
ishability.

• For distal concepts D1 & D3 the interior cable guides
limit the opening of the gripper to around 60°. In-
creasing this angle makes the gripper bodies come
loose and the joint fails. However, this is within the
requirements.

Of the four proximal concepts and the three distal con-
cepts, proximal concept P4 and distal concept D3 are the
most mechanically stable throughout the range of mo-
tion. These two joint configurations have been selected
as the base for the design.

4.5 Centre Body Design
The selection of concepts P4 & D3 requires a centre body
that accommodates a centre split on both joint sides,
while maintaining rigidity in the assembled state. Figure
4.11 illustrates three options for the centre body compo-
sition.

Of the three options, C1 uses the fewest components
which is a preferable according to wish W1. As with
the joint concepts, this was printed in 3:1 scale using
FDM (Figure 4.12). With the scale model it was dis-
covered that this approach used very tight tolerances.
It was found that with approach C1, any misalignment
will either present itself by twisting the centre body, or
not fitting together due to overconstraining. This can
be avoided by proper dimensional control during pro-
duction, but is an omen for poorly fitting parts when
applied to metal 3D printing. C2 had comparable prob-
lems, although this time caused by one rigid backbone
component to which the additional components had to
adapt.
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C3C1 C2

Figure 4.11: Schematic overview of three options to construct
the centre body with a joint split on both joints. The colours
(grey, blue, yellow, and red) of the different options indicate differ-
ent components. The centre body can be comprised of two (C1),
or three (C2) or four (C3) components. Going beyond four com-
ponents will likely not have any advantage over having four com-
ponents.

A1

A2

B1

B2

Figure 4.12: Two approach to combining two components into
one part as per C1. A1&2 are the same solution, and B1&2 are
the same. In A) the two parts slide onto each other from the top
direction. In B) the parts click together using a flexure and are
kept together by a socket and a ball.

While the twisting of the centre body can be avoided
by tolerancing the parts to fit, a simpler and more robust
solution can be achieved using C3. In option C3 the parts
can have a clearance in the axial direction (Figure 4.14)
Whether the centre body is slightly longer or shorter is
inconsequential to the functioning of the design. This
design option puts less strain on the tolerances of the
production process and by extension makes the design
more appropriate for SLM and MFT.

Figure 4.13: The two approaches to C1 both showed a big mis-
alignment after assembly. Both parts were sanded to final dimen-
sion on the mating faces.

Figure 4.14: Centre body split according to C3. Four equal
components assembled together make the part. The right side
shows the extension in the axial direction.
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5 Experimental Observations on
Polishing

5.1 Goals

5.1.1 Effect of the geometry on polishing

Many papers discussing MFT and its effects on 3D
printed metal focus on the surface roughness values that
can be achieved. These papers generally use simple ge-
ometries like plates or cubes to examine one of their
faces. However, this does not help in the evaluation of
what constitutes a well-designed part for MFT. In an
attempt to quantify the reported and expected effects
of MFT on parts, a number of features relevant to the
design discussed in Chapter 4 were absorbed into a 3D
printed test piece. These features and their functions
are discussed one by one in Section 5.2.4, to answer the
question of what is the geometry specific polishing ac-
cessibility when designing for MFT.

The approach to determine a whether a part is well-
designed for MFT is two pronged. On one side there
is how the geometry of the part affects the efficiency
MFT, and on the other side there is how MFT affects the
geometry of the part. To investigate how the geometry
of the part affects the MFT, a method is used to visualise
how well polishing media can access certain geometries.
This is done using a marking lacquer that shows where
the polishing media chipped away at the lacquer.

5.1.2 Effect of polishing on geometry

The effect of MFT on the geometry is observed through
dimensional measurements of the part and features.
Comparing how different features compare to one an-
other under different MFT conditions gives insight on
how different polishing steps affect the part geometri-
cally. What level of feature definition loss can be ex-
pected with MFT?

The polishing test consist of four groups of three test
pieces. Each group receives a different MFT polishing
sequence. The MFT steps range from coarse, to medium,
to fine. The test pieces that receive a different treatment
will be compared to investigate the effect of the different
available abrasives. In particular the edge radius, corner
radius, material removal rate and rate distribution are
relevant.

5.2 Hypotheses

5.2.1 Edge rounding

Sharp outside edges of a part will be rounded by MFT.
The final radius of outside edge after MFT is a measure

of how much feature definition is lost. The quantifica-
tion of the corner rounding will help decide which of the
abrasive media is suited to use on small features.

The test pieces will be subjected to three polishing
steps, each with a different level of abrasive media coarse-
ness. With the four groups of test pieces receiving differ-
ent MFT treatments, it is expected that coarser media
will round the edges most. Medium and fine media are
hypothesised to not have a significant effect on the edge
rounding after the coarse media. However, if the coarse
step is skipped and just the medium and fine steps are
used, then the medium and fine steps will be relatively
more aggressive compared to when these are following
the coarse step.

The edge rounding will be observed on the edge
marked red in Figure 5.1.

Figure 5.1: Test piece with the measurement locations of the edge
rounding (red edge) and the base width (blue and black lines).

5.2.2 Material removal

MFT will remove material from the top of surfaces. The
amount will depend on the type of abrasive media used,
and the polishing duration. Measuring the width of the
test piece base (Figure 5.1) before and after polishing
steps will quantify how much material is removed. The
amount of material removal is required to make an ac-
curate prediction of final part dimensions. In addition
to knowing how much is removed during MFT, it is nec-
essary to know what the starting dimension is directly
from the printing. The 3D printing dimensional error
and the MFT material removal will contribute together
to the final part dimension.

It is expected that the coarser abrasive will remove
more material, and subsequent media will have a smaller
effect. However, if the effect of medium abrasive will
have more effect if the coarse media polishing step is
skipped. This evaluation metric will both to gauge the
necessity of a coarse first polishing step, and quantify the
absolute material removal of two parallel faces.
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5.2.3 Material removal distribution

It is likely that more material will be removed from the
tip of protruding elements than from the base. To in-
vestigate how much more this is, extending pillars (red)
have been added to the test piece. Comparing the pre
and post MFT dimensions of the base and the tip of
these pillars will tell how much more the ends will be
abraded (Figure 5.2).

As MFT takes the parts to final dimension, the dif-
ference in material removal rate could be of importance
for the fit of parts. In particular the use of prongs in
the centre body connection. These prongs rely on a ta-
per, and when the taper angle is altered too much during
polishing these might no longer fit.

A B

Figure 5.2: Illustration of the extending pillar with A) as printed,
and B) hypothesised after polishing.

5.2.4 Surface access

To evaluate the ability of media to access recessed or
concave surfaces the features marked yellow, orange, and
grey in Figure 5.3 were added. These features are (par-
tially) hard to reach, and will show where the accessibil-
ity limits of MFT are. These features were designed with
the aim to observe how the polishing efficacy changes
with different abrasive media.

The blue and pink marked features also investigate
the polishability of geometries, but rather than exploring
the limits of MFT, these features will be used to validate
specific designs. Whether an area can be polished is
not just a matter of finding an abrasive medium that
can reach the area, it must also be probable that the
abrasive medium comes in contact with the area often.

Recessed corner
With the recessed corner (yellow) the minimum inside
radius for polishable inside edges and inside corners
should be made visible. We hypothesise that a region
non-polished will remain close to the edge, and a slightly
larger area close to the corner. Figure 5.4 illustrates the

Figure 5.3: Illustration of the test piece used to investigate the
effect and accessibility of mass finishing polishing. The colours
mark different features used.

expected polishing pattern.

Figure 5.4: The expected polishing pattern for the recessed cor-
ner feature. Marked in olive green is the expected unpolished re-
gion. The width of of the unpolished section is to be determined
after the experiment.

Recessed taper
The recessed taper (orange) feature is designed to
evaluate a polishable channel for the available MFT
media. The top of the taper is wider (3 mm) than the
smallest available abrasive (2.8 mm) and tapers down
to 0.5 mm. Expected is that the wide end of the taper
walls is polishable, but towards the narrower side the
walls remain unpolished (Figure 5.5).

