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Abstract

Steerable medical instruments are used to reach difficult locations in the body during minimally invasive
surgery (MIS). Researching these instruments helps to further improve their performance and reduce
their size making them even less invasive. However, developing new technology can be expensive
and often complete custom test rigs are build for these instruments. This thesis presents the design,
manufacturing and validation of an affordable, open-source prototype test setup for multi-segmented
tendon-driven manipulators aimed at stimulating academic innovation of these manipulators. The pro-
totype allows manipulators to be changed swiftly for other or iterated designs. Computer aided design
(CAD) was used to create the design and a novel low-cost 3D printed force sensor comprising a per-
manent magnet and Hall effect sensor was proposed costing only €2.11. The prototype uses readily
available off-the-shelf components and custom 3D printed parts that can be manufactured using hobby
grade fused deposition modeling (FDM) printers. Despite the prototype working as intended, there
are some tolerance issues in the actuation mechanism and viscoelastic behaviour in the printed force
sensor that requires more research. However, the prototype setup already has the potential to be used
for preliminary testing of tendon-actuated manipulators. Future work should focus on improving the 3D
printed force sensor for enhanced performance and reliability. This work contributes to the progression
in testing and validating tendon-driven manipulators.



1.1. Minimally invasive surgery

There are two main types of surgical proce-
dures, open and minimally invasive surgery. Open
surgery is characterized by making potentially
large incisions in the body in order to gain direct
access to the surgical site [1], and thereby giv-
ing the surgeon a direct view of their target. Con-
versely, in Minimally Invasive Surgery (MIS) pro-
cedures one or more small incisions are made in
the skin or the walls of the hollow organs via the
natural orifices of the human body to reach the sur-
gical site [2]. To achieve this, MIS procedures gen-
erally make use of endoscopes to view the surgical
site remotely.

Depending on the specific procedure, MIS gen-
erally has better outcomes than open surgery. MIS
procedures do less damage to the patient, re-
duce blood loss, shorten hospital stays, and re-
duce analgesic use [3]. Lower mortality rates and
a lower likelihood of re-admission and re-operation
are also reported [4]. Elderly people in particu-
lar can greatly benefit from MIS as the number of
complications and their severity are lowered, their
hospital stays are shorter and less blood is lost
compared to open surgery [5]. Cost savings of
MIS over open or traditional surgery are also re-
ported [6].

While MIS clearly has advantages over open
surgery for the patient, they are more technically
demanding for the surgeon and require specially
adapted instruments. Slender tools are used in or-
der to keep trauma to a minimum, typically 5, 8 mm
or 12-20 mm instruments are used [7, 8].

1.1.1. Laparoscopy

With laparoscopy, the medical instruments are in-
serted trough a trocar placed in the abdominal
wall. Trocars provide an airtight seal between the
outside world and the abdominal cavity [9]. This
allows the abdominal cavity to be filled with C0,,
which creates space in which to operate [10]. A
schematic laparoscopic is shown in Fig. 1.1 by
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Figure 1.1: Schematic overview of a laparoscopic procedure by
Rivas-Blanco et al. [11]. The figure shows the use of a camera
and two surgical instruments to manipulate tissue inside the
abdominal wall. Adapted from [11] under CC BY 4.0 license
[12].

Rivas-Blanco et al [11]. However, the cavity is
not always filled. Gasless laparoscopy can also
be used, which can have further benefits in reduc-
ing pain and further shortening hospital stays, but
is even more challenging for the surgeon to per-
form [13]. A distinction is made between single
port and multi-port surgery. Multi-port surgery re-
quires a number of incisions in different locations
of the body, each port can admit one instrument to
the body. Only one incision is made with single-
port operation and special ports are used, some
of which can house multiple instruments [14]. The
instruments used in laparoscopy can be split in to
two main types: rigid and steerable [9]. Rigid in-
struments can be either straight or pre-curved [15],
and are mechanically less complex than steerable
instruments, but are more difficult to operate with
because of the fulcrum effect at the abdominal wall
[9, 16]. Steerable instruments on the other hand
give the surgeon more surgical freedom [9] by in-
cluding some form of articulation. This typically
takes the form of pitch and yaw joints at the distal
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tip to mimic a wrist and thereby yielding two addi-
tional Degree of Freedom (DoF). Furthermore, ar-
ticulated instruments make certain surgical tasks,
such as suturing and knot-tying significantly eas-
ier. Steerable instruments are essential in single
port laparoscopy where multiple instruments are
inserted through one port [14, 16], as this clus-
tering of instruments limits the manoeuvrability of
rigid instruments in the body.

Laparoscopic surgery requires a camera and
sometimes multiple instruments that all require
precise choreography. A number of clinicians and
assistants can be required to operate the laparo-
scope, manipulate surgical instruments or hold re-
tractors. Fatigue of the person holding the laparo-
scope can lead to a reduction in quality of the view
of the surgical site [17]. Furthermore, the fulcrum
effect at the abdominal wall mirrors the motion of
the surgeons or assistant’s hand which can lead
to confusion and additional fatigue [18]. Robot as-
sisted surgery can help to circumvent these issues
and can have better ergonomics and filter tremors
from the surgeons’ hands [19, 20]. A surgical robot
is equipped with the tools and camera necessary
to perform the surgery while the surgeon controls
the robot remotely. The Da Vinci Surgical Sys-
tem is a well known surgical robot and their En-
doWrist instruments has two DoFs in the wrist [21].
Steerable instruments with multiple DoFs are able
to reach around obstacles, which can be useful to
reach parts of the body that are otherwise difficult
to get to [9, 22].

With older robotic surgery systems, the surgeon
cannot directly sense the forces and pressure that
is applied to the patient with a robotic system.
This can lead to harmful situations for the patient,
e.g. when too much force is applied to tissue
[23]. Properly implemented haptic or other sen-
sory feedback can prevent unnecessary harm and
can also be used for tissue identification [23]. Hap-
tic feedback could also help prevent the break-
ing of sutures when suturing [24]. However, the
robotic system needs a way of determining the
forces that are applied.

1.1.2. Natural orifice transluminal en-
doscopic surgery
Natural Orifice Translumenal Endoscopic Surgery
(NOTES) is another form of MIS and uses the nat-
ural orifices of the human body to reach the surgi-
cal site without the necessity of an incision in the
skin of the patient. Instead, an endoscope with
special instruments is inserted in the body through
one of the orifices of the body such as mouth,
anus or vagina. Depending on the location of the
surgical site tissue is manipulated in the lumen
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Figure 1.2: Three different NOTES approaches from left to
right, trans-gastric, trans-vaginal and trans-rectal to reach the
liver by Korzeniowski et al. [25]. Adapted from [25] under CC
BY 4.0 license [12].

or an incision is made internally to further reach
the target. Fig. 1.2, by Korzeniowski et al. [25],
shows three different NOTES approaches to reach
the liver. Modern MIS is moving more towards
even less invasive surgery as the outcomes for
the patient show very promising results [26]. How-
ever there are some limitations with these proce-
dures.Flexible endoscopes are limited in their ma-
neuverability due to limited steerable DoF, mak-
ing surgery more difficult compared to alternative
procedures [27]. Despite being a flexible instru-
ment, only the tip of the endoscope is steerable. It
is therefore necessary to develop multi-steerable
instruments to overcome the issues with maneu-
verability and reachability.

1.1.3. Steerable instruments

Steerable instruments can be driven using, among
others, electrical polymer, hydraulic, hygroscopic,
magnetic, pneumatic, Shape Memory Alloy and
tendon-driven actuators [28, 29]. Most commonly
however, tendon or cable actuation is used for
steering, which allows for the actuators to be lo-
cated outside the body [30]. This can aid in the
development of smaller instruments which in turn
require smaller incisions, further reducing patient
trauma. Tendon driven instruments also have a
safety advantage over the alternatives. No high
voltages, pressures or potentially toxic fluids are
required for actuating the instrument inside the pa-
tient [21]. However, there are some points of im-
provement for tendon driven instruments such as
hysteresis, friction, control and modelling [21]. In
order to overcome these limitations and develop
more reliable and precise instruments, further re-
search is needed in this field. Examples of con-
tinuum tendon driven manipulators are shown in
Fig. 1.3 [31].
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Figure 1.3: A few examples of continuum tendon driven manipulators. Adopted from the Continuum Robotics Laboratory [31]

1.1.4. Tendon driven instruments test

setups

Researching tendon driven instruments requires
experimental test setups to evaluate their perfor-
mance. Different setup approaches can be found
in literature. Luo et al [32] use a DC motor with ball
screw guide to actuate the tendons and a webcam
to track the motion of the instrument. The authors
did not record the tension in the tendons. Lin et al
[33] actuate their instrument directly with the ten-
dons attached to servos without a reducing trans-
mission and an optical tracking system is used for
position tracking, the tendon tension is not mea-
sured. Wei et al [34] actuate the tendons using
DC motors and a linear screw guide and a cam-
era is used for position tracking. Tendon tension
was recorded using JLBS-MD force sensors. Xu
et al [35] directly connected the tendons directly
to the motors via a spool without a reduction. A
camera was used for motion tracking, no tendon
tension was recorded. Qi et al [36] connected the
tendons directly to stepper motors using a bobbin.
A camera is used for motion tracking and tendon
force was measured using a JLBS-MD-10 kg ten-
sion sensor. Eugster et al [37] connected the ten-
dons to a linear screw guide driven by a DC motor.
Six cameras were used for optical tracking of the
instrument and the tendon tension was not mea-
sured.

Many publications do not include a way to mea-
sure tendon tension, even though this can be valu-
able data to asses the performance of the instru-
ment and could help with the development of bet-
ter control and prediction models for their actua-
tion [38]. Most papers do not mention the short-
comings of the used setups and mainly discuss
the performance of their proposed designs. How-
ever, friction in the test setup can negatively influ-
ence measurements [39, 40, 41]. Eugester et al
[37] mention issues arising from nonuniform and

unrepeatable stresses due to manual tendon ten-
sioning. Damage also occurred to the instrument
during testing which was not resolved resulting in
partially unusable data which could not be pre-
sented. It appears therefore that roboticists and
control engineers in the field of tendon driven ac-
tuators could benefit from a test setup that includes
a way of measuring tendon tension and allows for
easy change of instruments. Researchers who
specialise in medical robotics often do not have the
mechanical design confidence to build customised
test setups themselves. This discourages experi-
mental work with an uncertain outcome, as the in-
vested time and financial resources may not yield
a satisfactory result.

1.2. Problem description
Developing new technology is expensive. | takes
many resources such as work-hours, materials
and equipment to create new innovations. Re-
searchers can therefore be reluctant to test their
device as one might break it, especially if only one
prototype was built. Testing is necessary to deter-
mine the performance of a design. It is important
to know the capabilities and limitations of an instru-
ment in order to asses their possible use as sur-
gical equipment. Generally speaking, the instru-
ment is installed in a test setup with no ability to
easily change the instrument without dismantling
the setup. It can be time consuming to rebuild a
setup for a new iteration or when the instrument
breaks during testing.

As robotic surgery is being used for more inter-
ventions and moving more towards haptic feed-
back and collision detection it is important to quan-
titatively know the force characteristics of an in-
strument. However, many setups have no way of
measuring force and mostly only focus on the kine-
matic properties of the instrument. This means
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that there is no way of quantifying the force charac-
teristics of the steerable instrument. Furthermore,
interactions with the environment, e.g. manoeu-
vring through tissue, cannot be assessed force
wise. Properly calibrated force sensors tend to be
expensive, often costing multiple hundreds of eu-
ros each [42]. As tendon-driven steerable instru-
ments often possess two tendons per Degree of
Freedom (DOF), they would require correspond-
ingly large numbers of sensors to track the ten-
sion on each tendon. A more affordable alterna-
tive could help in keeping the research expenses
to a manageabile level.

Researchers could also benefit from an open-
source testing system. Anyone can improve the
design for better compatibility and performance
while being able to alter the design to their spe-
cific needs. This has the potential to evolve into a
robust test platform for tendon driven instruments.

1.3. Goal of the thesis

The goal of this thesis is to stimulate the innova-
tion of tendon-driven manipulators in academia by
designing, building and validating an affordable,
open source, force-sensing prototype test setup
for multi-segmented tendon-driven manipulators,
that allows for quick switching between different
manipulator designs.

1.4. Structure of the thesis

This thesis continues with the design requirements
for the prototype test setup in Chapter 2. Chapter 3
shows the design and build process from concepts
via a computer model to the final physical design.
The setup is tested in chapter 4 where special at-
tention is given to the custom force sensor. Chap-
ter 5 will discuss everything about tests, the limi-
tations of the design, possible improvements and
recommendations for future work. The project is
concluded in chapter 6.



2.1. Functional requirements

In order to build a successful prototype a number
of requirements were set of which an overview is
given in Table 2.1. First of all, the prototype will be
specifically designed for tendon-driven manipula-
tors. The design focus will be primarily for contin-
uum manipulators, but does not exclude discrete
manipulators to be used with the setup. In or-
der to be able to control the manipulator using a
computer there must be some sort of electronically
controllable actuator included in the prototype. An
attachment is necessary between the actuator and
tendon. Said attachment cannot be permanent to
allow for interchanging the manipulator. Therefore
the prototype must incorporate a way of connect-
ing and disconnecting a distal section to a proximal
section repeatedly. The distal section may only
detach when the user intends to disconnect the
distal section, it needs to remain assembled during
use. This means that the proximal and distal sec-
tions must incorporate a fixation feature that can
be actuated by the user.To gather data for evaluat-
ing the performance and behaviour of a manipula-
tor, the prototype requires a features that can de-
termine the tendon displacement and the tendon
tension. The user must be able to calibrate these
features. Manufacturing errors in the manipula-
tor can introduce slack in the tendons which intro-
duces backlash in the system. In order to remove
this slack the prototype needs to be able to preten-
sion the tendons before the test sequence starts.
The file will be made open source to ensure free
accessibility to a wide audience and allow for im-
provements to be passed on. Therefore, the setup
must be designed with the consideration of readily
accessible manufacturing techniques and incorpo-
ration of off-the-shelf parts. 3D printing such as
Fused Deposition Modeling (FDM) is accessible
to virtually everyone, especially in research insti-
tutes, and any custom part in the assembly should
be designed to be easily manufactured using this
process. For practical reasons as custom parts

Design requirements

will be 3D printed, it is required to model the parts
using a Computer Aided Design (CAD) program.
Therefore, in order to give people the ability to al-
ter the design to their specific need, the setup must
be built using a parametric CAD file. A number
of different materials are available for FDM print-
ing. However, some require experience or using
the material or specialised printers. To make the
design accessible for also non-experienced users,
the printing material choice should be limited to
polylactic acid (PLA).

