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Preface

Within my TU Delft career, growth principles of plant roots keep floating to the surface. At the
course Bio Inspired Design we raised the question: ’Why are all building piles put straight into the
soil, while plant roots, which curl and grow perpendicular roots, are master anchorers?’. During
my literature study, I dived deeper in all related growth principles of plant roots underground
and I discovered the outstanding performance of plant roots in terms of following a complex path
with a small diameter. This final work aims to incorporate the relevant working principles into a
working device, that can do what plant roots do best; position themselves into any hard-to-reach
location.

For me, this biological and technological convention of interests has more often been an historic
event. For example, during my time in primary school my leisure time was mostly spend on small
technical projects or building dams, huts and seawalls. Moreover, my favorite secondary school
courses have always been technological or biological related, especially the course Nature, Life,
Technology. And still, I’m interested in a wide variety of biological and technical systems, processes
and objects.

During this whole project, the Corona virus had its effect on society. I prefer not to complain,
because no terrible things have yet occurred to me or close friends and family. However, healthy
distraction or small talks with colleagues were hard to find. Despite a relatively lone period, my
girlfriend, family and friends luckily helped me through.

Delft, December 2020

Michiel Doelman
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Abstract

Background: Accessing targets through complex trajectories with multiple curves in series, remains
challenging today in many application fields, like surgery, the Fukushima disaster, maintenance of
complex tube networks, mining and space operations. Current steerable devices require control of
an extensive amount of segments, while moving as a whole through the environment. In contrast,
growth-from-the-tip devices move only at the tip by creating a solidified support structure, allowing
for active curvature creation at any point of the trajectory with limited effect on the environment.
However, reversible and accurate growth remain challenging for these type of devices.

Method: Competitive design requirements are setup and quantified. Subsequently, a broad concept
generation is performed, based on the ACRREX (i.e. Abstracting, Categorizing, Reflecting, Refor-
mulating and Extending ) method. After selection of one working principle, a proof-of-principle is
designed, prototyped and evaluated. Based on the outcome, a second prototype is created and eval-
uated again. Evaluation of both prototypes comprise accuracy measurements, based on the ratio of
path deviation from a kinematic model and insertion length. Moreover, load bearing capacity of the
support structure, forces acting on the environment and overall performance are assessed.

Results: The selected concept is based on everting chains, driven by torque at the tip and consisting
of two chains with lockable sliding hinged joints. Both prototypes successfully show reversible and
steerable growth-from-the-tip, by the fact that counter rotation of the tip gears resulted in a translation
of the tip, while differential rotation of the gears resulted in curvature creation. Prototype I (PI) had
an accuracy of 4.5% for pure translations and 6.2% to 8.1% for the formation of two sequential (90
degrees) curvatures. Prototype II (PII), which was not fully operational, had a deviation per insertion
length of 2.9% for a single curvature and to 10.7% to 19.1% for a combination of translations and
curvatures in series.

Even though the shape-locks of Prototype I had 3 degrees play per joint and a limiting amount of
locking positions, the average orthogonal load bearing capacity was high (49N) with an accompanied
deformation of maximally 8 degrees. In contrast, the friction-locked drum brakes of Prototype II
rotated up to 70 degrees, by both deformation (22%) and slippage (78%) at a load of 20N. A rotation
of 25 degrees was reached at an average load of 7.3N. Normal forces acting on the environment
during movement were only measured for Prototype I, resulting in direct distortions (78%) of <4N
and indirect distortions (22%) of <0.36N. Moreover, both prototypes had comparable elongation
rates (PI: 92.9mm/min, PII: 156mm/min), extension rates (PI: 2.6mm/mm, PII: 0.9mm/mm) and
widths (PI: 268mm, PII: 270mm). Lastly, a minimal inner curvature of zero and a minimal outer
curvature equal to the device’s width were realized, due to the presence of sliding hinged joints.

Conclusion and discussion: Both prototypes performed reversible growth-from-the-tip based on
the everting chains principle. Accordingly, the generated kinematic model that links gear rotations
to tip rotations and translations seems to be an accurate simplification of the experimental data.
In addition, the normal forces acting on the environment were much lower than the load bearing
capacity of Prototype I, confirming sufficient support and limited deflection and deformation by the
built structure. The everting chain principle has many advantages. First, multiple curves in series
can be formed in a reversible manner. Moreover, high load bearing capacity of locked chains results
in high accuracy of the system’s movement. Furthermore, the system has limited interaction with
the environment and no additional system is required to create curvature. Lastly, sliding hinged
joints allow for movement along sharp edges. The next generation of everting chain robots should
incorporate improved power and load tuning, size reduction and chains that allow for fully self-
supporting movements in 3D space.
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1 Introduction