Recessed cone
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The recessed cone (grey) is, like the recessed taper,
aimed at observing the effect of a channel on the
polishability. We hypothesise that at the wide end,
the smallest media can polish the entire cone, but
this decreases towards the small end (Figure 5.5).
Additionally, the area closest to the edge is expected to
be the hardest to polish at smaller diameters.

Taper Cone

Figure 5.5: The expected polishing pattern for the recessed taper
and recessed cone features. Marked in olive green is the expected
unpolished region. For the taper the unpolished sections are ex-
pected to be most pronounced in the inside corner of the taper.
For the recessed cone the area just underneath the top edge is
expected to be the hardest to polish.

Cable guides
The cable guides (pink) feature have the function
to validate a design choice of using 0.2 mm as the
cable guide radius. This size stems from the original
DragonFlex design. The feature will be assessed on two
aspects The polishability of the internal radius is the
first aspect in assessing the functionality of this cable
guide after MFT (Figure 5.6). The second is how much
material will be removed from the retaining edge, as
this might cause the cable to slide off the edge.

Gear arch
The gear arch (blue) feature is, like the cable guides,
added to validate a design. In this case the sinusoidal
gear design, aimed to replace the rolling surface and spur
gear arches. The gear profile is asymmetrical, with on
the side closest to the recessed taper the sinusoidal func-
tion has an amplitude of 0.3 mm, which increases to 0.5
mm at the cable guide side.

5.3 Method

5.3.1 Equipment

3D Printing
The services of Materialise NV (Belgium) were employed

A B

Figure 5.6: Side view of the cable guides. A) is the cable guide
as drawn. B) has areas marked that are of interest after polishing.
Light blue marks the material that is likely to be removed dur-
ing polishing, and red marks the surface of which it is uncertain
whether it can be polished.

in the 3D printing of the test pieces. Twelve test pieces
were ordered, each marked with a letter, ranging from
A to L. The parts were ordered using their Performance
grade stainless steel. The SLM printer used was the
EOS M280, using stainless steel 318L. Parts were
removed using wire electrical discharge machining and
received a relaxation heat treatment to reduce internal
stresses, but no other surface roughness treatment. The
technical drawings of the test pieces are included in
Appendix XXX.

Polishing machine
The CDF polishing machine used was a CF 1x18 B
produced by OTEC (Germany).

Polishing media
The polishing media used was DZS 6/6, KM 10, PM
10, ZSP 3/5, and DZP 3/3 (Figure 5.7), with liquid
compound SC 5 and SC 15, all by OTEC (Germany).
DZS 6/6, ZSP 3/5, and DZP 3/3 are ceramic bonded
abrasive media, while KM 10 and PM 10 are plastic
bonded. The manufacturer classifies the DZS 6/6 media
as intense grinding and coarse finish, the KM 10 and
PM 10 media are used for fine grinding to polishing, and
the ZSP 3/5 and DZP 3/3 are both used for polishing.

Measurements
Dimensions have been measured using a Mitutoyo Digi-
matic micrometer IP65 0 - 25 mm (Japan) for height,
width and length measurements of the test piece base,
and using Ironside calipers to measure the base and tip
width of the extending pillars. Photos were taken with
a Nikon D850, and a Dino-Lite 3.0 Digital Microscope.
The colouring material used was Traceelac marking
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DZS 6/6 KM 10 PM 10 ZSP 3/5 DZP 3/3

Coarse Medium Fine

Figure 5.7: Photo of the abrasive media used, with a yard stick
for scale. The media is grouped into three groups. DZS 6/6, ZSP
3/5, and DZP 3/3 are ceramic bonded abrasive media, while KM
10 and PM 10 are plastic bonded.

spray by Griffon (Bolton Adhesives, The Netherlands).

5.3.2 Experiment set-up

The approach of this experiment consisted of the follow-
ing steps.

1. Taking measurements of the width of the base of the
test pieces, and the base and tip of the extending
pillars.

2. Taking photos of features.

3. Applying marking lacquer in thin, consistent layers
until fully coated.

4. Follow polishing steps as laid out in Table 5.1, with
the polishing steps as described in Table 5.2. These
steps were chosen as they estimated a previously
executed polishing test done by Summa Surface, a
retailer of mass finishing technology machines.

5. Repeat measurements and photos.

Table 5.1: Table showing the mass finishing polishing steps each
group of test pieces receives.

Step Group 1 Group 2 Group 3 Group 4
Coarse
Medium
Fine

5.4 Results

5.4.1 Overview

In Figure 5.8 photos are presented of the test pieces be-
fore and after polishing, one of each polishing group. The
photos referenced in this section can be found full scale
in Appendix D.

Table 5.2: Table showing the abrasive media and duration of the
different mass finishing polishing steps.

Step Media Compound Duration
Coarse DZS 6/6 SC 15 120 minutes

Medium KM 10
PM 10 SC 15 120 minutes

Fine ZSP 3/5
DZP 3/3 SC 5 120 minutes

Figure 5.8: Photos of the test pieces before and after polishing,
taken with a Nikon D850 digital camera. Each of the four photos
is one of a different group.

5.4.2 Edge rounding

The quantification of the corner rounding was done by
comparing the radii of the same edge of each test piece.
The chosen edge was the vertical edge at the corner of
the test piece, at the side of the recessed corner. The
values are tabulated in Table 5.3, and the values prior
to polishing are tabulated in Table 5.4. It should be
noted that the measurements of the edge radii prior to
polishing was distorted due to the particles that were
partially fused all around the work pieces.

Table 5.3: Edge radii after polishing. Measured using the Di-
noXscope three point radius feature. The groups are tagged with
a C for Coarse, M for Medium, and F for Fine.

Group Values [mm] Average
[mm]

Deviation
[mm]

1 C 0.24 0.22 0.23 0.23 0.0082
2 C-M 0.23 0.25 0.24 0.24 0.0082
3 C-M-F 0.23 0.27 0.22 0.24 0.0182
4 M-F 0.16 0.21 0.22 0.20 0.0242
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Table 5.4: Edge radii prior to polishing. Measured using the
DinoXscope three point radius feature.

Edge radius [mm]
0.17 0.17 0.19
0.15 0.15 0.12
0.13 0.10 0.14
0.10 0.20 0.19

5.4.3 Material removal

Measuring the width of the base of the test piece before
and after the polishing steps yielded the results presented
in Figure 5.9 and Figure 5.10. The values were gathered
by measuring the width of the base of the test piece
before and after the polishing steps with a micrometer.
The average width of the base of the test piece before
polishing is 8.17 ± 0.05 mm.
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Figure 5.9: Graph of the material removal done by the mass
finishing polishing steps. The test pieces are sorted by group.
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Figure 5.10: Graph of the dimensional error in the width of the
test piece base. The test pieces are sorted by group.

5.4.4 Material removal distribution

The measured difference in the width of the square and
round extending pillar is presented in Figure 5.11 and
Figure 5.11. These have been placed on the same Y-axis
scale.

The error between the measured width of the extend-
ing pillars and the desired dimension of 2 mm has been
put into four graphs (Figure 5.13), all with the same Y-
axis. The average error of the extending pillars in the
as-built state is listed in Table 5.5.

Table 5.5: Table of average error of the as-built extending pillars.

Average [mm] Deviation [mm]
Square Tip 0.03 0.04
Square Bottom 0.04 0.02
Round Tip 0.04 0.03
Round Bottom 0.07 0.02
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Figure 5.11: Graph of the material removed at the bottom and
tip of the extending pillars. The test pieces are sorted by group.
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Figure 5.12: Graph of the material removed at the bottom and
tip of the extending pillars. The test pieces are sorted by group.

5.4.5 Surface access

Inside corner
Close up photos of the side of the recessed cubes were
taken for qualitative observations of the accessibility of
MFT. Selection of one of each polishing group is shown
in Figure 5.14.

Recessed taper & cone
Close up photos of the recessed taper (Figure 5.15) and
cone (Figure 5.16) were taken for qualitative observa-
tions of the accessibility of mass finishing polishing.

Cable paths & gear arch
Close up photos of the cable guides and gear arch were
taken for qualitative observations of the accessibility of
MFT (Figure 5.17).