2.2. Performance requirements

Depending on the research, steerable manipula-
tor designs can have a single steerable segment
or multiple segments. There are single segment
designs that use only two actuators, one for each
DoF. These designs often comprise a motor, e.g.
a servo with a pulley wheel to which two antago-
nistic tendons are attached. However, it is not triv-
ial to expand such an approach to multi-segment
manipulators. Superposing the tendon displace-
ment of the segments distal to the most proximal
segment is necessary as the tendon displacement
of more distal segments is influenced by the pose
of the proximal segments. In order to accommo-
date for a variety in the amount of sections, the
prototype needs to be designed for at least three
sections. Most manipulators use four tendons to
actuate one segment, therefore the design must
be able to fit 12 actuators. However, to allow the
design to serve as a flexible platform, the user may
choose the number of to be installed actuators, de-
pending on the number of steerable segments in
the manipulator. For a minimum actuation range
it is chosen to keep a 20 mm maximum diameter
manipulator in mind, the segments of which may
deflect up to 90°. This diameter is larger than the
largest commonly used in a medical setting for en-
doscopes, to allow more diverse research to be
carried out. The equation for the tendon actuation
length can be derived from the sketch in Fig. 2.1
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Figure 2.1: The amount of tendon displacement required to
actuate a manipulator can be derived using the manipulator
length [, radial tendon offset r and bending angle ¢ in radians.
The curvature R results from the bending angle.

resulting in Eq. (2.1).

A=r=¢@ (2.1)
Where A represents the difference in tendon length
between the neutral position and actuated position
for a manipulator with tendons at a radial distance
r from the neutral axis at bending angle ¢. Note
that this equation assumes the tendon to follow a
smooth partial circular shape. When the tendon
guide makes the tendon follow a discrete circu-
lar shape, the required actuation distance will be
higher. Considering a theoretical maximum diam-
eter of 20 mm, or 10 mm radial tendon offset, using
a 20 mm diameter manipulator results in a mini-
mum actuation range from the neutral position of
50 mm, or 100 mm between pulled and eased po-
sition. A manipulator with this diameter and three
sections is curved by 270°at 50 mm tendon pull.
The actuation resolution should be at least 0.5°for
an instrument with 2 mm radial tendon offset. This
converts to 0.017 mm resolution tendon actuation.
To accommodate for the variety in manipulator di-
ameters, the prototype must be able to receive ma-
nipulators up to 20 mm in diameter.

Manipulators that are rely on a spring mecha-
nism have the potential to be stiff and demand a
large amount of actuation force, therefore 50 N
is set as the maximum required actuation pulling
force. In order to evaluate the performance of
a tendon-driven manipulator the setup needs a
way of determining tendon tension and tendon dis-
placement. Industry standard force sensors are

expensive and the goal of the project is to cre-
ate an affordable test setup. Therefore, the pro-
totype needs an low cost > €25 method of mea-
suring the tension per tendon. The user must be
able to calibrate the tension sensor for accurate,
+5% full scale output, measurements.

The total cost of the setup should be < €1600.
This is considering 12 tension sensors €25 each,
12 actuators €75 each, €250 for electronics and
€150 for filament, fasteners and miscellaneous
items. It is common for tendon-driven manipula-
tors to incorporate one or more lumens through
which smaller instruments, such as forceps and
cutters, can be inserted. Therefore the prototype
must have the option for accommodating these in-
struments. The user of the prototype will then be
able to asses the performance of the the manipu-
lator with and without the instruments. The overall
size of the prototype should be manageable and
therefore stay within a 600mm x 300mm x 300mm
space to allow for being carried by a person. To
make the design as accessible as possible, the
custom designed parts must be able to fit in a vol-
ume of hobby sized printers which are generally
220 mm x 220 mm x 250 mm.
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Table 2.1: Overview of the requirements for the prototype test setup. The requirements are elaborated in the text.

#  Functional requirement

1 The prototype must be designed for tendon driven manipulators

2  The prototype must use electronically controllable actuators

3  The prototype must include a non-permanent connection between the manipulator tendon and
the actuator

4  The prototype must include a removable distal section

5  The distal section must be fixed to the proximal section during use

6  The prototype can determine tendon displacement

7  The prototype must include a feature to determine tendon tension

8  The tendon displacement measurement can be calibrated by the user

9  The tendon tension measurement can be calibrated by the user

10 The prototype can pretension the tendons

11 The design must be made open source

12 The design must be made using a CAD file

13 The prototype consists of off the shelve parts

14 3D printing must be used to fabricate custom designed parts

15 The 3D printing material should be limited to PLA
Performance requirement

16 The prototype must be designed for manipulators with least three segments, thus 12 actuators
total

17 The total actuation range must be 100 mm

18 The prototype must be able to receive manipulators up to 20 mm in diameter

19 The prototype must actuate the tendons with a resolution of 0.017 mm

20 The prototype must be able to actuate up to 50 N pulling force per tendon

21 The tendon tension sensing must cost < €25 per tendon

22 The total cost of the setup must be < €1600

23 The tendon tension sensing should be accurate within 5% of full scale output

24  The prototype must include a feature a to accommodate insertable instruments in manipulators

25 The prototype must fit in a 600mm x 300mm x 300mm space

26 Custom designed parts must fit in a 220 mm x 220 mm x 250 mm 3D printer volume




3.1. Concepts
3.1.1. Sub-functions

From the requirements follow three main sub-
functions: Actuation, force sensing and coupling.
The actuation takes care of pulling and easing the
tendons of the manipulator. Force sensing mea-
sures the tension in the tendons which is to be
logged on a computer. The coupling subsystem
enables coupling and decoupling of the manipula-
tor to the test setup.

3.1.2. Actuation

The requirements state that the setup is to be elec-
tronically controlled via a computer. There are ba-
sically five types of actuation possible: Electro-
magnetic, hydraulic, pneumatic, piezoelectric and
shape memory alloy. Considering the range of
motion requirement and the requirement to use
off the shelve and affordable materials eliminates
piezoelectric and shape memory alloys for actu-
ation. Hydraulic and pneumatic actuation gener-
ally require require special and expensive hard-
ware for precise control. Though hydrolic and
pneumatic actuators have the potential to be used
in MRI environments. Therefore, electromagnetic
actuation is chosen to drive the setup as these ac-
tuators are abundantly available for relatively low
prices and they can be controlled using simple
electronics.

3.1.3. Force sensing

A number of different options exist for measur-
ing force. Strain gauges placed in a Wheatstone
bridge are typically used in application where high
accuracy and precision is desired. However, these
sensors are fairly costly. Fiber Bragg Grating
(FBG) also offers high precision and works with
optic fibers with special filters that change the color
spectrum of the light as the fibers deform. Special
and expensive equipment is needed to use this
method of measuring. Force sensitive resistors
directly relate force to an electrical output. The
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resistance of these sensors change with change
in load. They have a lower accuracy than strain
gauges, but are lower priced. Force can also be
measured mechanically using linear springs. This
principle can be commonly found in analog weigh-
ing scales and spring scales. The extension of the
spring moves a indicator over a dial so the force
can be read by the user. This principle can be con-
verted to an electronic sensor when the distance is
measured electronically. This method will be fur-
ther explored.

3.1.4. Coupling

The coupling subsystem needs to fulfill the re-
quirements regarding attaching a manipulator to
the test setup. This coupling must be non-
permanent to allow instruments to be interchanged
as stated in the requirements. Both a motion cou-
pling unit as a structural connection unit are re-
quired.

The tendons of the manipulator must be pulled
and eased which can be achieved both by rotation
and translation. This does not dictate the actuation
used as the motion can be converted before and
after the coupling interface. There are four types
of motion transfer possible as indicated in Fig. 3.1.
That s transferring motion at the coupling interface
from the proximal to the distal section. The dis-
tal section is defined as the removable part of the
setup into which a manipulator can be installed.
The two most straightforward are rotation to rota-
tion and translation to translation. However, also
rotation to translation and translation to rotation is
possible. A motion transfer interface can be de-
signed based on the chosen method.

The structural coupling is mainly depending on
the desired engagement of the distal & proxi-
mal section, that is how the two section are ap-
proached, and the shape of the system, round,
square, etc. Four types of engagement can be dis-
tinguished as shown in Fig. 3.2. The four engage-
ment types are axial-axial, axial-lateral, lateral-

10
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Figure 3.1: The four different ways of transferring motion. The
distal section is colored green and the proximal section is col-
ored blue. The red parts on the proximal & distal sections re-
sembles the Motion Transfer Interfaces (MTls). The arrows in-
dicate the possible directions of motion.
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Figure 3.2: The four different ways of engaging. The distal
section is colored green and the proximal section is colored
blue. The gray curved piece resembles a manipulator. The red
parts on the proximal & distal sections resembles the Motion
Transfer Interfaces (MTIs). The arrow with one dot is indicative
for the direction of engaging the distal section to the proximal
section. Which is either in axial or lateral direction which are
indicated with pointy arrows.

axial and lateral-lateral. The engaging is two
parted, the first part indicates the direction how the
distal section is moved to the proximal section, the
second part indicates how the motion transfer in-
terfaces are oriented, both from the perspective of
the distal section. Axial means along the longitu-
dinal axis and lateral is perpendicular to that axis.
Inspiration for the coupling interfaces was drawn
from [43] where patents for medical coupling in-
terfaces were investigated.

3.1.5. Prototype concept

An overview diagram of the prototype concept is
shown in Fig. 3.3. The different colors indicate
the different sub-functions and subsystems of the
prototype. From left to right: The manipulator and

Proximal section

A
hYd N

B C D E F

Figure 3.3: Block overview of the concept. The colors repre-
sent different subsystems: A = manipulator and adaptor, B =
tendon diffuser, C = motion transfer interface coupler and lock,
D = structural coupler, E = force sensing, F = actuation. The
system is split in a proximal and distal section at the structural
coupler.

Distal section

A

adaptor, tendon diffuser, motion transfer interface
coupler and lock, structural coupler, force sensing
and actuation. The manipulator will be provided
by the user of the prototype. It needs to be cou-
pled to the system using some sort of an adaptor
which can be customized to fit the manipulator in
question. The tendon diffuser will guide and divert
the tendons from the relatively small manipulator
to the potentially larger grid of actuators. This is
followed by a coupler for the motion transfer in-
terfaces. The concept is split in a proximal and a
distal section that is split at the structural coupler
interface. Force sensing takes place in the proxi-
mal section and will be connected to the actuators.

3.2. Design overview

To facilitate convenient testing of multiple tendon-
driven manipulator designs or to easily repair bro-
ken manipulators, the prototype design was split
into a proximal and distal section at the yellow cou-
pling in Fig. 3.4. Electronics, actuation and ten-
sion sensing are located in the proximal section,
while the manipulator can be attached to the distal
section. In this way, the manipulator being tested
can first be assembled on to the distal section and
its tendons managed more easily. Once the ma-
nipulator and its tendons are in place, the distal
and proximal sections are mated and locked to-
gether, connecting the tendons of the manipulator
to the actuation and sensing package in the prox-
imal section. All the electronic parts are deliber-
ately placed in the proximal side to prevent elec-
tronic connectors to be a necessity in the coupler.

A sectioned overview of the final design is
shown in Fig. 3.4. The tendon diffuser (Fig. 3.4,
green) is the most distal part of the distal section. It
is roughly cone-shaped and is responsible for two
main functions. Firstly, it features a locking sec-
tion at its pointed end to which the manipulators
can be firmly but removably attached. For this pur-
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Figure 3.4: A sectioned view of the CAD model of the prototype design where one quarter of the design is cut away to reveal the
internals. One actuation section is exploded (lower right) and shown next to the assembly. A dummy manipulator is attached
to the setup for visual purposes. Each color in the overview represents a sub function of the system, from left to right: Tendon
guidance (green), Motion Transfer Interface (MTI) locking (red), coupling (yellow), tendon force sensing (grey), tendon actuation
(blue) and structural cage elements (white). Different shades of color are used to distinguish between multiple parts in a sub

system.

pose, it features a simple bayonet-style fitting that
can accept manipulators up to an outer diameter of
20 mm. Secondly, the diffuser guides the tendons
exiting the manipulator outward in a radial direc-
tion to make room for the actuation units. This is
achieved via a set of eye bolts attached to the dif-
fuser’s inner surface. The eye bolts redirect each
tendon to run co-axially with its actuator, which
helps to remove any unwanted moments from the
actuation system.

Connected proximally to the diffuser via a group
of threaded rods is the Motion Transfer Interface
(MTI) system (Fig. 3.4, red). The tendons of the
manipulator are fixed to the distal MTI, which is a
cylindrical part with circumferential grooves. The
MTI system allows the tendons to connect remov-
ably with the actuation and sensing assemblies us-
ing shape locking. When the distal section is at-
tached to the proximal section, the distal MTI en-
gages with the proximal MTI. The proximal MTI
has a fork like feature that receives the distal MTI
when the distal section is connected. A locking
mechanism allows the distal MTI to stay in place
when the distal section is not attached to the prox-

imal section.

Next to the MTI system is the coupling interface
(Fig. 3.4, yellow) which is also connected to the
group of threaded rods of the MTI system. It con-
sists of two rings with locking features, one ring
on the proximal section and the other on the distal
section. The ring of the distal section is connected
to the same group of threaded rods as the MTI
system, whereas the ring of the proximal section
is connected to another group of threaded rods.
This coupling interface is responsible for a struc-
tural connection between the distal and proximal
section. The proximal section receives the distal
section axially, which when seated properly can
be rotated clockwise to be locked in place.

When the distal and proximal sections are con-
nected, the distal MTl is held by the tendon force
sensor (Fig. 3.4, gray). It consists of a holder for
the distal MTI, leaf springs, a magnet, a Hall effect
sensor and a feature allowing to be fixed to the ac-
tuation unit. This sensor measures the tension in
the tendons of a manipulator using the Hall effect
sensor and leaf springs. The springs extend un-
der load and the Hall effect sensor measures the
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extension. Using a microcontroller, the raw Hall
sensor values are converted to newtons.

Directly connected to the force sensor is the
actuation unit (Fig. 3.4, blue). This unit com-
prises a non-captive stepper motor, linear guide,
limit switch, end bar and base plate. The mo-
tor is bolted to the base plate, the linear guide
slides through the base plate which also acts as
a bushing, the limit switch and end bar are used
for calibrating the actuation unit. Actuation is done
by pulling and releasing the tendons. The non-
captive stepper motor in cooperation with the lin-
ear guide converts rotational motion to a transla-
tion.

The threaded rods mentioned before form a
structural cage (Fig. 3.4, white). A solid structure
is realised together with the plates, coupling rings
and diffuser cone. Nuts are used to fix all the parts
in place.