1.1 Background

1.1.1 Complex trajectories

Despite many high-tech developments in the last
decades, physical access of a mechanical device
to a certain target remains challenging today.
A clear example of the need for such devices
comes from the disaster of the Fukushima Dai-
ichi Nuclear power plant. In 2011 three of the six
reactors melted down and even now the melted
fuel still needs to be cleaned up. In accordance
with the Japanese government, it would take
30 to 40 years, tens of billions of dollars and
fundamentally different type of robots to access
and clean up the melted fuel [1]. The task of
gaining access to the fuel is complicated by the
exceptionally high radiation levels. Moreover,
the space around the target is dark and cov-
ered by lots of debris from pipes, machinery and
robots that got stuck in earlier missions [1].

Another example of challenging accessi-
bility of a target can be found in Minimally Inva-
sive Surgery (MIS). The human body namely is a
complex network of nerves and vessels with many
vulnerable obstacles [2]. Accordingly, many sur-
gical targets like the skull base involve small
workspaces restricted by critical and difficult-to-
visualize structures [3]. Conventional operations
comprise open surgery, with considerable quan-
tities of scar tissue, high risk of infection and
long recovery time [4, 5, 6]. Therefore, MIS
is aimed to reduce surgical invasiveness, mor-
bidity, mortality rate, recovery time and pain
experienced by the patient [3, 7, 8]. One of the
most common MIS technique is called key-hole
surgery (e.g. laparoscopy), involving extralumi-
nal (i.e. outside hollow organs) workspaces and
percutaneous access into the body, most often
by long, straight and rigid devices [9, 10, 11], as
can be seen in Figure 1.1. In contrast, devices
designed for an intraluminal workspace follow
natural anatomical pathways entering at nat-
ural openings (e.g. mouth, nose or anus) to
approach the surgical target [11, 5, 9]. Trans-
luminal operations in turn, involve a controlled
breach of a luminal barrier, resulting in an in-
traluminal and extraluminal workspace accessed
through natural orifices. Finally, hybrid systems

access targets via a combination of the above-
mentioned routes.

Obviously, a surgical target can be ap-
proached via different routes. However, current
devices use tissue to passively steer, involving
damage and pain for the patient. Devices that
actively steer cannot follow all complex paths,
as will be treated in the next section. Therefore,
an innovative surgical device which is able to
follow more complex trajectories, will increase
access options, which on its turn serves MIS and
thereby the patients’ health. In conclusion, a
device that can actively bend along more curves
in series with respect to current devices, can
pursue trajectories of increased complexity.

Other proposed fields of application re-
lated to hard-to-reach-targets are complex tube
or tunnel networks, earthquake-related save and
rescue missions, particular space operations or
mining.

Figure 1.1: Categorization of Minimally Invasive
Surgical (MIS) operations according to the type
of body-access, comprising extraluminal,
intraluminal and transluminal operations. The
reachable workspaces are indicated in green, red
and blue. (Figure adapted from Vitiello [10])
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1.1.2 Steerable devices

Multiple attempts have been made to design a
mechanical device able to actively move around
obstacles, especially within the field of mini-
mally invasive surgery. For example Degani et
al. [12] created a device able to curve in a three-
dimensional space with only six actuators, be-
ing both rigid and flexible. Moreover, Ali et al.
developed a mechanical catheter with multiple
steering actions. An overview of potential steer-
ing actions is given in Figure 1.2, with 1 Degree
Of Freedom (DOF) (Figure 1.2 (a) ), 2 DOFs
(Figure 1.2 (b) ) and 4 DOFs (Figure 1.2 (c)
).

Figure 1.2: Overview of potential steering actions
of surgical catheter, with (a) 1 DOF (b) 2 DOFs
and (c) 4 DOFs. (Figure adapted from Ali [13])

With respect to the type of control, segments
can be controlled independently, dependently,
via a Follow-The-Leader (FTL) method, or via
a master-slave method [9, 7]. At FTL, only the
steering action of the front segment is actively
controlled, while the other segments passively
follow the tip segment [7]. The BioInspired Tech-
nology (BITE)-group at TU Delft created such
a FTL device, called MemoFlex [2]. The de-
vice has 28 DOFs and a small diameter of 5mm.
Moreover, Ota et al. [14] designed CardioARM
(also known as HARP), a FTL device of 300mm
in length and diameter of 10mm, with 50 cylin-
drical links able to move +/− 10 degrees with
respect to each-other, resulting in 105 DOFs.