5.5 Interpretation of Results

5.5.1 Effect of polishing on the geometry

Material removal
Figure 5.9 shows that the coarse polishing step removes
the most material, which is unsurprising. What it also
shows is that the effect of a medium polishing step re-
moves a lot more material if not preceded by a coarse
step, and this effect is also present for the fine polishing
step. The surface roughness of the part directly after
printing is the highest, and therefore most material will
be removed with the initial polishing step.

Figure 5.10 relates the material removal to the aimed
part dimensions. The as-built parts were on average 0.17
± 0.05 mm wider than desired. However, with the ex-
ception of Group 1, all test pieces were polished until

below the aimed width. While the width of part can be
varied to adjust for the printing inaccuracy, MFT does
seem to take care of most of the inherent error.

Although strictly not a result of MFT, the extending
pillars have a lower dimensional error than the width of
the base prior to polishing of around 0.04 mm. It should
be noted that these were measured with calipers, whereas
the width of the base was measured with a micrometer.
This does not fully explain the discrepancy between the
width of base and the extending pillars. It could be
possible that the dimensional error is cumulative with
printing width, or at least until a certain width.

The dimension of the pillar tips exhibit a larger vari-
ance than the bottom of the pillar or the base. This
could be a result of a larger heat affected zone, as the
small pillar section does not conduct the heat away as
easily as the base of the block. This larger heat affected
zone causes particles farther away from the laser focus to
(partially) fuse to the part. If this is the case, this would
also explain why the dimensional error of the base is
higher than that of the pillars, as a larger surface area
(i.e. more heat required) is fused at once, causing a larger
radius around the perimeter to be affected by the heat.
Additionally, the particles fused outside the melt pool
did not fully melt, making them easier to remove by the
MFT steps.

The use of MFT in most cases seems to leave the
parts smaller by a small amount (< 0.05 mm). From
the view point of parts fitting together, this would
be sufficient for surfaces of which both mating faces
are polished. For faces where only one or none of the
mating faces can receive polishing, a clearance should
be implemented accordingly. Although the sample size
is small, an initial clearance of 0.15 mm per unpolished
face should be adequate. However, the dimensional
error of unpolished surfaces is a lot more variable than
that of polished surfaces, therefore two polished mating
faces are preferred in terms of dimensional consistency.

Material removal distribution
In Table 5.6 the relative removal at the tip is listed, with
the amount removed at the tip of the extending features
relative to the amount removed at the bottom. The
amount of material removed at the tip is higher than
that removed at the base, as was expected. The bottom
of the pillar is likely shielded from the abrasive stones
and therefore the amount of abrasion here is smaller.
However, it does not seem that the different polishing
steps have a ratio associated with them, which is likely
a result of the limited sample size.

The rounding of the edges, as shown in Table 5.3, is
comparable among groups 1, 2, and 3, and group 4 being
around 20% lower. This is in line with the finding that
the coarse step removes most material. The use of a
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Figure 5.13: Graphs of the dimensional error in the width of the tip of the extending pillars. The test pieces are sorted by group.

coarse first step makes it difficult to end up with a part
with sharply defined features, although the difference is
small.

A coarse step also leaves a more uneven polishing pat-
tern on recessed features, which is undesirable. However,
as previously stated, a coarse step is useful in the removal
of satellites.

5.5.2 Polishing accessibility

Recessed corner
The polishing patterns can be seen in Figure 5.14 by the
absence of marking lacquer. The biggest difference be-
tween the groups is that the test pieces that underwent
the coarse polishing step have a pattern that has the
most pronounced polishing at the top left corner. This
is the corner that is best accessible by the media. The
group that only underwent the medium and fine polish-
ing steps has a polishing pattern that is more evenly
distributed.

Taking a closer look at the recessed corner after
medium and fine polishing steps (group 4), a prelimi-
nary dimension for the unpolishable corner region can
be set. Using the DinoXscope optical measuring tool,
placing a line at 0.4 mm from the side of the recessed
cube does mark the start or is already in the polished
region. This preliminary dimension can be used to
further the design, in particular the area where the
protrusion and the gear arch meet.

Figure 5.18: Photos of the recessed corner of group 4 (medium
& fine) after polishing. Using the DinoXscope measuring tool, a
green line has been placed 0.4 mm from the wall. This line is on
the edge or in the polished region for all test pieces in this group.

Recessed taper & cone
In the figures showing the recessed tapers and cones (Fig-
ure 5.15 & 5.16) it is visible that both geometries do not
receive full polishing on the sides. It was expected that
at the wider end of these geometries the sides would re-
ceive sufficient polishing, but it appears that this is not
the case.

On the other side, the bottoms of the taper and cone
do receive adequate polishing, more than hypothesised.
In hindsight this could have been expected, as these faces
are easier for media to run past than the sides.

Particularly interesting is how the polishing pattern
occurred on the recessed cone. Here it is visible that the
angle of the surface with respect to the open side of the
feature is dictating the polishability of a surface and that
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Figure 5.14: Close up photos of the recessed cube taken with a microscope. The photos are grouped by treatment group.
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Figure 5.15: Close up photos of the recessed taper taken with a Nikon D850 digital camera. Note that a piece of abrasive media is
lodged in one of the coarse photos.
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Figure 5.16: Close up photos of the recessed cone taken with a Nikon D850 digital camera. Note that a piece of abrasive media is
lodged in one of the coarse photos.
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Figure 5.17: Close up photos of the cable guides and gear arch taken with a Nikon D850 digital camera.
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Table 5.6: Table listing the average material removal of the tip
and the base of the extending square pillar and the round pillar.
In the right most column the removal at the tip relative to the
removal at the base is listed. The groups are tagged with a C for
Coarse, M for Medium, and F for Fine.

Square Pillar

Group
Average Material
Removal [mm] Decrease at

Tip [%]Tip Base
1 C 0.09 0.04 2.5
2 C-M 0.14 0.04 3.8
3 C-M-F 0.10 0.05 2.2
4 M-F 0.08 0.03 2.7

Round Pillar

Group
Average Material
Removal [mm] Decrease at

Tip [%]Tip Base
1 C 0.10 0.06 1.7
2 C-M 0.11 0.08 1.4
3 C-M-F 0.11 0.08 1.4
4 M-F 0.08 0.03 2.4

channel walls will receive limited polishing.
Both the recessed taper and cone have one test piece

in which a piece of abrasive media has lodged itself into
the feature. It does not seem that the lodged media
has changed the resulting polishing pattern, possibly
because it is a smaller chip from a larger abrasive stone.

Cable guides & gear arch
Zooming in on the two groups that were polished with
the fine media (Figure 5.19) shows initially a similar pol-
ishing pattern in both groups on the cable guides. How-
ever, upon closer inspection the more aggressive coarse
step has left group 3 more rounded over at the cable
guide edges. Rounded over edges are problematic for ca-
ble retention, as it makes the cables more likely to slip
out of the cable guide.

In the bottom row of the figure (group 4), a faint
polishing pattern can be seen in the both the inside
radius of the cable guides as the base of the gear teeth.
This does indicate that to a certain degree these surface
are being polished. Although top row also underwent a
fine polishing step, this pattern is not visible here. This
could be a result of the small sample size, or that the
coarse step alters the marking lacquer in a way.

Surface satellites
Another observation that came to light is the effect of
so-called satellites on surfaces of printed parts on MFT.
Satellites are small beads on top of the surface that are a
by-product of the SLM process. These beads are created
by splatter of the melt pool, and randomly land on the

Figure 5.19: Photos of all test pieces in group 3 (coarse, medium
& fine) and group 4 (medium & fine).

surface.

Figure 5.20 is a close up of the top surface of test piece
H. The satellites appear to prevent the abrasive media
to access the surface surrounding the satellites.

The satellites are most pronounced on surfaces face up-
ward during printing. Since they are unavoidable, this
should be taken into consideration when orienting the
part. Alternatively, a coarse MFT step for longer should
remove most of the satellites, but this will also be ag-
gressive to the features of the part.