The brain of the setup is an Arduino microcon-
troller. Allegro A4988 stepper drivers are used to
control the stepper motors. All the drivers, Hall
effect sensors and limit switches are connected
to the Arduino using a breadboard and electrical
wires. A 24 V power supply powers the system.

Arduino firmware controls the microcontroller.
The Arduino platform is open-source and practical
for prototyping. The software controls the motors,
reads sensor data and sends data to the computer
to be stored. A Matlab script on the computer gath-
ers the data to enable manipulation and plotting to
give insight in the performance and behaviour of
the tested manipulator. The data can be used to
publish the results and improve the manipulator.

FDM 3D printing has a very low barrier to en-
try, as modern hobby grade machines can be pur-
chased for as low as €200 [44] and the required
printing materials both cheap and commonly avail-
able. FDM machines also have a very low skill and
experience requirement for operation. Finally, the
design files required for printing are standardised
and can easily be distributed online for convenient
access. All custom parts in the assembly are de-
signed from their initial concepts with FDM printing
in mind, even before proceeding to their initial ver-
sions in CAD. Where necessary, design features
were added to enhance the overall quality of the
3D printed part. These features are detailed wher-
ever their respective host parts are discussed.

3.2.1. Tendon diffuser

The most distal part of the distal section is the ten-
don diffuser. Here a manipulator can be placed
in an adaptor which can be fitted into the circu-
lar coupler. The adapter can be customized to re-
ceive any manipulator without the need to build a

(a) Adapter for a manipulator. (b) Adaptor coupling of tendon dif-

fuser.

Figure 3.5: Example of an adapter for a manipulator and
closeup of the adapter coupling of the tendon diffuser. The
adaptor can be placed in the coupler of the tendon diffuser.
The tabs on the adaptor fit in the cutouts and grooves of the
tendon diffuser.

new tendon diffuser. The adapter has protruding
tabs that fit into cutouts in the diffuser and can be
twisted into place as the tabs follow the grooves
in the diffuser as shown in Fig. 3.5. The parts are
held together with a friction fit.

The chosen implementation for actuating the
manipulator is not compatible with a number of
tendons bundled together in a small circular pat-
tern on the manipulator. Therefore, the tendon
diffuser diverts the tendons from the small ma-
nipulator diameter to the larger actuation diame-
ter. Stainless steel eye bolts are placed inside the
cone and fixed to the spokes with nuts. The eye
bolts are used to route the tendons co-linear with
the direction of actuation. This ensures proper
loading of the tendon force sensor and prevent
sideways or moment loads to the actuator.

The diffuser cone is made up of spokes to re-
duce material use compared to a solid cone shell.
This also allows the user to manage the tendons
more easily when installing a manipulator. The in-
ner wall of the spokes form overhangs. An over-
hang is any part of a model that extends hori-
zontally without any support beneath it. A verti-
cal wall is defined as 0 *overhang whereas a hor-
izontal bridge has a 90 °overhang. Printing over-
hangs can be challenging as a steeper overhang
is more prone to failure due to principle that FDM is
based on, namely adding layers of material on top
of each other. Often 45 °is used as default thresh-
old value in slicing software for overhang angles
to start using supports. These supports are added
to the model in the slicer to form a foundation for
the overhangs to rest on. However, supports re-
duce print quality, increase risk of print failure and,
depending on the model that is printed, can sig-
nificantly increase print time and material usage.
Therefore it is preferred to avoid the need for sup-
ports in a model. The spokes are angled at 47.5
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Figure 3.6: Close up of the grooves in the tendon diffuser. The
grooves are added to improve print quality.

°overhang and printed without supports. This an-
gle is a balance between not requiring supports,
quality and print time as a more shallow overhang
means a higher part which requires more material
and time to print.

Every spoke has a vertical seam when sliced for
printing. Ideally this seam is not placed at the over-
hang as there is minimal material beneath to sup-
port the start of an extrusion. In order to control
the location of the seam for each spoke, a small
groove on the outside of the spokes was intro-
duced as shown in Fig. 3.6. As the groove has
the sharpest corner in the cross-section of each
spoke, the slicer’s default setting will put the seam
in the groove instead of any of the other corner on
the spokes. In this way, the seam of each wall is
not at the overhang but on top of already printed
material, which improves the quality of the part.

The spokes are attached to a structural ring at
the base of the tendon diffuser to which twelve
ears are attached. The ears have mounting holes
for assembling the structural threaded rods. The
spokes are aligned with the threaded rods to pre-
vent bending loads to the ring and direct the loads
to the structural cage. The spokes are slightly off-
set inwards to the ring to allow for proper assem-
bling of the diffuser to the rest of the distal section.

3.2.2. Motion Transfer Interface
The tendons routed through the diffuser need to be
attached to the actuator. The motion transfer in-
terface (MTI) was introduced that allows for a non
permanent connection between the tendons of the
manipulator and the actuation unit. This interface
consists of two parts, one in the distal section and
the other located proximally shown in Fig. 3.7c.
The distal MTI is a cylinder with two large cir-
cular grooves, a slit along the length of the part,
one small circular groove and a dimple in one face
as shown in Fig. 3.7b One of the large grooves is
engaged by the proximal MTI, the other groove is
used to lock the distal MTI in place when the distal

section is placed and removed from the proximal
section, this is further explained in Section 3.2.3.
The slit allows for easy threading of the tendon
into the distal MTI. To fixate the tendon, it can
be wound around the cylindrical section in a small
groove. Using a knot and a drop of cyanoacrylate
glue prevents the tendon from loosening. The dim-
ple in the face of the part receives a similar shaped
dome from the proximal MTI that locks the parts
together when the distal section is attached to the
proximal section.

The proximal MTI is integral to the tendon ten-
sion sensor (Section 3.2.5) and features a fork like
structure, shown in Fig. 3.7a to engage with and
hold the distal MTI when the distal section is con-
nected to the proximal section. It consists of a U-
shaped fork that receives the first large groove of
the distal MTI. A spring loaded dome on the proxi-
mal MTI fits into a matching concavity on the head
of the distal MTI. This keeps the parts connected
and prevents the distal MTI from separating when
the two sections are coupled. The spring is a can-
tilevered leaf-spring type and is also integral with
the force sensor flexure. As the distal section is
fixed into place by twisting it, the MTIs engage and
lock together. Because engaging the two section
is done using a twisting motion, the U-shaped slot
in the proximal MTl is slightly curved to match the
curvature of the path the distal MTI takes when be-
ing connected.

3D printing is also used for the MTI parts. There-
fore attention was given to some details of the
models. FDM was used to create the proximal
MTI. The cantilevered leaf spring of the proxi-
mal MTI was extended on the bottom of the leaf
to form a bridge instead of a pure cantilever as
can be seen in Fig. 3.7a. This extension needs
to be cut away after printing for the spring to move
properly. Its function is to to eliminate the need of
support material under the cantilever during print-
ing. Bridging, i.e. printing over a gap or hole
without supports, generally gives a cleaner and
better result than using supports. The distal MTI
was printed using Stereolithography (SLA). FDM
did not give satisfactory results for this part. The
cylindrical shape in combination with overhangs
caused by the grooves made achieving clean and
useable results using FDM challenging.

3.2.3. MTl lock

All the MTls need to be in the same plane when
the distal section is connected or disconnected.
This is to ensure the distal MTls are in the right
spot when they engage with the proximal MTls.
The function of the MTI lock is to hold the distal
MTI in position when the distal section is discon-
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(a) Proximal motion transfer interface

(b) Distal motion transfer interface

(c) motion transfer interfaces connected

Figure 3.7: The proximal and distal motion transfer interface
parts. The proximal MTI receives the distal MTI when the dis-
tal section is connected to the proximal section. The dotted
lines show the hidden contours of the parts not visible from the
current perspective.

nected from the proximal section. Once the con-
nection is made, the lock can be released after
which the actuators can move the attached ma-
nipulator. Locking the MTls is realised using form
closure or shape locking. The distal MTI has a
circumferential groove into which locking tabs lo-
cated in the distal section can be swiveled to hold
the distal MTI in place. The locking tabs can be
manually actuated by turning the locking collar. A
four bar linkage, consisting of the blue disk, orange
ring, yellow locking tabs and grey links (Fig. 3.8),
moves the locking tabs into the locked and un-
locked position. There are 12 locking tabs work-
ing in unison to lock all the distal MTls when the
orange ring is rotated. One locking tab locks one
half of the MTI while another locks the other half as
shown in Fig. 3.8. The locking tabs are placed at
the proximal side of the distal section. This was
done to ensure that the tabs would be pressed
against the blue plate in Fig. 3.8 instead of being
pulled away and potentially become loose when
the user would connect and tighten the tendons to
the distal MTI.

The red pins connecting the blue plate and yel-
low locking tabs use the snap-fit principle to hold
the parts together. This allows for convenient in-
stallation of the parts without extra hardware such
as nuts and bolts being a necessity. The grey link
also connects the yellow part and orange ring us-
ing the same snap-fit principle. Fig. 3.8 shows
small features extending from the orange ring’s in-
ner surface. These features are cantilevered to
create a spring and hold the ring in place when
rotated into locked or unlocked positions. This
is done to prevent any unwanted actuation of the
ring. The small features get 'stuck’ behind the pro-
trusions on the blue disk. By simply overcoming
the force needed to move the spring loaded fea-
tures one can rotate the ring by hand. Furthermore
the bottom parts of these cantilevers are extended
to meet with the ring as was done with the proximal
MTI (Section 3.2.2) which improves print quality.
These extensions also need to be removed after
printing. Custom supports are created for snap-fit
pins on the grey links as the slicer did not generate
good quality supports. All the parts of the MTI lock
were printed using FDM.

3.2.4. Assembly connector

To couple the distal section to the proximal section
a connector is needed. The connection needs to
be rigid to ensure the design forms one complete
unit and stays connected during use. When the
manipulator is actuated, the force sensor needs to
be able to move through the connector interface
when the manipulator is being actuated. The cou-
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(a) The MTI locking mechanism is fully open.

(b) The MTI locking mechanism is fully open.

Figure 3.8: The MTI lock can be opened and closed by rotating the orange actuation ring. The yellow tabs engage with the
grooves in the red distal MTI. When the lock is fully opened, the actuators can move through the cutouts in the blue plate. The
grey links transfer the motion of the orange ring to the yellow tabs which swivel around the red pins.

pler is designed with the actuation units in mind.
These will be placed in a pattern as will be dis-
cussed in Section 3.2.6. This pattern is circular.
Therefore, the connector consists of two rings at
the circumference of the system, one proximal and
one distal, so that there is no interference with the
actuation mechanism which is kept inside these
rings. The connection is made as follows: The
distal side is moved axially to the proximal side.
Radially patterned tabs and the cantilevered lock-
ing tabs on the distal side (Fig. 3.9) fit into the re-
spective cutouts of the proximal side. When prop-
erly seated, the distal side can be rotated clock-
wise until the locking tabs of the distal side en-
gage with the locking tab cutouts of the proximal
section. These tabs slide in the grooves of the
proximal side when the distal section is rotated.
The rings mate concentrically and restrict radially
directed motion while the tab and groove combi-
nation ensures a rigid connection in the axial di-
rection. The cantilevered locking tabs prevent ro-
tational motion around the longitudinal axis of the
setup and fix the two sides together. When the dis-
tal section is properly installed, the connector locks
automatically due to the cantilevered tabs. To un-
lock the distal section, the user has to press both
buttons at opposing sides of the proximal section
while rotating the distal side anti clockwise.

The distal MTIs protrude partly into the proxi-
mal section when the sections are coupled In or-
der to not interfere with the proximal MTI, the distal
section is engaged 15 °rotated with respect to the
proximal section. This is exactly between two ac-
tuation units that are spaced 30 °from one another.
Once coupled, the path of the tendons is co-linear
with the actuation unit.

Since 3D printing will be used as manufacturing

(a) Unlocked configuration (b) Locked configuration

Figure 3.9: Close up of a cross section of the distal and proxi-
mal locking rings assembly. An unlocked and locked configu-
ration is shown. The cantilevered locking features are visible.
The holes in the parts receive the threaded rods for structure.

process, the locking mechanism can be designed
as one unit instead of using multiple parts. The
unlock buttons are located on cantilevered leaf
springs meaning they are spring-loaded and move
back to neutral upon release, shown in Fig. 3.9.
The distal locking tab is also spring loaded as
shown in Fig. 3.9 using a leaf spring in same fash-
ion as the unlocking buttons. The distal leaves are
bend when the parts are being rotated into place.
When the sides are fully connected, these leaves
push the locking tab into a slot in the proximal side
and lock the parts together. For detaching the dis-
tal section the buttons on the proximal sides need
to be pressed while rotating the distal section. This
causes the spring loaded tabs from ring of the dis-
tal section to disengage from the slot in the ring of
the proximal section.

A small scale connector was designed and
printed as proof of concept. A small amount of
filing of the distal protrusions was required to get
a good fit. The result was promising as a firm fit
was realised without noticeable play between the
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(a) Test print of connector. The proximal ring is shown left, the distal ring
is shown right.

(b) The unlocked configuration (c) The locked configuration

Figure 3.10: Test parts of the connector. The top figure shows
the two printed connector parts, the bottom pictures show the
unlocked and locked configurations in the Solidworks assem-
bly. The blue part is the proximal connector part, the green part
represents the distal connector part.

two parts. This locking mechanism was adapted
to the test setup version.

The cantilevered parts of the rings are not
printed with an extension to form a bridge. For
these sections regular supports are used as the
larger tabs have enough area to be printed onto
supports and are easily cleaned with basic tools.
Supports are sufficient because the tolerances
are not critical for this part. The circumferential
grooves in the ring of the proximal section (Fig. 3.9,
green) have an overhang angle to improve print
quality without needing supports. Tolerances are
critical for this part, using supports compromises
these tolerances and extra cleaning may be re-
quired.

3.2.5. Tendon tension sensor

Tension sensor concept

For the force sensor we came up with the idea of
combining a spring with a distance sensor. By us-
ing a linear spring with known stiffness k and a
sensor that measures the distance between the
neutral and extended spring position Ax one can
calculate the force F by multiplying these quanti-

Figure 3.11: Compliant translational joint mechanism used for
the spring in the force sensor. The gray colored boxes repre-
sent the stiff bars of the mechanism. The blue lines represent
the flexures. The deformed state is shown in light colors and
the deformed state is shown in darker colors. The direction of
motion is indicated with the red arrow.

ties as indicated by Eq. (3.1).