It is worth noting that most of these de-
vices are hyper-redundant, referred as the exces-
sive amount of DOFs with respect to the per-
formed movement of the end-effector [2].

Another interesting surgical device was
developed by Dupont et al. [15], called Concen-
tric Tube Robots. By the insertion of precurved
elastic tubes inside each other, the total system
curves towards an energetic stability with mini-
mal potential energy. By an independent control
of rotation and translation of each tube, multiple
curves and forward movement can be realized, as
visualized in Figure 1.3. Apart from many ad-
vantages like having a small cross-section of the
device, the system is found to be highly sensitive
to small loads in certain configurations [15].

It should be noted that the aforemen-
tioned steerable devices require complex designs
and high control effort. Since steerable devices
can only steer, forward motion is induced from
the base.

Figure 1.3: Concentric tube design. Figure
adapted from Dupont et al. [15]).

Consequently, segments need to be controlled
over the whole length of the device, when moving
around an obstacle. As a result, the amount of
internal DOFs, the length and the type of con-
trol of the device determine the maximum com-
plexity of trajectories that can be followed. In
contrast, growth-from-the-tip involves a tip that
is pushed forward on top of a solidified support
structure. Therefore, growth-from-the-tip does
not require an external forward drive and many
steerable segments. This comparison is visual-
ized in Figure 1.4.
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Figure 1.4: Comparison between steerable and growth-from-the-tip devices circumventing an obstacle
and approaching a target. The tip (or leader segment) is indicated in red and each active steering
action is indicated in blue.

1.1.3 Growth from the tip

Growth from the tip is a specific type of move-
ment observed in nature, at for example plant
roots, fungal hyphae and developing neurons
[16, 17]. Root growth can artificially be sim-
plified to an irreversible increase in mass at the
tip with changing functionalities and morphol-
ogy [18], resulting in extension from the tip. The
direction of the growth action can passively and
actively be controlled [16]. By the kinematic de-
pendency of the body created earlier, a growth-
from-the-tip device is a non-holonomic system
[19]. In other words, the device’s steering ac-
tions are inseparable from historic translations
and orientations.

Interestingly, growth through the addition
of material at the tip, allows for multi-directional
tip elongation at any point of a trajectory, with-
out moving the entire body [19], as visualized in
Figure 1.4. In fact, growth-from-the-tip mech-
anisms can extend and curve in any direction
infinitely often, provided that sufficient material
is supplied. Therefore, growth is fundamentally
different than the working mechanisms of current
surgical devices, in which forward movement is
applied externally and the complexity of move-
ment depends on the internal DOFs of the de-

vice. The relative movement of the device with
respect to the direct environment creates unde-
sired friction and consequently injury risk or pain
for a patient. In contrast, growth-from-the-tip
creates a static solidified structure where only
the tip moves. However, in some cases the mate-
rial supply is designed to move as well, especially
at large extension ratios with a large material
demand. Therefore, an internal material supply,
comparable to plant roots, would again result in
limited interaction with the environment.

Maneuverability of steerable devices is ex-
pressed in internal DOFs, since steering of all
segments is performed while moving the whole
body. In contrast, a growth-from-the-tip device
only moves and steers at the tip. Therefore,
more applicable metrics determining maneuver-
ability of growth-from-the-tip devices comprise
complexity of the trajectory (e.g. type of obsta-
cles, amount of curves and curvature radius) and
DOFs of the tip at any point of the trajectory.
In essence, the complexity of a path that can be
followed is not limited by internal DOFs. Other
advantages of growth-from-the-tip comprise re-
duced shear forces exerted on the environment,
high extension ratios (given that sufficient mate-
rial is supplied) and the creation of increasingly
complex movements.
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A final actively-steering concept com-
prises remote-controlled vehicles or robots that
require no direct support from their environ-
ment. A flying drone for example, uses air to
manoeuvre in various directions. However, once
a trajectory is tiny, constrained by compliant tis-
sue and (almost) no gas is available, a remote-
controlled vehicle needs its surroundings to di-
rect movement. In contrast, a growth-from-the-
tip device only requires a distant and support-
ing base to translate and actively curve at the
tip.

1.2 State of the Art

1.2.1 Literature search

To further examine the large potential of growth-
from-the-tip devices, a more elaborate literature
search was performed on this topic, using te
advanced search of the Scopus database. The
search string is visualized in Figure 1.