Figure 5.20: Photos of test piece H, before and after coarse,
medium, and fine polishing. The zoomed in sections focus on the
beads on the surface called satellites, which seem to prevent the
abrasive media to access the surrounding surface.
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5.5.3 Experiment evaluation

The use of the marking lacquer seems to be an effec-
tive method to evaluate MFT behaviour for surfaces.
However, the application happens in a wet state, and
it appears that the lacquer is drawn to inside corners of
features due to surface tension. This makes it hard to
distinguish between poor polishing or a thicker marking
layer near inside corners. This makes the use of this spe-
cific lacquer less viable for sharp inside corners like the
base of the gear arch and recessed corner.

5.5.4 Experiment impact for the design

A number of design considerations have come forward
with the results of the experiment that can be applied
directly to the main design of this report:

• Channels are hard to polish adequately below 3 mm.
The use of channels in one piece through which slid-
ing has to occur should be avoided. Larger chan-
nels in combination with the chosen abrasives have
a greater chance of success, but are not feasible in
combination with the current size constraints.

• The tapering of the pillars appears to be negligi-
ble in terms of generating a taper angle that could
be used for protrusions to hold the centre body to-
gether.

• The unpolished region at the inside corner was hard
to measure consistently, but the maximum radius
for polishing with the fine polishing step is estimated
to be around 0.4 mm. The outside corner rounding
for the groups with fine polishing were measured to
be 0.16 - 0.27 mm. The edge rounding will therefore
not provide sufficient clearance for the edge between
the gear arch and protrusion/cut-out. A clearance
recess should be included here to ensure proper part
assembly.

• The process of SLM leaves the parts, at least in
the case of the machine used by the supplier, over-
sized. The use of MFT polishing both brings the
dimensions of the part down to slightly under the
desired dimensions, but also lowers the spread on
the dimensions. This improves the consistency of
the parts assembly process, and largely omits the
need for additional part size tolerancing.

6 Final Design

6.1 Joint Feature

6.1.1 Overview

The joints are the most complex sections of this instru-
ment, and consequently required the most redesign to be
adapted into 3D printable and polishable components.
The final design was modelled in SolidWorks (Dassault
Systèmes SolidWorks Corp.). In Figure 6.1 a close up
of the designed joint can be viewed. The feature dimen-
sioning will be discussed in the following sections.

1 2 3 2 1

A B

0.8 0.80.8

1.3 1.3

[mm]

Figure 6.1: Computer 3D model of the final joint concept. A) a
side view of the joint with features 1) protrusion/cut-out, 2) gear
arch, and 3) cable guides. B) angled view.

6.1.2 Cable guides

The cable guides are mostly unaltered from the original
DragonFlex design, with the exception of being placed
on the outside of the part and the unnecessary walls
removed. The each cable path has a width of 0.4 mm
and an inside radius of 0.2 mm. The two cable paths
together require 0.8 mm in the joint, leaving 4.2 mm for
the remaining features.

The cable guide walls that remain are the walls that
are on the inside of the bending cable. The bending of
the cable is schematically depicted in Figure 6.2 for the
full joint range of motion.
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A

B

Figure 6.2: Side view of the cable path. The blue line represents
the actuation cable and is presented in its two extreme positions.
A) the cable when the joint is bending to the left, and B) the cable
when the joint is bending to the right.

6.1.3 Protrusion & Cut-out

In Section 3.6 a print with a protrusion of 0.5 mm was
found to be insufficiently thick to withstand thermal
warpage, whereas a 1 mm protrusion is. The protrusion
and cut-out feature occurs twice in this joint design, so
the chosen thickness is also effectively doubled. It was
chosen that the protrusions will have a thickness of 0.8
mm instead of 1 mm, because of space consideration.
The stiffness of plates scales with the third power of the
thickness, which would mean that this plate is 4 times
stiffer than the 0.5 mm protrusion.

The protrusion inside face is a sliding surface, and for
this reason a recess has been added at the base to en-
sure polishability. In Figure 6.3 a red line marks the
start of this recess, which is 0.4 mm wide. This recess’
function is to provide clearance for the media, so that no
unpolished region remains after MFT. This dimension
is chosen based of the measurement of the start of the
polishing region in Section 5.5.2.

The material removal analyses showed that the di-
mensional error became negative after polishing. With
the polished surfaces being 0.05 - 0.1 mm below their
intended position after MFT, the clearance is possibly
enough.

Figure 6.3: Computer 3D model of the protrusion in the centre
body. The red line marks the start of the recess which is in place
to give clearance during mass finishing polishing.

6.1.4 Gears

The sinusoidal gear arches are designed by wrapping a
sine function around the perimeter of a circle. The circle
diameter is 7.35 mm and is equal to the gear diameter of
the original DragonFlex. This size is fixed due to the ca-
ble guide dimensions. The sinusoidal function was, after
some iterations, chosen to have an amplitude of 0.3 mm
and a frequency that fits 12 teeth on the whole circle. A
lower amplitude would decrease the slope of the teeth,
making the teeth prone to sliding out of engagement. It-
erations with a larger amplitude showed that teeth do
not engage properly anymore, as the base of the gear
teeth to become too narrow. The equation was inputted
parametrically into SolidWorks using the following equa-
tions:

Gx(t) = cos(t) ∗ (D/2 + a ∗ cos(t ∗ n))

Gy(t) = sin(t) ∗ (D/2 + a ∗ cos(t ∗ n))

These equations use the constants D for the circle di-
ameter, a for amplitude, and n for the number of teeth.

The helical gears are rotated along the circle centre
with an angle of 30°. This angle ensures that the end of
one teeth coincides with the start of the next one (Fig-
ure 6.4). This ensures multiple gears are engaged at
once, making the rolling motion smoother. Decreasing
the number of teeth would require a steeper helical angle
to do the same. This would make the base of the gears
harder to polish, as the teeth are brought closer together.
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Figure 6.4: Top view of a centre body part. Marked with blue
lines on the gear arch are the starts and ends of the gear teeth to
illustrate the 30° rotation.

The gear arch, and also the cable guides, have been de-
signed for a 90° joint range of motion, while the design
requirements only require 60°. However, it was noticed
during prototyping that due to gear teeth being sliced to
a fraction the end of the range of motion became unsta-
ble. The gear arch was a feature present on a prelimi-
nary concept that was printed in metal. This preliminary
print was also polished using an MFT cycle that is com-
parable to the cycle used in Group 4 (medium and fine
abrasives) of previous chapter. The gear arch showed to
be effective at constraining the tangential forces, and the
rolling motion sufficiently smooth.

Figure 6.5: Photo of printed parts with the gear arch feature.

6.2 Instrument Components
6.2.1 Gripper

The gripper elements are designed as depicted in Fig-
ure 6.6. The elements have a section of cable guide in
which the cable should be fixed. For this reason, the
polishability of this section is of no consequence.

A

Figure 6.6: Computer 3D image of the gripper element. (A)
marks a section of cable guide that is constrained from both sides.

The gripper elements are designed to be oriented at an
angle of 20° between the normal vector of the base plate
and the longitudinal axis of the part. Using the draft
analysis function in SolidWorks areas with an overhang
less than 45° are marked red and require support. In
Figure 6.7 this function has been applied to a gripper
element. Support would be required on the tip of the jaw
and a small section of cable guide. The tip of the jaw is
non functional, and the section of cable guide constitutes
a small section that is likely printable without problems.
The draft analysis has the sole function of identifying
locations that require structural support, but does not
give any information for the need for thermal support.

Figure 6.7: Draft analysis of the gripper element, set to 45°
overhang. The green surfaces are printable unsupported while the
red parts require support. The element is placed at an angle of 60°
between the longitudinal axis of the part and the normal vector of
the base plate.

6.2.2 Centre body

The centre body of the instrument consists of four identi-
cal parts. One of the individual parts is shown in Figure
6.8, and is a component of the centre body at the tip of
the instrument. The two prongs and the recess are ta-
pered with a 4° angle to be self-centering with assembly
(Figure 6.9). The prongs and recess allow for assembly of
the centre body to be in the axial direction. This is ad-
vantageous as small dimensional inaccuracies will only
have the centre body become shorter or longer, rather
than wider or twisted.