F =kx*Ax (3.1)
This approach means that there is a slight mis-
match between actuated tendon length and mo-
tor actuation length when a load is applied to the
tendons. This can be adjusted for because the
additional actuation displacement is measured by
the sensor. The spring and distance sensor for
this approach should behave linearly for simplic-
ity. The displacement of the force sensor should
be low, meaning that a stiff spring and a distance
sensor for relatively small displacements need to
be used.

Tension sensor spring

The principle of a linear stage is used to realize lin-
ear motion using blade flexures or leaves, this con-
cept is visualised in Fig. 3.11. Using at least two
parallel blade flexures or leaves per side the mech-
anism is constrained to only allow pure translation
in one direction. Multiple leaves can be added per
side to increase the stiffness. The leaves can be
printed using FDM. A force sensor using the prin-
ciple of an FDM printed spring in combination with
a distance sensor has not been reported in liter-
ature at the time of writing and is worth explor-
ing considering the low cost character. Normally
one would make such mechanism using spring
steel leaves which are assembled into some sort
of fixture. The disadvantage of using plastics over
spring steel is the viscoelastic behaviour, temper-
ature dependence and creep. However, printing
the complete part eliminates the need of manually
assembling steel leaf springs which can be rather
tedious and time consuming.

Dimensioning the sensor spring
The stiffness of the complete mechanism can be
derived as follows. Essentially, 4 spring pairs are
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Figure 3.12: The linear beam theory model of the flexure used
for the spring in the force sensor. The light blue line represents
the undeformed shape or the flexure. The deformed beam is
indicated by the dark blue line. The red arrow indicates the
direction of deflection.

shown in Fig. 3.11 where each pair consists of two
leaves. The mechanism is split in two sides, one
fixed to ground and one free to translate. Each
side has two spring pairs in series. The two sides
together form a parallel configuration. Therefore,
the total stiffness of the mechanism is the same as
the stiffness of one spring pair.

The requirements state that the largest surface
that can be printed is 220 mm * 220 mm as thisis a
common surface size for many FDM printers. The
motors of the actuation units are packed tightly
with only 2 mm clearance between each motor at
the corners. This forces the spring design to be ori-
ented in radial direction as can be seen in Fig. 3.4.
This forms a restriction on the size of the force sen-
sors. To keep space for the locking rings and struc-
tural rods, the length of the leaves of the spring is
set to be 15 mm. The thickness of the whole sen-
sor is set at 10 mm to fit the 3 mm diameter linear
guide rods of the actuation units with enough ma-
terial to retain them. Increasing the width of the
leaf, and thus thickness of the print because of
the way it is oriented in the printer, increases the
stiffness of the springs, but also increases print-
ing time. The thickness of the leaves is set at 0.8
mm which is the width of two printer extrusion lines
using a default 0.4 mm nozzle. From the require-
ments follows that the maximum actuation force
needs to be 50 N.

With these parameters set the dimensions of the
leafare 15 mm * 10 mm * 0.8 mm I*'w*t. The deflec-
tion of a leaf can be calculated using linear beam
theory formulas. The leaf is fixed at one side while
the other side allows for X and Y translation, but
constrains the rotation as indicated in Fig. 3.12.
The formula of the maximum deflection for this sit-
uation is given by Eq. (3.2) [45]

F+I3
12 % E %[

With 6,4, the maximum deflection, F the applied
force, L the length of the leaf, E the Young’'s mod-

(3.2)

Omax =

ulus and I the second moment of inertia given by
Eq. (3.3)

1 3

I = 2 * Wkt

Where w is the width of the spring and ¢ is the
thickness of the spring. The Young’s modulus
used for printed PLA is 3.17 GPa [46]. The deflec-
tion of the spring is set to 2.5 mm to have enough
deflection to be measured using a sensor. The
amount of required leaves can be calculated us-

ing Eq. (3.4).

(3.3)

F
Omax*12*ExI
L3

n=

(3.4)

Where n represents the number of springs re-
quired for the given load F With the numbers
used as presented above, the required number of
leaves is 4.

Spring design for FDM printing
Every manufacturing technique has its own advan-
tages and limitations. FDM printing is no excep-
tion. Besides a limited range of useable mate-
rials, the process makes the printed parts highly
non-homogeneous. The most noticeable effect of
this shows up in the strength in different orienta-
tions. The orientation in which the model is printed
can greatly impact the strength of the final product.
The weakest direction is in the Z-axis or X-Z and Y-
Z planes where layers are stacked on top of each
other which are fused together. The strength in
the X-Y plane is higher and thus preferable to have
flexible parts oriented in this layer. This prevents
stresses between the stacked layers during bend-
ing. The strength in a layer is stronger because the
material is laid down in a continuous extrusion.
The model is sliced in vertical slices before it
is printed. Each slice has at least one start and
stop location at the perimeter also called outer wall
which is determined by the slicer depending on the
specific settings that are used. That location is vis-
ible and can introduce a weak spot the model. This
spotis present in every layer, which generally form
a seam in the Z direction. In most applications this
will not be a problem except for aesthetics. How-
ever, with the model for the force sensor spring
there are multiple of these seams as can be seen
in Fig. 3.13a. Using Solidworks build in Finite EI-
ement Method (FEM) reveals that the seams are
positioned at locations corresponding to the high-
est stresses as shown in Fig. 3.14. One could also
opt to introduce rounded corners where the flex-
ures meet the body of the part, allow the stresses
to flow more easily when a load is applied. How-
ever, considering the nature of FDM printing this
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(a) Default model without cuts

(b) Adjusted model with leaf springs separated

Figure 3.13: The two versions of the spring used in the force
sensor sliced with Cura. The white dots indicate the starting
points of the outer printed wall which is colored red.

Figure 3.14: FEM analyses in Solidworks of the stresses in the
spring tested in the tensile tester. The highest stresses can be
found in the corners where the spring leaves are connected to
the bodies.

adds non-uniformity at this spot and therefore in-
troduces a weakness as the wall lines divert when
the fillet is printed. One can alter the design of
a model such that the slicer puts the seam in a
different location. This was popularized by Tom
Stanton on YouTube [47]. The strategy Stanton is
deploying is to remove small sections of the model
that causes the slicer to interpret the model as hav-
ing more walls than it actually has. Nevertheless,
the removed sections are so small that the walls
still fuse together in the process of printing and
thus keeping the strength. The leaf springs are
the weakest parts and should be printed as uni-
formly as possible in order to optimize strength and
minimize imperfections. Therefore the model is
cut such that the leaves sit partly inside the rigid
thicker parts which act as a comb as shown in

Figure 3.15: Overview of the setup used for experimentally
evaluating the behaviour of the spring. A Lloyd instruments LR
5k tensile test bench with 100N load sensor is used to mea-
sure the force. A Limess stereo camera is used to track the
displacement.

Fig. 3.13b. When sliced, the Z-seams are located
inside the thicker part resulting in a more homoge-
neous finish at the location where the stresses are
the highest. The gap between the leaves and the
combs is 0.025 mm. A gap as small as possible
should be used to ensure proper fusion of the print
lines. However, a too-small gap can result in the
slicer ignoring this gap and treating the model as
one solid resulting in a sliced version as shown in
Fig. 3.13a.

Testing the sensor spring

The 3D printed spring design was tested with a
Lloyd instruments LR 5k tensile test bench with
100N load sensor and a Limess stereo camera
for displacement tracking. The sample was ex-
tended at a rate of 2 mm per minute. An overview
of the setup with a sample is shown in Fig. 3.15.
A destructive first test was performed to see when
the spring fails. The first sample was extended to
maximum load as shown in Fig. 3.16a. The sam-
ple did not break, but started to plastically deform
around 5 mm extension. A linear response up to 4
mm extension can be seen in the graph. The other
5 samples were extended up to 4 mm and then
relaxed to 0 mm extension for at least 3 times as
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shown in Fig. 3.16b and Fig. 3.16¢. This was done
to see the effect of creep. The force displacement
relation is highly linear for each of the samples.
Notice the start of the graph in Fig. 3.16c where
the line suddenly shifts. For the subsequent repe-
titions the shift is also visible. This is likely due to
improper fixation of the sample in the setup. The
sample possibly slips slightly in the fixation due
to loose tolerances between the retention pin and
holes of the sample. There is also slight decrease
in maximum force visible after each extension as
shown in Fig. 3.16b. This is likely to be caused by
creep. When returned to zero extension, the force
dips under the 0 N mark which indicates compres-
sion. This is likely caused by a combination of im-
proper fixation and creep.

Hall effect sensor

Hall effect sensors are affordable sensors and can
be used with a micro-controller without the need of
an additional signal amplifier. These sensors gen-
erate a signal when exposed to a magnetic field.
There exist two types of Hall effect sensors lin-
ear and digital or switch sensors. The digital sen-
sors output either a high or a low voltage, on or of,
depending on the strength of the magnetic field.
When placed in a magnetic field with a value below
the set value of the sensor the output will be low.
However, when placed in a magnetic field with a
value higher than the set value, the output will be
high. This property can be used as a switch in an
electronic circuit. Linear Hall sensors on the other
hand output an analog voltage often between 0
V and their supply voltage, e.g. 5 V. Depending
on the specifications of a specific linear sensor, a
high negative field results in an output of 0 V and a
high positive field results in 5 V output. The values
in between depend linearly on the strength of the
applied magnetic field. This sensor can be used
together with a magnet to determine the distance
between two moving parts.

Magnets generally do not have a linear gradient
of the magnetic field. However, part of the gradient
is linear, which depends on the size of the magnet
and the distance of the magnet to the sensor [48].
This can be experimentally established by moving
the magnet relative to the Hall sensor and record-
ing the output values of the sensor, schematically
represented in Fig. 3.17. The distance d between
the magnet and sensor can be adjusted in order to
find the most linear region. From a set of magnets
the best performing magnet was chosen to get
a linear response for the required displacement.
Twelve magnets of the same size were evaluated,
the variation between the magnets is indicated in
Fig. C.1. This was done using an experimental
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Figure 3.17: Schematic representation of how the magnet
moves over the hall sensor. The distance d is experimentally
determined. The black arrow indicates direction of motion. A
magnetic field line is shown in orange.

setup using a 3d printed motion stage driven by a
stepper motor. The output data of the Hall sen-
sor as well as the step counts of the motor were
recorded while the magnet moved over the sen-
sor. A cylindrical magnet of height 5 mm and di-
ameter 5 mm was found to give satisfying results
at a distance of 2.0 mm from the sensor.

Final design force sensor

The final design of the force sensor is a fully 3d
printed spring with a Hall effect sensor and mag-
net. The force sensor is directly attached to the
sliding mechanism using a tight friction fit. A m3
heat set insert is pressed into the force sensor to
assemble the spindle of the motor. Furthermore
the proximal MTI is integrated into the spring. A
small bridge is used to improve print quality and
eliminates the need for supports for the overhang-
ing structure onto which the Hall sensor is glued.
The bridge needs to be removed after printing to
allow the flexures to be moved. The magnet can
be pressed into a slot and glued in place when
properly seated. The Hall effect sensor can be
glued in slot above the magnet. Note that the
Hall effect sensor is attached to the proximal side
of the force sensor and the magnet to the distal
side. This prevents any possible strain effects of
the wires attached to the Hall effect sensor to influ-
ence the measurements. For the specific magnet
and Hall effect sensor used the Analog to Digital
Converter (ADC) value should read around 60-70
when no load is applied. This ensures that the re-
sponse of the force sensor is as linear as possible.

3.2.6. Actuation unit

Actuators

The requirements state that the test setup must
be designed for 12 actuators to be used with ma-
nipulators with 3 steerable segments. It is also
stated that the design must to be adjustable for
the number of necessary actuators when manip-

ulators with less then 3 steerable segments are
tested. Therefore the tendon driving mechanism
is designed with modularity in mind. A single actu-
ation unit was designed such that it can be multi-
plied and arranged in a circular pattern. This also
allows for a variable test setup design that can be
adjusted for the number of manipulator segments.

As mentioned earlier, an electromagnetic actu-
ator will be used for actuation. Several options
such as DC motors, servos, stepper motors and
linear motors can be used. DC motors need a way
of position encoding in order to work with the in-
tended use case. Servos are straightforward to
control, however they have a limited range of mo-
tion. Stepper motors are also straightforward to
drive and control and have unlimited range of mo-
tion. Linear motors can be quite costly and are
mostly reserved for industrial applications. There-
fore a stepper motor fits the needs of this project
best.

A maximum distance of 100 mm has to be actu-
ated by the test setup. When a rotary motor such
as a stepper motor is used, a spool to hold the
tendons is required. However, this solution has a
relatively low resolution. The most abundant step-
per motors have a resolution of 200 steps per rev-
olution, or 1.8°per step. Consider a spool of 10
mm diameter, which holds 31.4 mm tendon per
turn, gives a resolution of 0.16 mm per step. Of
course increasing the spool diameter reduces the
resolution and a smaller diameter spool increases
the resolution. However, spooling a tendon means
that the actuated length varies as the tendon is
wound or unwound as the diameter is changing
with the tendon being spooled on top of itself. Mi-
cro stepping, that is electronically increasing the
amount of steps a stepper motor makes per rev-
olution, can be used to increase the resolution.
However this comes at the cost of motor torque
and thus the force that can be applied on the ten-
dons. Also a larger spool diameter requires more
torque to be actuated which can be challenging
with micro stepping. A reduction such as a gear-
box could also be used, however this would in-
crease the test setup costs significantly as well as
introducing additional backlash. It is challenging
to satisfy the resolution requirement using a rotary
actuator. Linear actuation using, for example us-
ing a lead screw, can be more precise and pow-
erful. The same stepper motor can be used which
in combination with a lead screw that converts ro-
tational to translational motion. One full rotation
of the motor corresponds to a linear advancement
by the pitch of the leadscrew. Such solution re-
quires the use of a slider mechanism. Often when
using these mechanisms, a carriage moves over
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Figure 3.18: The slider, motor mounting plate and assembled
motor are shown. An empty slot for an actuator is shown next
to the mounted motor.

a slider track and the driving motor is stationary at
the base of the slider. This principle would inter-
fere with other parts of the setup. The carriage is
in the neutral position, or half the actuation range,
when the distal section is attached or detached.
This means that half of the slider track would be
protruding into the distal section, which is not pos-
sible as the slider track interferes with the twisting
locking method. Therefore it is chosen to keep the
motor stationary and move the whole slider mech-
anism, leading to the choice of non captive stepper
motors.