TITLE TITLE-ABS-KEY
AND

OR

grow* robot* extend* mechanic*
machin* mov* biomechanic*
device steer* robot*

apparatus
obstacle w/1
avoidance

Table 1: Visualization of Search string entered
in Scopus, using a combination of ’OR’ (rows),
’AND’ (columns), and ’Within’ (W/n) functions,
where the term before the ’W/n’ function has to
be found within a distance of ’n’ terms.

This search resulted in 56 articles. After title
and abstract screening, 18 articles were selected
based on the presence of some type of growth-
from-the-tip behavior. On top of that, 3 articles
found by generic searches were included in the
final selection, which on its turn, is categorized
according to their working principle. Secondary
literature was only consulted when detailed in-
formation was missing.

The designs found in literature are catego-
rized according to their distinctive growth pro-
cess at the tip. Even though growth-from-the-
tip is accompanied with some type of solidifying
process at the tip, the key distinctive feature is
whether the input material is transformed or not.
The input material is transformed when most

of the micro-structure is temporarily or perma-
nently changed, in this case towards a solidified
state. Note that temporal changes in micro-
structure include elastic deformation and piëzo-
electric behavior.

The question arises: ”How can a non-
transforming material solidify at the tip?”. In
some way or another, a certain type of solid
blocks, referred as modules, are able to relatively
move until arriving at the tip. There, the mod-
ules have to eliminate their relative movement
in order to solidify. If these modules can move
freely without relative constraints, these mod-
ules are referred as independent. In the case of
relative constraints like linkage, these modules
are referred as dependent. In accordance with
the above motivated categorization, the litera-
ture search results are treated in line with the
following distinctive principles:

• Transforming through phase change

• Transforming through deformation

• Transforming through another process

• Non-transforming independent modules

• Non-transforming dependent modules

An example of transforming through phase
change would be additive manufacturing tech-
nology, since the micro-structure of the input
material is rigoriously changed through phase
changes into a solidified structure. In contrast,
multiple independent solid modules do not trans-
form, but they can move and lock with respect
to one another. It should be noted that no ex-
amples of growth-from-the-tip based on another
type of transformation were found.

Transforming through phase change

Additive Manufacturing (AM) is predominantly
based on the building of solid structures by
transforming material through phase changes.
More specifically, AM is standardized as: ’The
process of joining materials to make objects from
3D model data, usually layer upon layer, as op-
posed to subtractive manufacturing methodolo-
gies, such as traditional machining ’ [20, 21].
Note that ’joining material’ does not necessarily
imply transformation of most of the input ma-
terial, like binder jetting and sheet lamination.
Therefore, these specific type of AM techniques
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are referred as non-transforming dependent ma-
terial with additional chemical attachment.

A root growth inspired AM robot deposits
material by a rotary Fusion Deposition Model-
ing (FDM) device, located at the tip, as visu-
alized in Figure 1.5 and described by Sadeghi
et al. [22, 23, 24] and Del Dottore et al.
[18, 25]. The robot grows autonomously through
layer-by-layer addition of input material (i.e.
polypropylene (PP) or thermoplastic PLA fila-
ment). The system curves by differential mate-
rial supply per side, realized by variable amount
of layers per side or differential layer thicknesses
[18]. The stationary zone is a hollow cylindri-
cal structure through which material can be sup-
plied by a spool. The rotary deposition of ma-
terial through a nozzle pushes the tip forward
[22].

Figure 1.5: Schematic representation additive
manufacturing based growth-from-the-tip
involving rotary layer-by-layer Fusion Deposition
Modeling (FDM) with polypropylene (PP) or
thermoplastic PLA filament. (Figure adapted
from Sadeghi [22])

In contrast with layer-by-layer deposition
and in line with the fountain-like material addi-
tion performed by plant roots [26], Lunni et al.
[27] created an extrusion based additive manu-
facturing technique, where material is supplied
through the hallow structure, after which it is
melted at the tip and consequently cooled if the
tip has moved on to a certain distance. A visu-
alization is given in Figure 1.6.

In conclusion, additive manufacturing
technologies offer various advantages, like being
able to build new type of geometrically complex
structures and materials [28]. However, major
challenges are inferior and anisotropic mechani-
cal properties resulting from layer-by-layer print-
ing and anisotropic heat penetration. Moreover,
large structures or mass production seem to of-
fer limited applications for additive manufactur-
ing technologies [29]. In addition, 3D printing is
known to be a time-consuming process that re-
quires tight control. Lastly, growth actions are
difficult to reverse.