The prongs will have more material removed at their
tips than at the base, as the extending pillars during
the experiment showed. To avoid over-erosion at the tip
to become problematic, the prongs are oversized at the
tapered faces with the slot by 0.10 mm. This amount
is more than the error for either of the pillar types in
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most of the polishing groups. Additionally, the width of
the recess is below the width of the width of the small-
est polishing stone. This means that the sides of the
recess will be underpolished, as was seen with the re-
cessed taper. Assuming that the sides of the recess will
also be larger than intended as-built, this should leave
with enough material for the prongs and the recess to fit
together adequately. The rougher surface of the recess
walls will likely improve the interference fit of the taper.

B

A

C

D

X

Figure 6.8: Centre body parts of the centre body at the tip. A)
a side view of the part. B) front view of the part. C) angled side
view with (X) marking the recess to accept and center the prongs.
D) an angled view.

A B C D

Figure 6.9: Assembly of the tip-side centre body. Two centre
body parts make a pair (A to B), and two pairs rotated 90° axially
make the full body (C to D).

The centre body at the handle side is similar, albeit
with range of motion limiters at the sides (Figure 6.10).
The range of motion is limited at 60°.

A

B

C

Figure 6.10: Parts of the handle-side centre body (A & B), and
the assembly (C).

The centre body parts for both the handle and the
tip side are designed to be printed at an angle of 45°.
The draft angle analysis of SolidWorks has again been
used to determine the need for support (Figure 6.11).
The draft angle analysis shows that three surfaces of
each body have an overhang of less than 45°. This is
due to the taper angle given to the prongs and the re-
cess. These surfaces cross the overhang threshold by 4°,
which is unlikely to affect the surface roughness a lot if
printed without overhang. Support is required for the
edges marked in blue in Figure 6.11.

A B

Figure 6.11: Draft analysis of the centre body parts of the tip (A)
and handle (B) sides, set to 45° overhang. The green surfaces are
printable unsupported while the red parts exceed the 45° threshold.
The parts are placed at an angle of 45° between the longitudinal
axis of the part and the normal vector of the base plate. The red
surfaces exceed the threshold by 4°. Support is required on the
edges marked in blue.

6.2.3 Shaft

The shaft consists of five parts; two shaft additions at the
tip side, two at the handle side and the middle section
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6.12. The shaft additions are similar, with the handle
side having range of motion limiters added. The shaft
additions fit into the middle section with square tapered
pegs 6.13. The cables run along the outside of the middle
section.

The shaft middle section can be made at any length, in
principle only limited by the build height of the specific
SLM printer used. The middle section in the figures
below has a length of 30 mm, which is too short for
practical use of the instrument.

The connection of the shaft additions on both sides
to the shaft is based on an interference taper fit. The
tapered hole is unpolishable, and will therefore be more
undersized than the MFT process will remove on the ta-
pered pegs. This should fit together without the need for
additional clearances. The rough surface of the tapered
hole will contribute to a tight fit, as it is will increase
friction forces between the parts.

A B

C

Figure 6.12: Computer 3D models of the shaft components. A)
shaft addition tip, B) shaft addition handle, and C) middle section.

A

B

Figure 6.13: Computer 3D models of the shaft sub-assembly. A)
side view, and B) front view.

The shaft addition parts should be printed on an angle
of 45°, and the middle section standing (Figure 6.14).
The draft angle analysis marks the tapered surfaces as
being over 45°, which they do by 4°. This overhang is
acceptable nonetheless. Support is required on the edges
marked in blue.

A

B

C D

Figure 6.14: Draft analysis of the shaft parts of the shaft addition
tip (A), shaft addition handle (B), and middle section (B), set to
45° overhang. The green surfaces are printable unsupported while
the red parts exceed the 45° threshold. The shaft addition parts
are placed at an angle of 45° between the longitudinal axis of the
part and the normal vector of the base plate, the middle section
is placed standing up. The red surfaces exceed the threshold by
4°. Support is required on the edges marked in blue. D) shows the
middle section cut in half to show the tapered holes, which have a
bottom of 50° and do not require support.

6.2.4 Handle

The handle of the instrument can be seen in Figure 6.15.
The handle design is relatively straight forward, and the
joint used is the same as in the gripper elements.

B

A

C

Figure 6.15: Computer 3D model of the handle. A) is a front
view, B) a side view, and C) an angled view.

The handle has a cable groove that merges the two
cables at the joint, and runs them around the handle
(Figure 6.16). The cables are guided into the groove
through a hole that is slightly off-set to the plane where
the cable enter the joint. This is to ensure the cables
are pulled against the cable guides to maintain position.
This section is entirely unpolishable, but this is of no
consequence, as the cable is stationary at this location.
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Figure 6.16: Close up of the where the two actuation cables are
merged into the cable groove.

The handle is designed to be printed at an angle of
45° (Figure 6.17). The part is more difficult to support
than the other parts, in part due to the double curved
surfaces of the finger grips. Support on these surfaces is
hard to remove, but fortunately, these surfaces are not
crucial for the working of the instrument.

A

B

Figure 6.17: Draft analysis of the shaft parts of the handle. A)
shows the handle in the printing orientation, and (B) shows the
draft analysis in the building direction.The draft analysis is set to
45° overhang. The green surfaces are printable unsupported while
the red parts exceed the 45° threshold. The handle is placed at
an angle of 45° between the longitudinal axis of the part and the
normal vector of the base plate. Support is required on the red
surfaces.

6.2.5 Cables

The actuation cables are off-the-shelf 19 strand wire ca-
bles of 0.25 mm diameter. One manufacturer of these
cables is Engelmann (DE).

As of now, no cable tensioning mechanism has been
included in the design. Any cable tensioning mechanism
should be placed in the handle, but was left outside the
scope of this thesis. The actuation cables are to be glued
in place onto the gripper elements.

6.3 Total Assembly

The instrument in its entirety is depicted in Figure 6.18
as a SolidWorks model. Figure 6.19 is a photo of the
instrument printed on a 3:1 scale. The internal degrees
of freedom of the 3D printed scale model are shown in
Figure 6.20. The only part that has been modified are
the handle hole sizes, as these would otherwise become
comically large in the scaled version.

The scaled prototype has been assembled without us-
ing glue to hold the parts, with the exception of the ca-
bles, which demonstrates the effectiveness of the tapered
interference fits. Due to the absence of a polishing step,
clearance of 0.1 mm was added to all mating faces.

A

B

C

Figure 6.18: Computer 3D model of the instrument assembly.
A) is a front view, B) is a side view, and C) is an angled view.

Figure 6.19: 3D printed scale model of the instrument. Printed
using FDM in PLA plastic, scale 3:1. Positioned in the front (top)
and side (bottom) views.
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Figure 6.20: 3D printed scale model of the instrument. Printed
using FDM in PLA plastic, scale 3:1. Positioned in the three de-
grees of freedom. A) is the proximal joint rotation, B) is the distal
joint rotation, and C) is the gripper actuation.

The way the cables are looped through the instrument
is visualised in Figure 6.21. The cables follow the same
path on the handle and the gripper side. The instrument
uses two cables, which both run up and down the instru-
ment. Because the cables are glued to the gripper jaws,
the force is transferred into the gripper jaw, effectively
splitting the cable in half.

Figure 6.21: Computer 3D model of the gripper side (top) and
handle side (bottom) joints of the instrument. Some components
have been made transparent to show the internal cable guides. The
two cables that the instrument used are the blue and black lines.
The cables are glued in place in the gripper jaws and in the handle
parts.

7 Discussion

7.1 Evaluation of the Design
7.1.1 Design approach

The starting point for this project was an existing 3D
printable gripper. This removed much of the uncertainty
of the functionality of the base design, as this was already
validated. With that as a starting point, the steps taken
in the design process were the following:

1. Determining general outline for the part. This in-
cludes the shape, size, and required features.

2. Eliminating recessed & internal features. This was
achieved by placing these on the part’s perimeter,
and splitting the part along one of these features.

3. Finalising the feature dimensions, while respecting
the minimal dimensions for printing and polishing.

• No feature can be thinner than 0.5 mm.