The chosen actuator is a NEMA 11 Non-Captive
Acme Linear Stepper Motor (Stepperonline Inc.,
NY, USA) with a 1.27 mm lead ACME thread
[49]. A non-captive stepper motor has a leadscrew
moving axially through the motor. Inside the mo-
tor is a nut that rotates when the motor receives
power. The lead screw must be fixed with respect
to an assembly, to which the motor is attached,
that allows translation to prevent rotation when the
motor is moving. This motor has 200 steps per rev-
olution, thus giving a theoretical resolution of 6.4
pm per step. This motor was not provided with a
linear guide to constrain the motion to pure trans-
lation. Therefore a custom guide was realised
with two 3 mm circular rods that slide in a pair of
bushings parallel to the lead screw and adjacent
to the motor frame. A small prototype was built
to check for tolerances and feasibility. Using 3D
printed PLA for the bushing showed relatively low
friction as the slider was easily moved by hand. 3D
printing allows the bushings to be integrated with
the motor mounting plate to form a single part. A
mounted motor and slider mechanism can be seen
in Fig. 3.18.

Position feedback

Stepper motors lack absolute positional feedback.
While dead reckoning can be used to keep track
of the current motor position, some external ab-
solute reference is required to know the current
position of the axis. The simplest implementa-
tion is to use a limit switch which is a very com-
mon approach in 3d printers, laser cutters, Com-
puter Numerical Control (CNC) routers and simi-
lar machine tools. When triggered, the normally
closed circuit of the switch opens which can be de-
tected by a micro controller. In a 3D printer this is
used for homing the stepper motors that drive the
three axes of the machine. When starting a print,
the motors will move in the homing direction until
the switch corresponding to that motor is pressed.
At that point, the current position of the motor is
now the home or zero position from which it can
move to speciefied positions. This principle is also
used for the test setup. The motors advance un-
til their limit switches are pressed after which the
micro controller zeros the current position. Then
the motors move to the neutral position where the
distal section can be attached to the setup. This
method is not solid, it cannot account for skipped
steps of the stepper motor. Skipping steps gen-
erally occur when an external load applied to the
motors is higher than the torque the motor can
supply. Stepper drivers that are more advanced,
and more costly, can detect skipped steps, which
can be used to trigger a re-homing cycle to regain
positional tracking and then be accounted for in
the software. A position encoder could also be
used but this adds to complexity and cost. Pro-
vided that the required load to actuate a manipu-
lator plus friction loads is below the maximum ac-
tuation capacity of the motor, the motor should not
skip steps. Therefore, it is deemed sufficient to
only use low cost stepper drivers in combination
with limit switches for this prototype. At the end
of the slider mechanism, a bar including a stop-
per is attached. The stopper makes contact with
the switch when the actuation unit is homed. This
stopper can be adjusted by loosening and tight-
ening a bolt to slide it along the sliders. This is
needed to dial in the correct homing position of
the stepper motors in order to allow proper con-
nection of the MTls. While this is also possible to
achieve in the code of the microcontroller, having a
physically adjustable stopper is more convenient.
Added to the stopper is a small block with a slit.
This is to hold the tendon that is attached to the
Hall sensor in the force sensor and helps to guide
the tendon through the motor mounting plate when
the actuation unit is in motion.
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Actuation units pattern

With parametricity in mind to allow for different
amounts of actuated manipulator segments, the
actuation units need to be oriented in an easily ad-
justable pattern. Also the coupling has to be taken
into consideration for the pattern. As mentioned
in Section 3.2.4, the connector is designed with
the actuation patter in mind. A circular pattern is
chosen for the actuator units to be easily compati-
ble with the coupler. Circular may not be the most
space efficient way of arranging the units as the
space in the middle of the unit is not used. How-
ever it is highly symmetrical and the design can be
easily adjusted to be used with more or fewer ac-
tuators. The hollow center can be used as a pass-
through for instruments to be inserted into the ma-
nipulator.

Slider bushing

As mentioned previously in Section 3.2.1 and Sec-
tion 3.2.5, a vertical seam is present when a model
is sliced for printing. With a circular hole the seam
is often placed based on least print time. As the
print head slows down and stops near the end of
the perimeter, a buildup of pressure in the noz-
Zle can extrude some extra filament resulting in a
bulge at the location of the seam. This can be an
issue when vertical circular holes are printed. The
bulge affects the roundness of the hole and can in-
terfere with inserted parts, e.g. axles, sliders, etc.
To accommodate for this issue, the circular hole
can be altered into a teardrop shape. If the slicer
z-seam location is set at corners, the bulging, hap-
pens just outside the circle in the teardrop corner.
This eliminates the interference with e.g. slider
parts. A possible downside of this approach is that
the teardrop is not completely circular and may
cause uneven sliding on the rod as there is a small
gap. A simple fix is to spiral the teardrop shape
with a few rotations resulting in circular tube when
viewed from above as shown in Fig. 3.19a. The
sliced versions are shown in Fig. 3.19b. Evenly
contact with a slider is realised with this design
approach. The spiralized teardrop is used for the
slider bushings.

3.2.7. Structural cage elements

The sub assemblies are held to together using
m4 threaded rods and nuts to form a cage like
structure. The mounting plate of the motors as
well as the connector rings, diffuser and plate of
the MTI locking are structural elements. Together
with the rods, the parts form a rigid assembly able
to bear the loads experienced during use. The
threaded rods and nuts are low-cost and can be
found in many online and brick-and-mortar stores.

(a) CAD model of the teardrop feature with top and angled views.

(b) The sliced versions of the teardrop feature.

Figure 3.19: comparison between the vertical teardrop cutout,
left hand side, and the spiral teardrop cutout, right hand side.
The spiral teardrop cutout has a circular profile. The white dots
in the sliced part show the start and stop location where bulging
can happen.

The threaded rods are easily cut to size using a
metal saw, angle grinder or the like.

The rods are inserted in the coupler rings on
both the distal and proximal sections. The holes
for these rods in the rings are dimensioned under
size so the rods self-tap into the material. Thread-
ing the holes before assembly can be done, how-
ever depending on the tolerances of the holes this
is not required. All the other parts are held onto the
rods using nuts. A single nut is used to sandwich
the locking rings and plates together. Jammed
double nuts are used at the opposing ends of
the rings to set the correct distance between the
mounting plate for the motors and the diffuser.

The linear guide cannot bear loads perpendic-
ular to the plane of the guiding rods and ACME
screw well. When the distal section is being at-
tached or detached, a small perpendicular load is
applied to the linear guide. A plate with cutouts
for the force sensor and distal MTI was installed to
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Figure 3.20: Schematic overview of the electronics used for the
prototype.

hold the sensors in place during connecting and
disconnecting the distal section (Fig. 3.4, white
plate). The cutout in the plate has a 0.8 mm gap
around the force sensor and distal MTI to allow
pass through.

3.3. Prototype

3.3.1. Prototype electronics

The setup is controlled using an Arduino Mega
2560 Rev3 microcontroller. This board is open-
source and has enough input and output pins to
connect all the motors, limit switches and sensors.
The board is supplied with 5 V DC via USB us-
ing a computer. A wiring diagram is shown in
Fig. 3.20. The stepper motors are supplied with
a 24 V DC Mean Well NDR-120-24 power supply.
A4988 stepper drivers are used to drive the mo-
tors which are low cost and readily available. The
Hall effect sensors are connected to the analog in-
put pins of the microcontroller. They are supplied
with 5 V from the microcontroller. Since the limit
switches only give a high (5 V) or low (0 V) out-
put they are connected to digital pins. Additionally
a 25v 1000 pF electrolytic capacitor is placed on
the power rail for the motors to smooth peaks in
voltage during operation. A 50 V 220 nF ceramic
capacitor is placed on the power rail for the Hall
sensors to filter high frequency noise.

3.3.2. Prototype software

The Arduino microcontroller runs on the Arduino
coding language which uses the C and C++ lan-
guage as a base. On the computer a Matlab pro-

gram gathers the data gathered by the microcon-
troller to be processed further. The user can mod-
ify these program for their specific needs. What
follows next is the program used for this setup.

The programs are structured as follows: First
the Arduino program needs to be uploaded to the
microcontroller. Then the Matlab script can be run
where the user can specify a folder name to save
the data and graphs produced by the Matlab pro-
gram. Followed by specifying the radius at which
the tendons are located in the manipulator and the
requested deflection in degrees. These numbers
are converted to the number of steps the motors
have to move to realise the requested deflection.
A handshake is made between the microcontroller
and Matlab after which the microcontroller homes
the actuation unit. This is done by moving all step-
per motors until their respective limit switches are
activated after which they move to a predefined
location to enable the installation of the distal sec-
tion into which the manipulator is installed. Then
Matlab pops up a message asking if the distal sec-
tion is attached properly. The user needs to attach
the distal section and make sure the connection is
secure. When the user confirms the installation
of the distal section, the microcontroller proceeds
to pretension the tendons. A rigid tube should
be placed over the manipulator keeping the ma-
nipulator straight and constrain any motion during
the pretension sequence. Tendons can differ in
length due to manual installation and the preten-
sion sequence aims to remove any possible slack.
A new popup is displayed on the screen when
the pretension is completed, asking if the user is
ready to start the test sequence. The tube must
be removed before confirming the popup, as test-
ing commences immediately. Matlab sends the
amount of steps to move each motor to the micro-
controller and the test sequence starts. First motor
1 pulls and its antagonist motor 3 eases until the
amount of steps are reached. This position is held
for 3 seconds after which the motors return to their
original location. Another 3 seconds pass which
are proceeded by actuation the next motors in the
same manner. This is repeated until each ten-
don is pulled. The raw sensor data as well as the
test runtime and stepper location is send to Mat-
lab while the test sequence is running. The test
is now completed and the motors return to home,
enabling the user to disconnect the distal section
if necessary. Matlab creates plots of the gathered
data and saves the data in the folder specified at
the start of the program.

The proposed programs are by no means set
in stone. This program is meant to showcase a
possible test sequence based on four actuators.
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Based on the users requirements the programs
can be adjusted to perform different motion cycles
or even be interactive using a joystick for exam-
ple. The raw ADC values from the microcontroller
can be translated to force values. A calibration
for each load cell is required. By hanging differ-
ent weights with known masses and recording the
ADC values one can fit the data to e.g. a 3th order
regression. At least 4 data points are required for
a 3th order polynomial fit. For the load cells used
in this thesis the following values are used: Zero
load, 0 g, 506 g, 1005 g, 1480 g, 2139 g, 2477 g,
2961 g, 3433 g and 3991 g.

3.3.3. Final prototype

The completed assembly of the final prototype is
shown in Fig. 3.21 There are no deviations from
the design other than four equipped actuator slots
instead of 12, meaning one segmented manipula-
tors can be tested. The custom parts are printed
on modified Creality ender 3 printers using Cura
as the main slicing software. The parts are printed
with 3 walls thickness, 1.2 mm, for a balance be-
tween strength, material use and print time. 123-
3D’s Jupiter series PLA in various colors was used
as printing material. Off the shelve parts were or-
dered online via various suppliers. The threaded
rods were cut to size using an angle grinder. To as-
semble the setup the steps described in the man-
ual provided in Appendix B were taken. A video of
the prototype in action was uploaded to YouTube
[50], the design files and scripts are uploaded to
4TU.ResearchData [51] and GitHub [52].
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(a) Overview of the prototype.

(b) Side view of the prototype with a 30 cm ruler below it.

Figure 3.21: The final prototype assembly including an installed manipulator. Note that only 4 actuator slots are equipped with
actuators and sensors to actuate a one segment manipulator.
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4.1. Procedure

4.1.1. Force sensor calibration proce-

dure

First the force sensors were calibrated using a
number of known weights. This is how the user
would calibrate their sensors without requiring ex-
pensive equipment such as a load cell. A poly-
nomial regression was performed that relates the
ADC value from each sensor connected to the mi-
crocontroller to a force in Newtons. The accuracy
of these fits was determined by calculating the er-
ror between the calibration fit and the force values
retrieved from a test with a calibrated Futek load
cell. The test with a Futek load cell was performed
by applying tension to the sensors with each motor
until a specified ADC value is reached, after which
the motor moves back to starting position.

4.1.2. Flexure displacement calibration

procedure

As the motors pull on the tendons of a manipula-
tor, the flexures of the tension sensor deflect as the
load increases. This deflection needs to be known
in order correct the actuated distance of the ten-
dons of a manipulator. The microcontroller keeps
track of the actuated distance via dead reckon-
ing. However this distance is the actuated tendon
length plus the deflection of the tension sensor. To
find the relation between ADC values and deflec-
tion of the sensor, the sensor was again fixed at
one end and moved until a certain ADC value was
reached. A polynomial regression relating these
values was used to convert ADC to deflection in
mm.

4.1.3. Flexure and Hall effect sensor
hysteresis procedure

The hysteresis of a system shows the effect of di-

rection dependency. An example graph of hys-

teresis is shown in Fig. 4.1 Hysteresis causes the

output of the sensor to depend on the direction in

A
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Figure 4.1: Example plot of a hysteresis loop. The red area is
the energy lost in the system due to hysteresis.

which the sensor moves. Meaning that there can
be a difference in sensor output for the same ex-
tension, which depends on if the sensor is extend-
ing or contracting. The data of the test with the
Futek load cell will also be used to calculate this
effect. By adding and removing load on the flex-
ure, the difference can be determined and direc-
tion dependency can be demonstrated.

As with the flexure hysteresis, it is also impor-
tant to investigate the hysteresis of the Hall effect
sensor to be able to determine the performance of
the sensor system as a whole. This can be de-
termined by evaluating the ADC values retrieved
from the same test as the flexure hysteresis.

4.1.4. Hysteresis of prototype

The hysteresis of the complete prototype was not
assessed. Friction between the tendon and ten-
don diffuser possibly can also cause hysteresis
effects. However, this depends on the specific
material used for the tendons. Friction is a com-
plex phenomenon depending on many parameters
such as roughness of the materials, applied load
and actuation speed. Small deformations of parts
in the prototype under load also potentially add to

27
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hysteresis effects. However these deformations,
apart from the tension sensor, are assumed to be
negligible when the prototype is subjected to max-
imum loads of 40 N.

4.1.5. Manipulators test procedure

To help determining the ability of the system to per-
form the task of controlling tendon-driven manipu-
lators, two different manipulators were tested on
the prototype. The manipulators were actuated in
a predefined motion sequence and the data gath-
ered by the micro controller was stored on a com-
puter and graphed.

4.2. Materials and methods

4.2.1. Force calibration method

The following masses are used for the calibration
of the force sensor: 0 g, 506 g, 1005 g, 1480
g, 2139 g, 2477 g, 2961 g, 3433 g and 3991 g.
These weights include the 6 g weight of the MTI
used to attach the masses to the force sensor and
are measured using a kitchen scale accurate to
+1 g. The masses were chosen in increments of
about 500 g for which various weight plates and
calibration weights were used. The setup was ver-
tically positioned while the masses were attached
as shown in Fig. 4.2. It was ensured that the force
sensors were free from any obstructions that could
interfere with the measurement. The ADC values
for each sensor resulting from each weight were
read from the serial monitor and noted down.