Figure 1.6: Schematic visualization of growth
from the tip with extrusion-based additive
manufacturing technique, inspired by root
growth. Heating, cooling and melting zones,
combined with flow direction are indicated.
(Figure adapted from Lunni [27])

Transforming through deformation

The second growth-from-the-tip principle found
in literature is skin eversion, as described by
Hawkes et al. [16] and Greer et al. [30] and visu-
alized in Figure 1.7. In this case, tip elongation
is driven by pressurized chambers, which force
the skin to evert. The skin supply determines
the eventual elongation (per chamber). As a di-
rect consequence of adding material at the tip,
movement with respect to the environment only
occurs at the tip [18]. Skin eversion is catego-
rized as transforming through deformation. Dur-
ing eversion, the skin is bended and stretched by
inflation. This can be debated as the skin being
bended in place and solidified by elastic deforma-
tion, which is interpreted as a temporal change
in micro-structure.
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Figure 1.7: Schematic representation of
growth-from-the-tip with everting soft skin,
driven by pressurized air chambers. (Figure
adapted from Hawkes [16])

The most predominant advantages of this
mechanism are the high elongation rates (i.e. up
to 10 m/s over short distances) and the large
extension ratios ((72m-0.28m)/0.28m = 256).
Even though diameters of 1.8mm are achieved,
practical diameters range from 2.5cm to 36cm
[16].

Literature offers multiple control options
for curvature of everting skin mechanisms, com-
prising differential skin-supply rates [16], small
pneumatic chambers along the side of the
structure, Series Pneumatic Artificial Muscles
(sPAMs) (which contract when inflated) [30]
and obstacle-aided bending [31]. Interestingly,
SPAMs can decouple steering and extension dur-
ing movement.

Figure 1.8: Schematic representation of inflatable
soft skin mechanism with externally supplied
material from a spool. This configuration
consists of a double pinch-roller mechanism with
an end-effector able to translate and rotate
(2DOFs). (Figure adapted from Baydere [32])

Another type of inflated-skin-based sys-
tem that does not use eversion is found. In con-
trast with the everting turn-inside-out mecha-
nisms, this practically is a turn-outside-in mech-
anism, as described by Baydere et al. [32] and
Tutce et al. [33]. Moreover, the tip is controlled
and chambers can be inflated at different rates,
as can be seen in Figure 1.8. Like the skin ev-
ersion, propulsion and curvature is generated by
the inflation of thin-walled tubes and differential
tube supply [33].

One major challenge of soft skin inflation
is the sensitivity for environmental contact and
disturbances due to their continuum nature, re-
sulting in unpredictable and partly uncontrol-
lable dynamics [30]. Accordingly, the creation
of multiple active curves in series easily becomes
inaccurate.

(a)

(b)

Figure 1.9: (a) Visualization of single independent
robot (Ubot), able to connect, disconnect and ro-
tate with respect to similar modules at the flat
sides. Within this configuration, rotation around
the Y and Z axis are unconstrained. Subfigure
(b) shows collaboration of multiple robots moving
around an obstacle. (Figure adapted from Wang
[34]) and Bie [35]

Non-transforming independent mod-
ules

In contrast with transforming material, non-
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transforming modules can continuously be de-
posited at the tip, to realize growth-from-the-
tip. In the independent module case, tip elonga-
tion by the addition of material is performed by
multiple independent robots able to change rel-
ative position and orientation, as described by
Bie et al. [35] and Wang et al. [34]. Each sin-
gle module, visualized in Figure 1.9, is an inde-
pendent robot with battery, sensing, computing,
and locomotion. More specifically, it can con-
nect, disconnect and rotate (with 2 DOFs) with
respect to other modules in a decentralized man-
ner. A certain dependency is implied because
these modules need to connect and disconnect
to each-other. One can imagine that fully un-
constrained modules are even more independent
than the above-mentioned Ubots.

Non-transforming dependent mod-
ules

Multiple modules do not have to be independent,
if the modules constrain each-other. A central-
ized material supply already implicates depen-
dency. Moreover, modules linked together are
most certainly dependent.

Figure 1.10: Schematic representation of
growth-from-the-tip robot with chain
mechanisms, able to rotate and lock with
respect to each other. Red chains are locked and
green chains are unlocked. (Figure adapted from
Yan [36])

Interestingly, linked modules (e.g. chain mecha-
nisms) with locking systems can both be flexible

and rigid. In line with this principle, Yan et
al. [36] prototyped a growth-from-the-tip robot
with a chain mechanism able to be both fluid
and rigid, as can be seen in Figure 9.1.

According to Yan et al. [36], the design
can be improved regarding interaction with the
environment, strength performance, load bear-
ing capacity and control.