• The smallest polishable internal radius is 0.4
mm.

• Channels & crevices smaller than the smallest
available media will hardly be polished.

4. Determine which faces require low surface rough-
ness. These include sliding and wear surfaces.

5. Choose printing orientation.

• Surfaces facing up do not require support ma-
terial, this is favourable for low roughness sur-
faces

• Surfaces facing down that do require a low sur-
face roughness should have an angle with the
building direction lower than 45°

6. Allocate vertices and flat surfaces for support lo-
cations. Apply chamfers to eliminate overhang if
necessary.

During the design of the structure and components,
the result of going back and forth between step 1 and 2
was conscious placement of features and the consequence
for the manufacturing process. The application of spe-
cific design dimensions is only worthwhile after that. The
addition of a subsequent step in this process often re-
quired the previous steps to be reconsidered as to allow
the next step to be added. This is not in any way new
for a design process, but with a focus on the combination
of SLM and MFT.

The benefit of 3D printing to produce parts that house
many features without the associated additional machin-
ing costs has been used to counteract the short-comings
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of MFT. In particular the poor accessibility of the polish-
ing media into internal features by splitting components,
while also providing the features to combine the compo-
nents again after polishing.

This design has an intrinsic benefit compared to other
laparoscopic grippers when it comes to being produced
with SLM and MFT. The size of the parts and compo-
nents is of the same order of magnitude. In particular
the absence of small fastener rings or pins, or stand-
alone axles is advantageous for both printing and polish-
ing. The components in this design have a higher shape-
complexity than most machined parts, due to having
both their functional features and connecting features
in one part.

7.1.2 Component splitting

One component of the design process for designing an
instrument suitable for both printing and polishing was
to find the largest producible part component by split-
ting the parts. Splitting along the cable guides removed
the need for printing holes, which are both hard to print
accurately and impossible to polish. This also opened
up the option to orientate each component individually
during printing, gaining control over which surfaces were
facing up and support location. This is advantageous for
the surface quality, as surfaces facing down have a much
poorer surface quality.

Although 3D printing has the potential to produce a
part as one, the part splitting had many advantages for
both the printability and the polishability of the parts.
In this design, it was opted to split parts into equally
sized components. This was chosen so any production
inaccuracies were divided over the components in form
of lengthening or shortening of the part, as described in
Section 6.2.

The component splitting is a tool that can be used for
other designs, too. As described, its effective at eliminat-
ing small internal structures. However, it is limited by
only creating two additional outside surfaces per split.
As the parts need to be rejoined into the final part, in-
creasing the number of splits also increases the required
number of aligning and retaining features.

7.1.3 Reconnecting the cable guides

Aside from increasing the number of parts, splitting the
components did bring one potential new issue to the ta-
ble. Having split the parts along the cable guides requires
the cable guides to be made whole again during assem-
bly. Because the MFT process leaves the cable guide
edges rounded over, there is a possibility of cables wedg-
ing themselves into the space between the mating faces.
This will only become apparent after producing the in-

strument in its entirety, but two solutions if this is the
case are theorised.

The first revolves around counteracting the effect of
MFT on that specific edge, by creating artificial burrs.
MFT are suited for polishing a wide variety of shapes,
but are also used to deburr and round off edges left
from other production techniques. While this is often
desirable, it possibly rounds off the small features. In
the handbook by Gillespie, a figure is presented which
relates the burr thickness and height, and edge radius
(Figure 7.1). With this graph an artificial burr or ridge
can be designed to counteract the chamfering effect of
a mass finishing technique. The exact burr dimensions
will depend on the MFT process settings and material,
but the graph offers quantitative insight into the relation
between the available parameters. The rate at which ma-
terial is removed is depending on many factors and can
best be experimentally quantified [41].

Figure 7.1: Relation between burr thickness, burr height, and
edge radius. Taken from [41].

The measured edge rounding in Section 5.4.2 were be-
tween 0.20 mm and 0.24 mm on average. This is beyond
what the graph in Figure 7.1 shows, which suggests that
the effect of the polishing in the experiments is beyond
the limit of the X-axis marking time in hours. The total
polishing time during the experiments is 6 hours, which
does indeed exceed this table. This would mark the base
line for the rounding of an unburred edge. Estimating an
extrapolation would indicate a burr thickness of around
0.08 - 0.10 mm and around 0.10 mm high. These di-
mensions would seem as a reasonable starting point for
this approach. Figure 7.2 shows two illustrations of burr
directions, both with different rationales. It has to be
noted that the curves of Figure 7.1 are likely measured
with different abrasives and machine settings, but the
curves as a whole do offer a reasonable starting point for
this approach.

The artificial burrs will not result in a sharp right angle
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corner, but are meant to offset and decrease the rounding
that results from MFT. Sharp corners are not the end
goal in this case, but ensuring cable retainment in the
cable guide.

Figure 7.2: Two suggestions for the location of the burr. A)
here the burr is angled at 45°, which would be the direction that is
abraded most heavily. B) is a burr that is in line with the mating
face, this would limit the possible interference the burr has with
creating a smooth mating face. Both burrs would run along the
cable guide and are sacrificed during the mass finishing polishing
process.

The second option would be splitting the part not in
the centre of the cable guide, but at the side of the guide
or in a zigzag pattern. At the side of the cable guide,
against the wall, the cables would be prevented from
slipping into crevice by the wall. This could be further
supported by a recess in the wall at that side. Splitting
the cable guide in a zigzag pattern stops the cable and
the crevice from lining up, eliminating the chance of the
cable slipping.

7.1.4 Choosing a polishing cycle

The polishing patterns showed that the combination of
a medium and fine step had a more even distribution
of polishing than when a coarse step was included. It
would seem that excluding the use of large ( > 6 mm)
coarse polishing stones is advisable for the polishing of
fine mechanical instruments. The range of available me-
dia for this research was limited by the available media
at DEMO and what their machine could accept. OTEC,
the supplier of the media, has a wider range of media
sizes available. For a smoother surface, additional pol-
ishing steps are required. Whether just adding subse-
quent, finer steps to the chosen polishing steps of this
project is sufficient is unlikely. In particular the surfaces
in line with the building direction have a pitted texture,

which for a mirror polish have to be ground away. The
depth of these pits after polishing is unknown, but a pre-
ceding, coarser polishing cycle has to be added to remove
enough material to obtain a smooth surface.

The combination of SLM and MFT has shown good
promise to work in tandem. In Section 5.4.3 it is reported
that MFT brought the dimensional error from well above
(0.17 ± 0.05 mm) the desired width to just under ( < 0.05
mm). The final dimensions for the Group 4 (medium &
fine) were 0.01 - 0.04 mm below the dimension as drawn.
For the sliding surfaces of the protrusions and cut-outs
this would be equivalent to an H7/f8 engineering fit [11].
This engineering fit is meant for rotating axles in holes,
where this specific engineering fit is a close running fit. A
close running fit is used when dealing small mechanical
loads and moderate speeds.

Consistency between polishing batches is hard to pre-
dict, because the instrument components and the small-
est available polishing media are comparable in size. The
state of the polishing media is of importance for the ma-
terial removal rate and media accessibility. Both are
lower for dull media compared to new. Research into
ceramic abrasives wear by Uhlman & Eulitz [53] showed
that the strongest decline of media roughness occurred
in the first 30 hours, and cutting performance decreas-
ing over the first 90 hours. After 90 hours a steady state
was reached. This makes consistent polishing between
batches before 90 hours difficult. It would seem sensible
to evaluate the polishing of the instrument by reasonably
worn media, as new media for each batch is not realistic.
Reasonably worn media could be 30 hours old or even
90 hours. The media used in this project was fresh from
the supplier, as to reduce the number of variables.

The surface roughness of 3D printed parts after an
MFT treatment has been extensively discussed in litera-
ture. The focus of this work is in the interaction between
polishing and geometry. The final surface roughness of
the work pieces has not been measured in this experi-
ment.