For the accuracy tests a Futek 10lb. load cell
calibrated at 40 N in combination with a National
Instruments DAC NI USB 6008 and LabVIEW
2018 were used. The test procedure started by at-
taching the load cell to the test setup making sure
no pretension is measured by checking the output
of the Futek load cell on a computer. Then the zero
load ADC value of the tension sensor is measured
on the microcontroller of the prototype. This zero
load value is increased with 800 to be the target
value for the microcontroller to move the motors
to. The addition of 800 points to the base ADC
value was determined to be below the maximum
deflection range of the force sensor. From a pre-
vious experimental test it was found that 800 ADC
points corresponds to just below 40 N. The motors
move with constant speed, 50 steps per second
or 9.5 mm per minute, until the target tension sen-
sor value is reached after which it returns to the
starting position with the same speed. During this
sequence the time on the microcontroller, the ADC
value of the sensors and the step count of the step-
per motor is logged at 20 Hz and send to the com-
puter where it is saved to be processed. LabVIEW

Figure 4.2: The sensor calibration setup used to gather the
ADC values for each weight and sensor. The test setup was
vertically positioned on a workbench. A 506 g mass can be
seen hanging from the sensor, this includes the weight of ap-
proximately 6 grams for the MT| used to attach the mass to the
sensor.

was used to log the time and force measured by
the Futek load cell at 10 Hz and save these val-
ues. Each sensor was tested three times in a non-
consecutive order. The sequence began with Sen-
sor 1, followed by Sensor 2, Sensor 3, and Sensor
4. After completing a round of tests, this sequence
was repeated in the same order.This process was
continued until each sensor had been tested three
times. An overview of the test setup with the Futek
sensor is shown in Fig. 4.3. It was assumed that
the displacement counted on the microcontroller
was correct and that the motors did not skip steps
during the tests.
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Figure 4.3: Overview of setup used to test the force sensors with a Futek load cell.

4.2.2. Flexure displacement calibration
method

For this evaluation the same test and data was
used from the tests with the Futek load cell. It was
assumed that the the distal end of the sensor is
fixed in place and that only the proximal end is sub-
jected to displacement. The deflection of the force
sensor is measured by the Hall effect sensor.

4.2.3. Flexure and Hall effect sensor

hysteresis method
The hysteresis calculation also makes use of the
same test with the Futek load cell described in
Section 4.2.1.

4.2.4. Manipulators test method

Two different manipulator designs were tested on
the prototype test setup. The first manipulator was
based on the designed of the 3Flex by Trauzettel
et. al. [53] and printed in white PLA. The second
manipulator was based on the design of the He-
licoFlex by Culmone et. al. [54] and was printed
in envisionTEC R5 Red photo-polymer. Both ma-
nipulators are shown in Fig. 4.4 The manipulators
were moved from the neutral position to 90°with
an acceleration of 500 steps per second?, a con-
stant speed of 400 steps per second, deceleration
of 500 steps per second? and held for 3 seconds.
Subsequently the manipulator was moved back to
neutral in the same fashion and held for a further 3
seconds before moving the next tendon. This was

Table 4.1: This table shows the third order fit polynomials re-
trieved from the fitted calibration of each force sensor. Where
x is the ADC value and the output is the force in N

Sensor # \ coefficienta coefficientb coefficientc  coefficient d
1 3.2408e-08 -5.0542e-05 0.070267 -5.0305
2 2.7563e-08 -4.5618e-05  0.069355 -4.9955
3 2.6481e-08 -4.1473e-05  0.065981 -3.8908
4 2.7231e-08 -4.3284e-05 0.066967 -4.5452

repeated for each tendon in the manipulator.

4.3. Results

4.3.1. Force calibration results
The masses used to calibrate the force sensors
were converted to Newtons by multiplying with the
gravitational constant of 9.81 m/s? and dividing by
1000 to convert grams to kilos. Then the ADC data
was fitted using a third order polynomial fit for each
sensor. The fit and data points used for the fit are
shown in Fig. 4.5. The constants of the third order
polynomial for each sensor are shown in Table 4.1,
and were implemented as shown in Eq. (4.1).
y=ax3+bx?+cx+d 4.1)
Where y is the force in newtons, the constants a,
b, c and d are from Table 4.1 and x is the ADC
value retrieved from the sensor.

The accuracy of the manual calibration fit can be
evaluated using the baseline values of the Futek
measurements. However, there is a difference
in sample rate between the data from the tension
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Figure 4.4: This picture shows the manipulators based on the designs of the 3Flex and HelicoFlex respectively top and bottom.
Also the adaptors, tendons and distal MTls are shown assembled.

Calibration Force vs ADC Values and third order Polynomial Fits
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Figure 4.5: This figure shows the data points of the masses
used for the calibration of the tension sensors. The third order
fit through these points for each sensor is also shown.

sensor and the Futek sensor, and the recordings’
starting times differ. Therefore, the data of the
Futek sensor was time shifted and resampled by
interpolation to match the number of data points
in the tension sensor data for further processing.
The ADC values of the tension sensor are con-
verted to Newtons using Eq. (4.1) and the con-
stants from Table 4.1. Then the difference be-
tween the Futek force values and the fitted tension
sensor values was taken, which yielded the cali-
bration error. The resulting errors for the sensors
are shown in Fig. 4.6. Here the error in N is plot-
ted against the ADC value of the sensors. A more
detailed figure for each individual sensor is shown

Force Errors Between Manual Calibration of the Sensors and Futek Data
151
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Figure 4.6: This figure shows the error in Newtons as a function
of the ADC values for each sensor and each test. Each sensor
data is plotted with a unique color. Red is sensor 1, green is
sensor 2, blue is sensor 3 and yellow is sensor 4. Each of the
three tests within a sensor is indicated with a different marker.

the appendix in Fig. C.2. The combined errors of
each sensor are shown in the box plot in Fig. 4.7.
Here the error distribution is plotted for each sen-
sor. The maximum deviation from the calibration
fitis 1.40 N.

4.3.2. Flexure displacement calibration

results
The relation between ADC and distance values
is shown in Fig. 4.8. A third order polynomial fit
through all the data points of the tests combined
per sensor was used to get a conversion formula
to convert the ADC values to mm. The polynomial
constants resulting from the fit are shown in Ta-
ble 4.2. Equation (4.1) was also used here, where
y was the deflection of the sensor in mm, the con-
stants a, b, ¢ and d are from Table 4.2 and x was
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Error Distribution per Sensor
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Figure 4.7: This figure shows the force error box plots of all
the test combined per sensor in Newtons. The mean and stan-
dard deviation are also shown. The red bar is the median of
the values. The blue bounding box represents the lower 25th
percentile up to the 75th percentile. The whiskers represent
the lowest an highest values within 1.5 IQR of the blue box.
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Figure 4.8: This figure shows the relation between the deflec-
tion of the flexure of each sensor.

the ADC value retrieved from the sensor. The
ADC values were then converted to mm using the
respective formula for each sensor and subtracted
from the counted distance from the microcontroller
to retrieve the fit error of each sensor. The error
versus distance relation is graphed and shown in
Fig. 4.9. The errors for each sensor can be found
in the appendix in Fig. C.3. The combined deflec-
tion errors of each sensor are shown in the box plot
in Fig. 4.7. Here the error distribution is plotted for
each sensor. The maximum error is 0.147 mm for
sensor 4.

4.3.3. Flexure hysteresis results

The flexure hysteresis was calculated from the
data gathered from the Futek load cell and the
force sensor. First the displacement was matched
with the data from the Futek load cell. Then

Table 4.2: This table shows the third order fit polynomials re-
trieved from the relation between the ADC values and the trav-
elled distance.

Sensor # \ coefficienta coefficientb coefficientc coefficient d
1 3.5694e-09 -5.9156e-06 0.0073457 -0.38784
2 4.8409e-09 -7.9353e-06 0.0081416 -0.38054
3 3.9236e-09 -6.2554e-06 0.0072114 -0.38289
4 3.7069e-09 -6.0364e-06 0.0073115 -0.30758
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Figure 4.9: This figure shows the error in extension between
the fitted ADC values and distance counted on the microcon-
troller in mm as a function of the ADC values for each sensor.
Data from each sensor is plotted with a unique color. Red is
sensor 1, green is sensor 2, blue is sensor 3 and yellow is sen-
sor 4.

the hysteresis area, which is the area between
the loading and unloading curves as indicated in
Fig. 4.1. The area under these curves was calcu-
lated using the trapz function in Matlab. This func-
tion numerically integrates the Force values from
the Futek load cell over the traversed distance us-
ing the trapezoidal rule. Next, the unloading area
was subtracted from the loading area resulting in
the hysteresis area. This value was divided by the
loading area and multiplied by 100 to get the hys-
teresis expressed as a percentage of the strain en-
ergy. This was done for each individual test after
which the mean percentage per sensor was de-
termined. These percentages are shown in Ta-
ble 4.3 The mean flexure hysteresis ranges be-
tween 5.19% and 6.43%.

4.3.4. Hall sensor hysteresis results

The Hall sensor hysteresis was calculated from
the ADC values of the microcontroller. Basically
the same method was used as for the flexure hys-

Table 4.3: The mean hysteresis per sensor in percentage of
strain energy.

Hysteresis \ Sensor1 Sensor2 Sensor3 Sensor4

Flexure | 6.01% 6.43% 5.19% 5.74%
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Deflection Error Distribution per Sensor
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Figure 4.10: This figure shows the deflection error box plots
of all the tests combined per sensor in mm. The mean and
standard deviation are also shown. The red bar is the median of
the values. The blue box represents the lower 25th percentile
up to the 75th percentile. The whiskers represent the lowest
an highest values within 1.5 IQR of the blue box.

Table 4.4: The mean hysteresis per Hall effect sensor in per-
centage.

Hysteresis | Sensor1 Sensor2 Sensor3 Sensor 4
Hall sensor | 1.30% 1.86% 2.01% 2.11%

teresis, except using the ADC points in stead of
the force values. The area under the loading and
unloading curves are again determined using the
trapz function in Matlab. These areas are sub-
tracted and divided by the loading area and multi-
plied by 100 to express in percentages. The raw
ADC values are used in this calculation. The Hall
sensor hysteresis values per sensor are shown in
Table 4.4 The mean Hall sensor hysteresis ranges
between 1.30% and 2.11%.

4.3.5. Manipulators test results

An overview of the test setup with the attached
manipulators is shown in Fig. 4.11. The results of
these test with the Helicoflex and 3Flex based de-
signs is shown in Fig. 4.12 and Fig. 4.13 respec-
tively. Here both the time vs force and distance
vs force are plotted. The ADC output of the Hall
sensors are converted to N using the calibration fit
described in Section 4.1.1.
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(a) 3Flex based design

(b) HelicoFlex based design

Figure 4.11: This picture shows the tested manipulators attached to the test setup.
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(b) Force vs displacement plot.

Figure 4.12: Results of the test with the HelicoFlex based de-
sign. A negative and positive displacement mean pulling and

easing respectively.
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Figure 4.13: Results of the test with the 3Flex based design.
A negative and positive displacement mean pulling and easing

respectively.
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5.1.1. Force calibration

The third order fit fits the calibration points well, as
shown in Fig. 4.2. However, the error clearly de-
pends on adding and removing loads on the force
sensor sensor (Fig. 4.6). The force reading from
the force sensor, converted from ADC to Newtons,
is lower than the actual force applied when the load
increases. When this load is removed, the force
reading is higher than the actual applied force as
shown in Fig. 4.6. Therefore, there is an error
dependency on pulling and releasing for all the
sensors. The trend of the error graphs between
the sensors is generally following the same shape.
However, sensor 2 stands out by showing peaks
in the pull and release curves, causing relatively
high whisker in the error distribution of Fig. 4.7.
This is observed in all of the three tests and hap-
pens around the same ADC values, between 400
and 600. Because this happens reliably for each
of the three tests, it is likely caused by a small de-
fect in the Hall sensor. It is unlikely to be caused
by a problem with the flexures because the force
reading does not show a deviation in the course of
the graph. Sensor 1 has a small deviation around
350 and 450 in the pull and release direction for
the first test. This is not systematic as the data of
sensor 2. It may have been caused by the fixture
of the Futek sensor or by an internal factor of the
prototype.

The third order polynomial fits of the force sen-
sors have coefficients that are relatively close to
each other This shows that the behaviour of the
force sensors are similar to one another, as can
bee seen in the graphs. However, there are
noticeable differences in actual force conversion
between the sensors and therefore each sensor
should always be calibrated separately. These dif-
ference can be seen in the error plots and error
distributions as it varies between the sensors. The
error can be up to 1.4N which is 3.5% of the total
force range.

Discussion

5.1.2. Hysteresis

Flexure displacement calibration

The relation between ADC values and displace-
ment is apart from the lower end of the graph fairly
linear as shown in Fig. 4.8. All sensors follow the
same general shape. Sensor 2 again shows some
deviation in the shape between 400 - 600 ADC.
The magnets used for the force sensors are too
short for the range of motion required to reach 40
N. This meant that in order to satisfy this range, the
magnets are already offset to the Hall effect sensor
to remove part of the nonlinear start of the graph.
That is why the ADC value starts around 60-70 for
the sensors. It is clear that this offset could have
been increased in order to get a more linear re-
sponse at the bottom end of the graph. However
this could have introduced a nonlinear effect at the
higher end of the graph.

The box-plot shown in Fig. 4.10 shows that the
errors of the third order fit of the ADC vs deflection
is distributed mostly evenly around zero. There
is variance between the sensors which can be
caused by variance in the Hall effect sensors and
especially by the strength of the magnets. The er-
ror of the fit can be up to 0.15 mm which is rather
high compared to the theoretical step resolution of
3.18 um with half stepping enabled on the stepper
motor drivers.

Flexure hysteresis

Table 4.3 shows a significant hysteresis effect of
the sensors. This hysteresis is most likely caused
by the viscoelastic property of the PLA material
used for the printed flexures. PLA, like many poly-
mers, exhibits creep when subjected to load, con-
sequently lowering the force required maintain a
deflected position. However, when the load is re-
moved and the flexure gets time to reset, the force-
distance relation seems to be unchanged. This is
indicated by the error plots in Fig. 4.6 where mul-
tiple test runs overlap each other within the same
sensor, suggesting that the sensors are not under-
going plastic deformation. There is some variance

34
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in the hysteresis between the flexures. This is to
be expected as 3D printing in general, especially
on hobby grade FDM printers, has challenges pro-
ducing repeatable prints of the same quality and
properties. The variance can be caused by many
parameters including environmental humidity and
temperature, general filament quality and airflow
in the room.