1.2.2 Patent search

Patents in the field of growth-from-the-tip are
identified using multiple search strings entered
in Escpacenet Advanced Search, as visualized
in table 2. The focus of this search comprises
growing-like robots that add material at a tip.
The results are categorized in accordance with
their Cooperative Patent Classification (CPC),
as can be seen in Appendix A. Categorization
helps to find more elaborate results, because,
for example, additive manufacturing technology
(B33) is one of many shaping techniques (B21-
B33). Moreover, growing devices are some type
of travelling land vehicles having other ground-
engaging means than wheels or an endless track
(B62D57/00). Interestingly, fluid-actuated de-
vices for displacing a member from one posi-
tion to another are coded by F15B15/00. As as
result, search strings incorporating CPC codes
were also constituted and entered, as visualized
in table 2.

Verbal search
(ti any ”3D printing additive manufacturing” AND ti all

”structure*” AND ti any ”propuls* grow* move* extend*”
AND ctxt any ”robot* apparat* device machin*”) NOT

nftxt = ”flower monitor* plant* crystal* seed*”
87 results

Verbal search with time range and CPCs

ti any ”3D printing additive manufacturing” AND ti any
”grow* move* propag* elongat* extend*” AND desc any

”degrees of freedom Multidirectional” AND pd within
”2000-2020” AND cl any ”B33 B62 B25 F15B15/00”

127 results

Table 2: Search strings entered in Espacenet ad-
vanced search with the most relateable results

After title and document screening and
the addition of other search results, 9 remaining
patents are briefly treated below. The removed
documents did not contain growth-from-the-tip
related systems.
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The first patent comprises a growth from
the tip device for tubular structures, as can be
seen in Figure 1.11. The input material travels
through an external hose and multiple nozzles
placed in various cross-sectional shapes, where
printing is performed. Propulsion and position-
ing of the printhead is performed by the wheels
rolling inside the just-printed tube.

Figure 1.11: Apparatus for
Additive-Manufacturing-based growth of tubular
structures, with print-head on - and print
direction to the right . Espacenet CPC
categories: B05, B29C and B33Y. (Figure
adapted from patent US2016031155A1)

The second selected patent grows in space,
micro-gravity or offshore environments by an Ex-
tended Structural Additive Manufacturing de-
vice (ESAM) and a gripper, connected to the
newly printed material. Especially the way an
ESAM is connected to the printed structure is
worked out. Apart from Figure 1.12, more ex-
emplary connections are attached in Appendix
B.

The third patent is already described by
Greer et al. [30], constituting of series Pneu-
matic Artificial Muscles (sPAMs) through in-
flation. The corresponding patent number and
CPCs are US2019217908A1 and B62D57 plus
F15B15 respectively.

Fourthly, a more general description of a
self-growing inverted tube device with steering
capabilities, is patented under CN110450149A
with CPC B25J9. A corresponding storage de-
vice is coded by CN110450138 and again catego-
rized by the CPC B25J9. Moreover, certain con-
trol aspects of a self-growing soft robot in gen-
eral is patented under CN110861078, also cate-
gorized by CPC B25J9. Similarly, a soft everting
robot with central ejection of a fluid is patented
under WO2020060858A1 with CPCs A61B1/00,
B25J18 and B62D57/100.

Figure 1.12: Multiple techniques for in-space
additive manufacturing resulting in
growth-from-the-tip. Espacenet CPC categories:
B22, B23K, B33Y and B64G1 (Figure adapted
from patent CN107921564A)

The eighth selected patent consists of a
movable 3D printer connected to a base via a
flexible hose, visualized in Figure 1.13. Two
rollers propel the 3D printer and material is de-
posited through a nozzle in a layer-by layer fash-
ion.

Figure 1.13: Movable 3D printer connected to a
base via a flexible hose Espacenet CPC
categories: B29C64 and B33Y (Figure adapted
from patent CN106564189A)

Finally, most type of moving 3D printers
can be found in CPC B33Y30/00, like for exam-
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ple CN107984758A. It is worth noting that most
of these mobile growth-from-the-tip 3D printers
are grounded to the surroundings, making them
less suitable for difficult-to-reach applications.

An overview of the literature and patent
results can be found below. It is worth noting
that this categorization is provisional and only
meant to clarify the results.

The categorization of concentric tubes is
interesting in particular. Namely, material is in-
ternally transported to tip, where it moves for-
ward as a whole. This principle can both be

interpreted as a moving steerable device at the
tip and as a growth-from-the-tip device. Namely,
not all steering actions are made at the tip, since
the elastic interaction of concentric tubes cause
all tubes to deform (to a mutual energetic sta-
bility) as material is transported to the tip. In
other words, transformation of the input mate-
rial and curvature creation do not only happen at
the tip, in contrast to growth-from-the-tip. Still,
material is transported to the tip, where it de-
forms. Subsequently, the tip is pushed forward
on top of this built structure.