7.2 Instrument Finalisation & Optimisa-
tion

7.2.1 Cable fixation in the handle

Cable fixation has been left unaddressed in the handle
design. In the DragonFlex a tensioning system is em-
ployed to grant continuous access to change the length
of the cable. This system is shown in Figure 7.3, and
could be copied into the new design.
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A B

Figure 7.3: Computer 3D model of a version of the DragonFlex’
tensioning system. It consist of two machined parts embedded in
the handle: a nut with a gnurled adjustment wheel (A) and a bolt
with a square head (B) in which the cable is glued into. The cable
wraps around the handle hole into the tensioning system.

A tensioning system like Figure 7.3 in the new de-
sign would allow allow for partial disassembly. The cable
would be glued to the tensioning bolts and gripper jaw,
but all other components could be disassembled. These
components are custom made for this instrument, but a
plethora of off-the-shelf cable tensioners exist and can be
incorporated into the design.

However, from the perspective of designing a surgical
instrument, the question can be asked whether disassem-
bly is necessary if a further developed instrument would
be single use. If that is the case, a simpler solution would
be to glue the cable directly to the handle, possibly in the
cable groove. The cables can be tensioned by an external
jig, glued in position, and then trimmed to length. The
jig can be reused to assemble other instruments, which
would lower the complexity of actual instrument.

7.2.2 Optimisation for the range of motion

In Section 6.1.4 it is explained that the gear radius is
designed for ±90° range of motion, but limited at ±60°.
The reason for this is such that at the limits of the range
of motion whole gear teeth are engaged, and not a frac-
tional gear tooth. The original DragonFlex design avoids
this by not slicing the last gear tooth, but this does con-
flict with the design requirement of 5 x 5 mm cross sec-
tional area. The width is exceeded by 0.65 mm in the
DragonFlex design (Figure 7.4). It can be argued for
that this relative small amount would still be acceptable.
However, for the sinusoidal gear profile, which uses fewer
teeth and thus larger teeth, an extending tooth would
exceed the requirement by an unacceptable amount.

Figure 7.4: Measured width of the extending gear teeth of the
DragonFlex design. The teeth distance between the extreme points
is 5.65 mm.

The possible range of motion of ±90° for the gear arch
can be lowered in the future. This would increase the
necessary bending radius of the cables. A larger bending
radius increases the lifespan of the cables. Designing
the gear arch and cable guides for ±60° range of motion
would not be feasible, as this requires a fractional gear
tooth again to obtain the ±60° joint range of motion.
The possible range of motion of the gear arch should be
larger than that of the joint, so that no fractional teeth
have to engage.

7.3 Evaluation of Polishing Experiment
7.3.1 Use of marking lacquer

Visualisation of polishing patterns using marking lac-
quer is a novel approach to further understanding the
details of MFT processes. It is a simple and inexpensive
method to observe differences in polishing compatibility
for different geometries. The MFT literature has been
primarily focused on the effectiveness of MFT to reduce
surface roughness, which has been well-documented for
many printable alloys. However, due to the stochastic
nature of the process, these surface roughness values can
not be applied to the all surfaces of a part. This is where
this different test fills a gap.

As already touched upon in Section 5.5.3, the marking
lacquer did leave a thicker layer in inside corners and the
base of the gear teeth. A different marking material can
be used for a more even marking layer. An alternative
to the sprayable marking lacquer used in the experiment
can be machinist layout fluid, which is applied by brush
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or submersion. If the surface tension is the cause of the
lacquer pulling into the corners, machinist layout fluid
can perhaps be diluted with a solvent.

7.3.2 Quantification of results

The method of marking lacquer to visualise the polishing
patterns is qualitative in nature. If these results could
be quantified, it would improve the usefulness of exper-
iments like these. Ideally, the results could be coupled
to material removal or surface roughness to provide di-
rect values for designing instruments manufactured with
PBF.

The marking lacquer seemed to have seeped into sur-
face roughness left by PBF on the sides of the test pieces.
After polishing the blue marking lacquer only remained
in the crevices on the surface. MFT removes the peaks
of the surface first, and then gradually removes more
material until no crevices remain. If the aim of polish-
ing is not a fully smooth surface, these crevices will be
present after polishing, still filled with marking lacquer.
The fraction of blue surface area of a surface can possi-
bly be related to an amount of material removed from
that surface. This would make visual evaluation of the
material removal distribution possible, revealing which
areas have material removed above nominal, and more
importantly, an estimation of how much more. A similar
approach could be applied to the surface roughness.

This would require a large sample size of surfaces, in
many different surface orientations. However, if a model
like that could be built, it would allow to fine-tune the
MFT production process for small mechanical instru-
ments of varying geometries. Visual measuring in this
way would make inspection of normally unreachable sur-
faces possible.

7.3.3 Impact on design process

The use of generalised geometries to investigate the in-
teraction of the polishing with the geometry allowed to
start designing the instrument components from a known
order of magnitude for dimensions. This reduced how
much had to be relied on educated guesses about the pol-
ishing accessibility based on the smallest available media.
For example, the dimensions of the relief where the pro-
trusion plate and the gear arch meet is a direct result of
experimental results.

Due to logistical issues prompted by a global event, an
iterative approach to finalise the specific feature dimen-
sions was unfeasible. The MFT experiment results in the
form of polishing patterns and geometrical changes did
allow to design the parts with a good starting point for
the features’ dimensions. The final validation of these di-
mensions has not yet been performed for the same reason
that an iterative approach was problematic.

8 Conclusion & Recommenda-
tions

This project’s main goal was to design laparoscopic grip-
pers that can be manufactured using SLM and MFT.
This was approached by formulating and validating de-
sign considerations for both techniques and applying
these to the DragonFlex laparoscopic gripper.

The subsequent step to this project is printing and
polishing the instrument in its entirety. This would vali-
date the design as a whole, which unfortunately has not
been possible to include. Now, a set of partial valida-
tions, in the form of experiments, lay as the foundation
for the design of a 3D printable, metal laparoscopic grip-
per that can be polished using MFT. A novel method of
visualising the polishing patterns using marking lacquer
was developed. This method was used to quantify the
polishing media accessibility to inside corners, channels
and gear teeth.

The instrument design consists of 17 components,
which is six more than the DragonFlex design. Parts
were split to eliminate the holes for actuation cables, and
accommodate cut-outs, as both of are both unprintable
or unpolishable. These features were placed on the out-
side of a part, as to enable polishing access. Each of the
17 components has been designed to be 3D printable with
minimal support, and all geometries that require polish-
ing abide by the guidelines experimentally validated. A
new gear tooth profile based on the sine function was
implemented to replace the involute profile that proved
hard to print and polish. The sinusoidal gear arch has a
shallow tooth profile, which makes the base of the teeth
accessible for polishing abrasives. To ensure a smooth
rolling trajectory, the teeth were designed to be helical,
so to have multiple gear teeth engaged at all time.

Each of the components that permanently mate with
other components are linked by tapered interference fits.
The choice for the tapered approach limits the need for
high dimensional precision. Because of the taper connec-
tion, any misalignment exhibits itself by slightly longer
or shorter parts, as opposed to twist or gaps.

The mechanical stability of the design has been val-
idated by a 3:1 scale model. The polishability of the
features is partially verified with the observed polishing
patterns during the experiment. The experiment showed
a poor polishability for channels, which were removed
from the design. The unpolished area around inside cor-
ners was estimated to be around 0.4 mm, which has been
absorbed into the design in a form of a recess at the in-
terface between the gears and protrusions. This ensures
that the gears can engage fully. Altogether leaves that
to conclude that the proposed design is suitable to be
manufactured by SLM and MFT.

For future research an elaboration on the visualisa-
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tion technique used in this research could progress this
technique into a helpful tool in a designer’s toolbox. This
elaboration can be in the form of matching the remaining
fraction of marking lacquer on a surface area to quanti-
tative surface roughness or material removal values. Be-
ing able to correlate the fraction of marking lacquer to
these values would be a relatively quick and inexpensive
method to obtain an initial reading on the effect of the
mechanical polishing. This would be particularly benefi-
cial for recessed or curved surfaces, from which obtaining
the surface roughness value is difficult.