System hysteresis

As mentioned in Section 4.1.4 the hysteresis of
the complete prototype was not identified. How-
ever, it is possible that hysteresis is introduced by
the interaction of the tendons with the guides in
the distal section and deformations of the proto-
type. As mentioned before, investigating the ef-
fect of friction between the tendon and the tendon
guides requires extensive testing with a variation
of applied loads and speeds for a given tendon ma-
terial. Different tendons materials and roughness
also have different effects on the generated fric-
tion. The deflection of the structural parts of the
setup was assumed to be negligible and not con-
tributing to hysteresis. Therefore, no system hys-
teresis evaluation was conducted.

5.1.3. Hall effect sensor hysteresis
There were no specifications found on hysteresis
effects in the sensor data sheet [55]. However
the sheet mentions an error of 6 mV peak to peak
noise. The ADC sensitivity of the microcontroller
is 4.88 mV per step. This means that the expected
variation given a constant magnetic field is plus mi-
nus 1-2 ADC points. However, the difference be-
tween the loading and releasing curves are higher
than the expected noise. Also the curves repeat-
edly show the same general shapes. For the same
extension of the flexures, and therefore same ap-
plied magnetic field on the Hall effect sensor as
these are fixed to one another, the same ADC
reading is expected plus minus the noise. There-
fore, the method of mounting the setup and the
Futek load cell and possibly some internal factors
are likely to have had an effect on this value. The
actual hysteresis of the Hall sensor can be ex-
perimentally investigated using a precision motion
stage that moves a magnet over the Hall sensor.
This eliminates external factors such as deforma-
tions in the setup caused by loads which could
have influenced the data. Though, this test was
not conducted for this thesis. The sensor output
and the position of the magnet is recorded while
the magnet is moved over the sensor.

5.1.4. Hall effect sensor noise

The ADC output of the microcontroller has noise
as can be seen in Section 5.1.3. A capacitor
was placed on the sensor power rail, however
noise was still noticeable. Shielded electrical wires
and higher value capacitors could help reduce the
noise caused by external electric fields. The data
could also be filtered digitally on the microcon-
troller, however this cost a lot of calculation power
which can cause the actuation of the setup slow
down and stutter. A higher sample rate could also
be used to send the data at a higher frequency to
the computer and use a computer script to filter the
data with e.g. a moving average. However, sam-
pling and sending data at a higher frequency also
slows down the speed of the script. Using a sep-
arate microcontroller for only the sensors and one
only for the motors can be used to eliminate this
issue.

5.1.5. System backlash

The non-captive stepper motors uses a lead screw
and nut to convert rotational motion to linear mo-
tion. Tolerances between the screw and nut add
backlash to the system. However, if there is al-
ways tension on all of the manipulator tendons,
the backlash caused by the tolerance between
screw and nut is likely to be negligible. The pre-
tension only at the start of the test sequence is not
enough. The antagonistic tendon pairs move the
same number of steps but in opposing directions
when the manipulator is actuated. The non per-
fect manipulators causes the to be actuated ten-
don length to differ between two antagonistic ten-
don pairs. This causes slack in the easing tendon.
A PID control loop should be implemented to con-
stantly monitor the tendon tension and move the
actuators such that a fixed tension value is held.
Note that this likely slows down the microcontroller
as extra calculations need to be performed during
the test sequence.

5.1.6. Manipulators test

The manipulators were successfully tested. How-
ever, some issues were identified. The noise of
the sensors is particularly noticeable when more
compliant manipulators are tested as can be seen
in Fig. 4.12 compared to a stiffer manipulator as
in Fig. 4.13. A problem with the coupling of the
MTI was found, which is discussed further in Sec-
tion 5.2.3. The tendons that eased during the test
procedure became slack as discussed in the previ-
ous subsection. This did not cause any entangle-
ment of the tendons with other parts of the setup.
The actuators had to be watched closely to ensure
that the force sensor assemblies could move freely
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through the plates of the setup as discussed in
Section 5.2.7. The structural coupling performed
well, the distal section stayed tightly fixed during
the test and was decoupled successfully after.

5.2. Design evaluation & im-

provements
5.2.1. Manipulator adaptor

The presented manipulator adaptor for the tendon
diffuser is purely made of plastic. As the tendons
slide over the plastic, friction causes losses and
possibly wear when used for extended periods of
time. An improved guide should be used to re-
duce the friction and wear of the part. A simple
polished metallic ring could be installed at the loca-
tion where the tendons exit the adapter. This way
the tendons can slide with less friction compared
to the plastic. The friction depends on the specific
material used for the tendons of the manipulator.
Also using a different type of material for the adap-
tor can influence the friction. No further tests were
conducted to find the effect of friction between the
adaptor and the tendons.

5.2.2. tendon diffuser

The tendon diffuser part was, unlike the other FDM
printed parts, not sliced in Cura. Cura did not slice
the part as was envisioned beforehand, with the
print seams located in the ridge of the spokes. The
"Sharpest Corner” setting in Cura did not work re-
liably as some spokes had the seam elsewhere
than in the ridge. Therefore, Prusa Slicer was
used for this part. This slicer has the option to
manually 'paint’ the location of the seam. The
ridges were manually painted and the model was
sliced nicely. A different tendon diffuser design or
a more FDM optimized spoke design may fix this
minor issue.

5.2.3. Motion transfer interface

MTI coupling

Anissue occurs when the distal section is attached
to the proximal section. The distal MTI do not al-
ways properly engage with the proximal MTI. This
is likely due to a combination of the loose toler-
ance of the actuation sliders, too wide tolerance
gap between the force sensor and cutouts in the
plates, and the force that needs to be overcome
when the MTIs engage. To engage the MTls, a
slight force needs to be overcome due to the spring
loaded pall that holds the distal MTI in place when
it is properly attached. This force is pointing lat-
eral against the sliders. The loose tolerance of the
slider mechanism allows the sensor to move lat-

eral in the direction that the MTIs engage, which is
unwanted. The the plates through which the force
senor moves should limit this movement, however
the gap is too large to allow for proper engagement
of the MTIs. The solution for now is to manually
check the connection of the distal MTI and adjust
if necessary. This issue could be solved by chang-
ing the MTl interface or better tolerancing the slider
mechanism. The most promising solution is to im-
prove on the coupling interface requiring less or
no force to engage and make it self centering. No
issue has been found when the distal section is
removed, the MTls disengage properly without is-
sues.

Distal MTls
Ideally the distal MTIs are manufactured using
FDM printing. However, the overhangs in the cur-
rent design need supports or the part needs to
be oriented horizontally to be printed. Both op-
tions gave unsatisfying results: Supports need to
be removed and leave a rough finish requiring
a lot of post processing to get the fit with other
parts right. When the model is printed oriented
horizontally, print artifacts alter the fit with other
parts. Part of the model needs to be cut away for
proper print bed adhesion, resulting in a non circu-
lar shape. Also due to the cylindrical shape of the
model, when in horizontal orientation an overhang
is formed which requires supports or otherwise
sags. This leaves too many artifacts in the part.
Therefore, this part was printed using SLA. The
model was oriented horizontally in the slicer which
gave a good result. Future work could try to come
up with a better design that can be printed with
FDM, however a different MTI system could im-
prove connecting and disconnecting the section.
Connecting tendons to the MTIs can be done
using knots in possibly in combination with glue
for slippery tendons such as Dyneema. The dis-
advantage of this method is the semi permanent
bond between the tendons and MTI, depending
on the glue used. For a more reusable approach,
the MTI should have a different design for the fix-
ation of the tendons. A small clamping mecha-
nism could be designed to firmly grab the tendons.
This can be challenging though with small and slip-
pery tendon materials. Also the tendon should not
be damaged when it is clamped. This potentially
causes the tendon to break under load.

5.2.4. MTI lock

The MTI lock worked well, the MTls stay in place
when the distal section is removed and it unlocks
the MTls correctly when the locking ring is actu-
ated. Despite all the parts being FDM printed, in-
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cluding the pivoting pins, the mechanism works
as intended and little play was noticed during
use. The assembly of this mechanism was fairly
straightforward and the parts require little to no
cleanup. In the locking ring the small printed mem-
branes in the holes for the link need to be cut away
and the tiny bridges and custom supports for the
retention tabs in the ring also require cleanup.

5.2.5. Connector

The connector that couples the proximal and dis-
tal section keeps the parts tightly fixed together.
A minor disadvantage is the symmetric design, al-
lowing the distal section to be installed in two orien-
tations. This can be simply resolved by adding ex-
ternal markers like arrows that indicate where the
parts should align, often used for camera lenses.
A more robust solution would be to also change
the geometry of one of the tabs to physically al-
low only one orientation. The supports printed un-
der the cantilevered parts in the proximal and distal
connector need to be removed after printing, which
is relatively easy when the support settings of the
slicer are dialed in.

5.2.6. Force sensor

The goal was to make a force sensor that is low-
cost. This was successful as the force sensor can
be made for €2.11 a piece when the Hall sensors
are bought in higher quantities, e.g. 25 or more.
Even if only single quantities are bought, the price
is still only €2.93. The magnets used cost €0.34
a piece and the material used for printing, consid-
ering a spool of PLA costing €20 per kg, is only
€0.34. As mentioned in Section 5.1, this low cost
comes with some disadvantages in terms of pre-
cision and accuracy, however with more research
this force sensor has the potential to be improved
to increase performance.

The requirement of 50 N has not been met as
only 40 N was achieved with the proposed design.
This is partly caused by the limited range of the
Hall sensor that could be used due to the sub-
optimal magnet size. On the other hand, the de-
flection caused by an applied force of 50 N causes
plastic deformation as was found when testing the
flexure design. Despite demonstrating a strong
linear relationship between force and deflection,
the linear beam theory was stretched beyond it’s
original limits where only small deflections are as-
sumed. With final maximal deflection of around
3.7 mm compared to a combined flexure length
of 30mm. This gives a deflection of 12.3% of the
flexure length. Note that the flexures on both the
proximal and distal side of the force sensor are in
series. Also the E modulus of the printed mate-

rial is not known with certainty an can vary within
prints, filament brand and type. It was made sure
to use the same printer, printer settings, printing
material from the same spool for the fabrication of
the force sensors.

Assembly wise it is fairly straightforward to
put the sensor together. Only minor cleanup
is needed after the print has finished, the small
bridge connecting the distal and proximal section
together needs to be cut away as well as the tiny
bridge in the MTI to allow the locking pall to be
pressed. The Hall effect sensor can be glued
in place using cyanoacrylate and the magnet is
pressed in the slot opposing the sensor. Placing
the magnet correctly requires the user to monitor
the ADC output of the micro-controller and adjust
the magnet until the required value is read. This
can be slightly tedious as the slightest movement
of the magnet gives a relatively large change in
sensor output. Once the magnet is at the desired
location a dab of glue secures the magnet perma-
nently. For a non permanent fixation, hot glue can
be used which is fairly easy to remove by hand,
enabling the user to reset the magnet if necessary.

5.2.7. Actuation unit

Actuator placement

The proposed design can house up to 12 actu-
ators which could actuate manipulator with three
segments. The design has the potential to be al-
tered to house more actuators for manipulators
with more segments. However a larger printer will
be required to do manufacture the larger parts. Al-
ternatively these parts, such as the plates and ten-
don diffuser, can be strategically cut in sections for
printing and be assembled in to a complete part.
Increasing the amount of actuators enlarges the
hollow cavity of the design. This space can be
used to house the electronics. For a large number
of segments it may be useful to change the pat-
tern in which the actuators are placed to avoid very
large prints and use the space more efficiently.
However, for such high number of actuators it may
make sense to completely alter the actuation unit
to use cheaper parts. A clever solution could be
found to only use a minimum number of actuators,
where each actuator can actuate multiple tendons
of the manipulator. For example, utilise four actua-
tors that can advance each segment sequentially.
Though, this means that not all segments can be
actuated simultaneously.

Linear guide

There is some play in the linear guide that causes
clearance issues as described in Section 5.2.3.
However, not only coupling is subjected to this
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issue. Moving the actuators can cause the
force sensor assembly to interfere with the plates
through which it moves. Especially when there
is no or not enough tension on the attached ten-
dons. The sensor and distalMTI can get stuck on
the plates. This issue can be resolved by making
the slider bushing longer and improving the toler-
ance between the rods and slider bushing. Using
off the shelf guide rods and bushings designed to
be used together could also reduce or eliminate
this problem.

5.2.8. Changing manipulators
Manipulators can be changed using the removable
distal section. The distal MTls can be manually
placed into the MTI lock and locked into position.
An upgrade would be to utilize a jig, into which the
MTIs can be placed to allign them with the MTI
lock. This would be especially helpful when a ma-
nipulator has multiple segments.

5.2.9. Electronics

Force sensor resolution

The Arduino Mega 2560 rev.3 has a 10 bit ADC,
meaning 1024 data points, resolution. A differ-
ent microcontroller can be used to increase the
resolution. With a maximum load of 40 N this
gives a maximum theoretical resolution of 0.039
N. However the magnet and Hall sensor combi-
nation was not ideal and only 800 points could be
used giving a resolution of 0.05 N. The S-shaped
curve emerged from the current sensor and mag-
net combination for the required deflection of the
spring gives unusable values at the lower and top
end of the graph. These parts of the graph could
potentially be used with a higher order fit and more
calibration points. However, a better solution is to
use a magnet that is longer, e.g. 8 or 10 mm in
stead of the 5 mm long magnet that is currently
used.

There are two ways of improving the resolution.
The most straightforward solution is to use a mi-
cro controller with a higher resolution ADC. On
the other hand, optimizing the magnet and Hall
sensor combination for a given deflection can give
a more linear response, especially at lower and
higher ADC values. Currently only 800 out of 1024
data points are used.

Distance measurement

The current design relies on the stepper motors
not skipping steps and the micro controller cor-
rectly counting the steps send to the stepper mo-
tor. This can work adequately as this is currently
done with most low and mid end FDM 3D printers.
However, especially with higher forces, the motors

could potentially skip steps when the load or ac-
celeration is too large. Also the distance of the
tendons is inferred by converting the step count
of the motors to mm and subtracting the exten-
sion of the sensor. This extension is converted
from ADC values to mm using a third order data
fit. There is an error dependency on pulling and
releasing a load for this extension. Also, creep
due to a constant applied load extends the force
sensor over time. These errors make determin-
ing the precise actuated tendon length a non trivial
task. Therefore when higher precision is impor-
tant, an external sensors that keeps track of the
traversed distance of only the tendons is advised.
Off course, the downside of using extra sensor is
the increased cost and complexity associated with
them.