Figure 1.14: Overview of State of the Art growth-from-the-tip devices. Multiple groups are not
further specified and referred as ’other’. Especially these groups can lead to innovation.

1.3 Problem statement

Apart from the aforementioned opportunities of
growth-from-the-tip based systems, some chal-
lenging problems arise. The most commonly-
known challenges related to growth-from-the-tip
are speed and size. In nature, soil penetration
by a growing root typically occurs at 0.006 to
0.025 meters per day [37] and the only known
root growth inspired 3D printing robot elongates
with 3 to 4 millimeters per minute with an av-
erage diameter of 46 mm [25, 24], which is too
slow and too large for any surgical application.

In addition, the application field of
growth-from-the-tip can be enlarged when the
movement is reversible. That does not
mean there are no potential applications for

non-reversible growth-from-the-tip devices, like
printing blood vessel stands or the formation
of complex reinforcing structures and tunnels.
Still, the creation of a lasting support structure
which is also withdrawable, is in general more
promising.

Moreover, current devices can be im-
proved regarding load bearing capacity and
strength performance. Especially soft skin
robots are sensitive to external loads and even
the seemingly robust robot of Yan et al. [36]
lacks strength and load bearing capacity. This
load bearing capacity is adopted as the main de-
terminant of the device’s accuracy, as will later
be described.

Finally, most of the current devices in-
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teract with the environment by the supply of
material, which is not desired in surgical oper-
ations.

1.4 Main goal

Some problems primarily determine the working
principle of the design, while other problems can
mainly be tackled after choosing a working prin-
ciple. Accordingly, size, speed, load bearing ca-
pacity and interaction with the environment are
secondary goals of this work, while the innova-
tive working principle is primarily determined by
the device’s reversibility and the ability to cre-
ate multiple curvatures in series. Therefore, the
main goal of this work is:

Design of a reversible growth-from-the-
tip device following a complex trajec-
tory.

Where a complex trajectory is defined as a path
with at least 2 curves in series.

It is worth noting that the tracking of a
trajectory (with sensing and perception) will not
be in scope of this study. This work namely aims
to find innovative working mechanisms instead
of endoscopic-like systems. On top of that, this

work serves exploratory goals for innovative de-
signs, employed by the BioMechanical Engineer-
ing (BME) department of TU Delft.

1.5 Structure

In Chapter 2, more specified design requirements
are generated to solve the problem stated above.
Then, concepts are generated by using the ACR-
REX (i.e. Abstracting, Categorizing, Reflecting,
Reformulating and Extending ) method, as de-
scribed by Breedveld et al. [38]. Subsequently,
concept selection based on the design criteria
leads to the best-fitting concept. In Chapter 3,
this first concept is worked out in more detail.
Only relevant design choices and the final design
are included. Based on experiments, this proto-
typed proof-of-principle is evaluated in Chapter
4. By the iterative design nature of this work,
a second prototype will be constructed in Chap-
ter 5 and evaluated in Chapter 6. Finally, the
main findings, limitations and recommendations
of this work will be treated in the Discussion.

It is worth noting that this process is
not executed chronologically, instead, it is an
iterative design process as visualized in Figure
1.15.

Figure 1.15: Visualization of iterative process of this work
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2 Conceptualization

Within this chapter, design requirements are for-
mulated and concepts will be generated in accor-
dance with the ACRREX method, as described
by Breedveld et al. [38]. Subsequently, one con-
cept that performs best on the selection criteria
is selected.

2.1 Design requirements

Based on the main goal and the related State
of the Art, challenging design requirements are
constructed. These are explained and listed be-
low.

First, the validation of accuracy needs
some additional explanation. A commonly
used expression for accuracy related to path-
following, is the ratio between the deviation from
a path and insertion length. For example, the
maximum deviation divided by insertion length
for FTL devices ranges from 2.9 to 36% [39, 2].
Note that accuracy is not only dependent on
path length, but also on path shape and velocity
of the apparatus. Within this work, accuracy is
expressed by the ratio of path deviation and in-
sertion length, accompanied with speed and path
shape information.

Then, the other design requirements com-
prise:

• The device will have active control of all
growth actions, in line with Yan et al. [36]:

– Transport ’fluidized’ material to the
tip

– Transform material into solid struc-
ture from the tip to generate growth.

– Realize forward movement and steer-
ing at the tip

– Reverse the above-mentioned growth
actions

• The device follows a path with at least 2
curves in series in combination with curves

of at least 22.5 degrees [7].