The polishing cycle duration and abrasive media used
in this research were based off a previous polishing ex-
periment. The use of coarse abrasive media (DZS 6/6)
showed to be ineffective at polishing the finer geometries,
while contributing to the edge rounding and feature defi-
nition loss. Variation of the smaller abrasive media (ZSP
3/5 and DZP 3/3) with other finer media, or increasing
the polishing duration of these steps was not included in
this research. In future research it would be advisable to
explore the limits of mass finishing techniques in terms
of small geometry access.
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A Surface Roughness of Polished 3D Printed Metal
In this appendix the measured Ra values are tabulated (Table A.1) of four surfaces, each with a different normal
vector angle with respect to the building direction. In Figure A.1 a model of the test piece and measured surfaces is
shown. Two test pieces (A & B) were used to gain a preliminary understanding of the surface roughness reduction.
A polishing cycle of fine and medium abrasives, both for 1.5 hours was applied. The average surface roughness
reduction is 0.35 %.

Table A.1: Table of measured surface roughness (Ra) of 3D printed test pieces. The surface measurements were taken on four different
surfaces of different normal vector angles with respect to the building direction.

Angle NO MFT A B MFT A B
0° Ra [µm] 8.23 7.55 Ra [µm] 5.43 5.07
90° Ra [µm] 9.49 5.63 Ra [µm] 4.51 4.59
45° Ra [µm] 11.86 9.68 Ra [µm] 8.34 7.74
60° Ra [µm] 12.91 8.81 Ra [µm] 8.72 6.61

Figure A.1: The four surfaces on which the surface roughness values were measured. Surface 1 is at 0°, surface 2 at 90°, surface 3 at
45°, and surface 4 at 60°, respectively. The arrow marks the building direction.
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B Polishing Test Plan

Goal

Investigation of the polishability of specific geometries, and the effect of polishing on these geometries. The following
geometries were added:

• Two types of pillars; one square and one round, both 6 mm high and 2 mm in diameter. A double curved
surface, comparable with the desired gear arch.

• A double curved suface, comparable with the desired gear arch.

• Recessed features; an internal cube of 3 x 3 x 3 mm, a 2 mm deep channel that runs from 3 mm to 0.4 mm
over 8mm, and a cone that runs from 3 mm to 0 mm over 8 mm.

• Cable guide of 0.4 mm deep with an internal corner radius of 0.2 mm, which matches the cable guides of the
original DragonFlex design.

These geometries, with the exception of the cable guides, were taken from a previous literature review on post-
processing techniques for 3D printed metal structures. With these geometries the following aspects are investigated;

• The tapering of the pillars, which is expected to happen due to the tips of the pillars experiencing more
abrasion than the base.

• The degree to which a double curved surface can be polished it is expected that mass finishing polishing has
little to no issue with double curved surfaces.

• The depth to which a corner or channel can be polished with mass finishing polishing; it is expected that an
unpolished zone remains in a region close to the inside corner. For the taper and cone it is expected that below
a certain width, polishing will not be possible. This threshold value is desired information.

In addition to these geometries, two other dimensions will be taken. The first being the amount of corner rounding
that will occur at right outside corners. Second is the dimensional width decrease during polishing. These two
values will help towards estimate the initial part sizes.

Not all test pieces will receive the same polishing treatment. Test pieces will be sorted in groups of three and
four different polishing schemes will be used.

Figure B.1: Illustration of the test piece used to investigate the effect and accessibility of mass finishing polishing. The colours mark
different features used.
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Procedure
There are twelve test pieces, each marked witha a letter (A to L). These twelve are split up into four groups of
three test pieces.

1. A B C

2. D E F

3. G H I

4. J k L

Step Polishing media Duration Test piece groups Test piece letters
1 Coarse DZS 6/6 - SC 15 2 hours 1 2 3 A t/m I
2 Medium KM 10 + PM 10 - SC 15 2 hours 2 3 4 D t/m L
3 Fine ZSP 3/5 + DZP 3/3 - SC5 2 hours 3 4 G t/m L

All test pieces are to be degreased and coated in marking lacquer prior to polishing. This lacquer has to be
applied in a thin, even coating on all surfaces, with the exception of the bottom. Whether lacquer is applied to
the bottom does not matter to this experiment. The lacquer has to be fully dried as per the instructions of the
packaging. Between polishing steps no new lacquer may be applied. The lacquer has the purpose of visualising
where no polishing has occured. Aside from coating, all test pieces have to be measured across their width with a
micrometer, as illustrated in the figure below. The measurement of the width is around 8 mm. This measurement
has to be repeated after each polishing step.

Figure B.2: Test piece with the measurement locations of the edge rounding (red edge) and the base width (blue and black lines).
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C Experiment Data

The measured dimensions of the test pieces of the polishing experiment. The width measurements were taken with
screw gauge, and the round and square pillar measurements with digital calipers.

pre-polishing [mm]
test piece width round top round bottom square top square bottom
A 8.222 2.02 2.06 1.96 2.02
B 8.218 2.07 2.07 2.06 2.04
C 8.238 2.06 2.07 2.05 2.07
D 8.233 2.06 2.10 2.06 2.06
E 8.127 2.05 2.09 2.13 2.07
F 8.108 2.01 2.06 1.97 2.00
G 8.187 1.99 2.05 1.96 2.00
H 8.177 2.07 2.09 2.03 2.05
I 8.225 2.04 2.09 2.04 2.02
J 8.081 1.98 2.04 1.97 2.02
K 8.136 2.07 2.09 2.08 2.06
L 8.131 2.06 2.04 2.06 2.03

coarse [mm]
test piece width round top round bottom square top square bottom
A 8.043 1.94 1.97 1.90 2.01
B 8.004 1.97 2.05 1.93 1.98
C 8.003 1.95 2.01 1.96 2.03
D 7.988
E 7.983
F 7.947
G 8.009
H 7.991
I 7.995

medium [mm]
test piece width round top round bottom square top square bottom
D 7.956 1.94 2.07 1.92 1.99
E 7.953 1.94 1.98 1.95 2.03
F 7.917 1.90 1.96 1.87 2.00
G 7.989
H 7.979
I 7.973
J 7.989
K 8.008
L 8.005
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fine [mm]
test piece width round top round bottom square top square bottom
G 7.979 1.90 1.99 1.88 1.98
H 7.969 1.94 2.03 1.93 2.00
I 7.961 1.92 1.97 1.91 1.95
J 7.964 1.91 2.04 1.92 2.00
K 7.977 1.98 2.03 1.99 2.03
L 7.977 1.98 2.00 1.96 1.99
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D Photos Test Pieces

In this section shows the photos of the test pieces in three different positions. The photos were taken with a Nikon
D850 digital camera, with a positioning plate to insure consistency between photos. The test pieces are grouped
per polishing group.

Figure D.1: Photos of test pieces A, B and C before and after polishing. These test pieces underwent a coarse polishing.
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Figure D.2: Photos of test pieces D, E and F before and after polishing. These test pieces underwent a coarse and medium polishing.

53



Figure D.3: Photos of test pieces G, H and I before and after polishing. These test pieces underwent a coarse, medium and fine
polishing.
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Figure D.4: Photos of test pieces J, K and L before and after polishing. These test pieces underwent a medium and fine polishing.

55



Figure D.5: Photos of test pieces A, B and C before and after polishing. These test pieces underwent a coarse polishing.
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Figure D.6: Photos of test pieces D, E and F before and after polishing. These test pieces underwent a coarse and medium polishing.
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Figure D.7: Photos of test pieces G, H and I before and after polishing. These test pieces underwent a coarse, medium and fine
polishing.
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Figure D.8: Photos of test pieces J, K and L before and after polishing. These test pieces underwent a medium and fine polishing.
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Figure D.9: Photos of test pieces A, B and C before and after polishing. These test pieces underwent a coarse polishing.
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Figure D.10: Photos of test pieces D, E and F before and after polishing. These test pieces underwent a coarse and medium polishing.
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Figure D.11: Photos of test pieces G, H and I before and after polishing. These test pieces underwent a coarse, medium and fine
polishing.
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Figure D.12: Photos of test pieces J, K and L before and after polishing. These test pieces underwent a medium and fine polishing.
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E Technical Drawings of the Instrument
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