5.2.10. Test setup software

The program for the setup is written for manipula-
tors with only one segment. However, the script
can be adjusted to allow for more manipulators
and different actuation sequences. These can in-
clude but are not limited to circular motion at vary-
ing bending radii, move to predefined coordinates,
etc.

The program moves the antagonistic tendon the
same amount as the pulling tendon, but in op-
posite direction. As demonstrated in Fig. 4.12b
and Fig. 4.13b the force turns negative when the
tendon is eased. It was visually observed that
the easing tendons became slack, resulting in the
elimination of the previously applied pretension.
The program can be altered to always have pre-
tension on the easing tendon. However this re-
quires a PID controller to keep the pretension at
the desired level, which need to be tuned.

5.2.11. Utility of the prototype

The prototype is not perfect, however it is capa-
ble of doing its intended purpose: Performing tests
with tendon-driven instruments using Besides the
practical issues as the MTI coupling and the loose
slider fit, which can be overcome by spending
some more time tuning the tolerances, the vis-
coelastic behaviour of PLA used as the spring is
the biggest issue of the prototype. This essentially
dictates the accuracy of the force sensor. Espe-
cially when subjected to loads for longer periods of
time, the sensor could read higher forces than ac-
tually applied. Applying tension on the force sen-
sor should be limited to relative short duration, max
1 minute, to limit the viscoelastic errors. Though,
shorter exposure to high loads is preferable. After
applying loads it is advised to let the sensors re-
lax for a moment in the absence of load. Switch-
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ing between manipulators is relatively straightfor-
ward. A jig could be used to conveniently attach
the tendons of the manipulator to the distal MTI
before it is placed in the distal section of the setup
in stead of measuring the cable lengths. The use
of a microcontroller allows for a highly adaptable
test procedure that can be coded in C or C++. A
test procedure can be programmed based on the
test protocol of the user.

5.3. Requirements fulfillment

Two tendon driven manipulators, one with 8 mm
and one with 20 mm outer diameter are success-
fully tested on the prototype. An Arduino micro-
controller, stepper motor drivers and linear non-
captive stepper motors are used to actuate the
tendons. A detachable distal section is used to
connect the manipulator in a non-permanent way
to the setup which is fixed during use and can be
removed by pressing two buttons simultaneously.
The tendon displacement is determined by count-
ing the number of steps taken by the stepper mo-
tors and multiplying this by the linear advance-
ment per step. A custom designed force sensor
based on a spring and a Hall effect sensor was
used to determine the force in the tendons. The
setup does not include a sensor for measuring the
tendon displacement. However, the displacement
can be determined by tracking the number of steps
taken by the stepper motors and multiplying this
number by the advancement per step of the lead
screw. The force sensor can be calibrated by sus-
pending known weights from it. The test program
pretensions the tendons to 1 N, or 15 ADC points,
before the test sequence takes place. The pro-
totype is made open source and all the CAD and
program files can be found on GitHub [52]. Only
off the shelve components and custom designed
parts that can be printed on a FDM printer are
used. The bill of materials can be found in Ta-
ble A.1 The actuation range is 100 mm with a the-
oretical resolution of 6.4 um per step. The actual
resolution however, due to the viscoelastic prop-
erties of the force sensor, is lower as an error up
to 0.15 mm is introduced and thus not fulfilling the
resolution requirement. In stead of the required
50 N, only up to 39.8 N was reached with the ten-
sion sensor. This was caused by the limited use-
able range of the magnet and Hall sensor com-
bination. Preliminary investigation of the spring
performance showed that the spring of the sen-
sor was able to go up to 50 N. The tension sen-
sors cost only €2.11 and the whole setup with 12
actuators would cost around €950. The prototype
has a central hole that can potentially be used to

insert instruments into manipulators connected to
the setup. However the feasibility was not further
assessed. The final prototype, without a manipu-
lator attached, fits in a box sized | = 470 mm, w =
220 mm, h = 240 mm. All the custom parts can be
printed on a printer with a 220 mm x 220 mm x 250
mm volume.

5.4. Further study & recommen-
dations

5.4.1. Sensor leaf spring

The force sensor is made of FDM printed PLA.
This material is not ideal for flexible and compliant
applications. The effects of creep and cyclic load-
ing should be further investigated to get a better
understanding of the sensor performance and be-
haviour. Alternatively other FDM printing materials
can be investigated to be used as the print mate-
rial. However, besides the limitations, the mate-
rial has shown promising results. The question re-
mains if the benefits of low-cost manufacturing and
adjustable design outweigh the drawbacks of vis-
coelasticity and moderate resolution. The sensor
is suitable for getting an indication of the perfor-
mance of a manipulator. For more precision and
better resolution, further research is required. The
printed springs can be changed for spring steel
which has no viscoelastic effects. However, in
the current design this requires manual assem-
bly which could be tedious. One could try print-
ing the spring body and pressing heated spring
steel leaves into the body for assembly. Using
spring steel likely has an effect on Hall effect sen-
sor reading due to the ferromagnetic property of
spring steel. If the effect is understood it can be
accounted for to get better results. For example, a
well calibrated fit can be used to convert the output
of the Hall sensor to Newton.

5.4.2. Sensor interference

In the current design only four sensors are used
that are placed relatively far apart. If additional
sensors are to be incorporated into the setup, it
is crucial to understand the extend to which the
magnetic fields of the magnets in the force sen-
sors influence the Hall readings of neighbouring
sensors. This effect was not investigated in this
thesis. When sensors are affecting each other,
weaker magnets could be implemented for a re-
duction of the effect. Different Hall sensors are
then likely to be required to get the linear relation
between displacement and sensor output.
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5.4.3. Interaction magnet and Hall sen-

sor

More research can be done to improve the linear
response of the sensor. The interaction between
the magnet and Hall effect sensor should be bet-
ter understood. FEM analysis on the magnetic
field of magnets could be performed to find bet-
ter suited magnets for the Hall sensor and motion
range. The useable range of the sensor was lim-
ited due to the size of the magnet used in this the-
sis. A longer magnet probably yields a better lin-
ear response in the actuation range of the spring
as the linear magnetic gradient range is extended
over a longer distance.

5.4.4. Manipulator angle measurement
Measuring the angle of the manipulator during
testing falls outside the scope of this thesis. How-
ever, it is an important property that is required to
fully characterize a manipulator. Multiple methods
exist to measure this angle. It depends on the
specific requirements of the user which method
is best to use. Cameras, optical trackers, FBG
and electromagnetic tracking are examples that
could be implemented. Each have their advan-
tages and disadvantages. Camera’s and optical
trackers can only be used to characterise the per-
formance of the instrument outside any opaque
substance or tissue. Optical trackers require ad-
ditional physical markers added on the manipula-
tor. FBG requires a glass fiber to be installed in-
side the manipulator. However it has the benefit of
being able to be used in tissue or other materials
normally occluding direct visual contact when us-
ing a camera. The magnetic sensors also require
extra hardware to be installed into the manipulator
in the form of spools. Also external equipment is
required to generate a magnetic field. The advan-
tage however is that like with FBG the manipulator
can be tested for example inside tissue and asses
its properties in a surgical setting.



In this work a open source prototype test setup
for tendon-driven manipulators with low cost,
€2.11, custom built force sensors has been de-
signed and tested. The whole design can be build
using off the shelf and 3D printed parts. Manip-
ulators with a diameter of up to 20 mm can be
tested using the proposed setup. The modular-
ity of the design allows compatibility for manipu-
lator with multiple segments. A custom built low
cost 3d printed force sensor using a magnet, Hall
effect sensor and flexures was designed to mea-
sure the tendon tension of a manipulator while it
is being actuated. Although requiring some im-
provements and further research, the concept of
this sensor is promising especially if very high pre-
cision is not required. The build sensor has maxi-
mum deviation of +1.4 N and a 0-40 N range. Dif-
ferent manipulators can be switched out with lit-
tle effort using the removable distal section of the
setup. Despite some issues with loose tolerances,
the setup works as intended and with the right
upgrades and improvements these issues can be
eliminated. Two manipulator designs were tested
to showcase the capability of the setup. The de-
sign can be used to further explore manipulator de-
signs for various medical applications and allows
for comparing different designs and design itera-
tions.
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Bill of Materials

Table A.1: Bill of materials for a fully equipped test setup for manipulators containing 3 segments

ITEM NO.

PART NAME

©COoONOOAWN-

Motor mounting plate
Proximal section alignment plate
Proximal connector ring
Distal connector ring

MTI lock actuation ring
MTI lock mounting plate
Tendon diffuser
Instrument adapter
Guiding rod 3 mm

Hall sensor DRV5505
Nema 11 non-captive stepper motor
Slider cap

Limit switch board

M2.5 bolt 10mm

M2.5 washer

M3 bolt 10 mm

M3 locknut

M3 nut

M3 washer

M4 threaded rod 140 mm
M4 nut

M4 washer

Table stand

Magnet 5mm-5mm

Force sensor body

Cable clip for endstop
MTI Lock spacer

MTI Lock link

MTI Lock tab

Tendon MTI

M4 threaded rod 130 mm
Din 466 knob for m4 nut
MTI lock pivot pin

M4 eye hook

M3 heat set insert
Arduino Mega 2560 Rev3
A4988 stepper driver

24 VV DC Mean Well NDR-120-24 power supply 1
X

Breadboard and wires
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B.1. Assembly of the setup

To assembile the prototype the following methods can be used. This is considering all parts to be printed
and ready to be assembled. The motors are mounted on the motor mounting plate using 10 mm m2.5
bolts and washers. Insert the m3 heat inserts into the force sensors using for example a soldering
iron. Make sure the heat inserts are pressed in straight. It is best to assembly the magnet and hall
sensors on the force sensor before putting them into the test setup. Make sure to check the polarity
of the magnet before inserting it into the sensor. Then use a microcontroller to position the magnet
until the desired output value is reached for the non-extended sensor. The sliders can then pressed
into the force sensors, make sure they are fully inserted. A hammer can be used to carefully tap on
the sliders. Place the sliders into the bushings on the motor mounting plate, check the orientation of
the force sensors using the Solidworks assembly. Screw the spindle into the heat inserts in the force
sensor, a dap of loctite can be used to make a secure connection. The slider caps can now be placed
at the end of the actuation units usign a 10mm m3 bolt and locknut. The cable clip can be glued in
place on the slider cap. The limit switch boards can be mounted onto the motor mouting plate using
10 mm m3 bolts washers and nuts. Check the model for the order of these parts, the washer goes
between the board and the motor mounting plate.

Now take the proximal connector ring and carefully tread the 140mm threaded rods straigth into the
holes. Make sure that the threads are butted but not exceeding out of the ring. Note that it may be
convenient to already put the proximal section alignment plate, nuts and washers into place, this saves
the user some effort when the rods are already installed. Though this may be awkward to thread the
rods into the connector ring. Put the proximal section alignment plate into place, and tighten the m4
nuts. On open ends of the rods, place two nuts and a washer, make sure to leave some 10 mm thread
open to put the motor mounting plate into position. Check the distance between the proximal section
alignment plate and the motor mounting plate to be 112.5 mm and tighten the double nuts. Use a
washer and nut on each rod to fix the motor mounting plate into place. The proximal section is now
finished.

For the distal section start of with the MTI lock mounting plate and install the MTI lock pivot pins in
the corresponding holes. Press the MTI lock tabs into place on the pins. Put the MTI lock actuation ring
into place and use the MTI lock links to connect the MTI Icok tabs with the MTI lock actuation ring. Now
thread the 130 mm m4 threaded rods into the distal connector ring, similar to the proximal connector.
Add the MTI lock spacers to the threaded rods. Place the MTI lock mouting plate in position and use
m4 washers and nuts to fix the parts together.

Proceed with adding the m4 eye hooks to the diffuser using m4 washers and nuts. First put on a m4
nut and washer on the eye bolt, put it into the diffuser and use a washer and nut to fix it in place. Make
sure the distance between the spoke and eye hook is correct. This ensures proper allignement with the
actuation units and force sensor. On the threaded rods, add double nuts and a washer, leaving space
to put on the diffuser and make sure the distance between the MTI lock mounting plate and the diffucer
is 75 mm Tighten the nuts. Install m4 nuts into the Din 466 knobs, place a washer on the threaded rods
and tighten the knobs. The distal section is now finished.
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The electronics can be installed on a breadboard using the schematic provided in Section 3.3.1. This
schematic is only for 4 actuators, but can easily be expanded to 12 or more.

B.2. Using the setup

When all the parts are assembled the test setup is ready to be used. Make sure that the electronics
are wired properly and check the polarity of the stepper motors. First the tendon MTI's need to be
attached to the tendons. Assuming the tendons are already installed on the manipulator, one proceeds
with threading the tendons through the customized manipulator adapter. The distance between the
bottom of the adapter, as it is made in the CAD files, to the top of the MTI is 166 mm. Make sure to
have the small groove on the MTI facing away from the manipulator when attaching the tendons. The
manipulator and adaptor can now be placed into the distal section of the setup. Make sure that the MTI
locking mechanism is in the open position. Place a tube over the manipulator to make sure that the
manipulator is kept straight. Use the positioning jig to properly place the MTI’s, again pay attention to
face the groove away from the manipulator. Close the MTI lock when all MTI’s are positioned correctly.
The setup is now ready to be used.

Enable power of the setup. Upload the Arduino test script to the microcontroller. Open the matlab
script on the computer and run it. Fill in the values of the manipulator radial tendon offset and the
desired angular deflection. The setup homes the motors and moves to the installing position. Wait for
the homing sequence to finish, a prompt will tell the user to install the distal section. Confirm correct
installation. The system will now pretension the tendons. When the pretension sequence is finished,
a popup tells the user to remove the tube form the manipulator. Confirm that the tube is removed and
that the test can start. Wait for the test sequence to finish while making sure the setup does not get
stuck or misbehaves. The sequence ends by moving to the installing position. The distal section can
now be detached and the manipulator can be removed from the distal section.



Additional Graphs
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Figure C.1: Graphs of 12 magnets. Each magnets polarity was checked beforehand. The variation between the magnets is
clearly visible. The dimensions are given in mm.

49



50

C. Additional Graphs

Errors of 3 test runs for Sensor 1 relative to manual calibration

Errors of 3 test runs for Sensor 2 relative to manual calibration
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Figure C.2: The error between the measured data from the Futek load cell and the fitted calibration data. Each sensor is displayed
where red is pulling and blue is releasing. The different shades and markers indicate the different tests.
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Figure C.3: The errors in extension between the fitted ADC values and the distance counted on the microcontroller in mm as a
function of the ADC values or each sensor.
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