• Accuracy is at least 36%, measured in de-
viation (d(l)) from a path divided by path
length (l).

• Robustness of solidified material, with per-
pendicular load bearing capacity of 500g
per unit length (as roughly described by
Yan et al. [36]) with a maximal angular
deviation of 25 degrees.

• Diameter (D) (or width in the case of pla-
nar movement) of device is in the range of
5mm to 360mm. [16, 2].

• Ratio of minimal curvature radius (rmin)
and the devices’ diameter are maximally
5.8, based on HARP 58mm/10mm = 5.8
[14], Accura 19mm/2mm = 8 [7] and Mem-
oflex 35mm/5mm = 7 [2].

• Elongation rate is in the range of 1-10 m/s
if it is inflatable [16], if not, it should be
larger than 3-4 millimeters per minute [24].

When the prototype meets the above mentioned
criteria, requirements can be elaborated to the
following secondary design requirements.

• Limited interaction with environment,
demonstrated by movement around obsta-
cles and through sticky fly paper, nails and
glue, as described by Hawkes et al. [16]. Or
normal and shear forces can be measured.

• Large (theoretical) extension ratio, compa-
rable to ratio of Hawkes et al. [16] (72m-
0.28m/0.28m).

To visualize the spatial design require-
ments, Figure 2.1 shows a random path with
multiple curves in series of at least 22.5 degrees.
The allowed radial deviation (d(l)) increases lin-
early with insertion length (l). Moreover, the
tip’s Diameter (D), the minimal curvature ra-
dius (rmin) and the initial length (l0) are speci-
fied.
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Figure 2.1: Visualization of a complex trajectory (in 2D) in accordance with design requirements. The
device consists of a base, a solidified structure (green) and a growing tip with diameter D, which
follows a trajectory of length l (where l =

∑
l(i) ) with in this case 8 curves (blue dots) of each

minimally 22.5 degrees and the smallest achieved curvature radius rmin = 19mm. The final length
(lfinal) divided by the initial length (l0) is defined as the extension ratio. The allowed radial
deviation (d(l)) increases linearly with l. By disregarding rotation around the longitudinal axis and
radial translation, the controllable tip has 2 DOFs in 2D space and 3 DOFs in 3D space at any point
of the trajectory.

2.2 Abstraction

Abstraction of the main problem results in mul-
tiple sub-problems and sub-solutions. Mutually
exclusive and collectively exhaustive categoriza-
tion will help to find voids in current knowledge.
Further reflection, reformulation and extension
of the solution space will serve concept gener-
ation. Since these steps form an iterative cy-
cle, only the final abstraction, categorization and
concepts will be treated.

By the explorative nature of this work,
more general concepts related to growth-from-
the-tip will be generated. After a rapidly diverg-
ing solution space, concept evaluation based on
selection criteria, including reversibility, aims to
converge to one concept. This final concept will
be worked out in Chapter 3.

First, the main research question can be
simplified and split up in functional working
mechanisms. In essence, growth-from-the-tip
implies that some type of material needs to be
transported to a tip, where the material is trans-
formed into a solid state. The tip pushes itself
forward on top of this built structure. Conse-
quently, the tip can translate and curve in any
direction. Apart from this type of movement, the
created body and the tip needs to be retracted.
The above-mentioned description results in four
sub-questions:

• What type of transportable building mate-
rial can be used?

• What happens to the input material in or-
der to form a steerable, growing and solid-
ified structure?

• How can material be supplied to the tip?

• How can the structure be withdrawn?

2.3 Categorization

By the broad set of growth-from-the-tip systems
and in order to prevent a too extensive and con-
fusing overview, the sub-questions are catego-
rized separately. It is worth noting that cate-
gorizations mainly serve inspiration for concept
generation and can be made with different an-
gles of incidence.

First, the most distinguishable part of the
design is the type of input material which should
be positioned at the tip. Accordingly, the first
sub-question states:

What type of transportable building ma-
terial can be used?

Growth-from-the-tip building material needs to
be transportable and it should be able to solidify.
The input material does not have to transform
(e.g. melt, react or deform) in order to solidify.
For example, the chain elements of Yan et al. [36]
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lock with respect to each other, but do not trans-
form. Since the binary choice to transform or
not, largely determines the type of input mate-
rial, the distinction is incorporated in the build-
ing material categorization in Figure 2.2. In ad-
dition, non-transforming input material should
be structurally solid to form a solidified body
without any transformation. In contrast, trans-
forming material can be gaseous, fluid, solid or
a combination of phase states.

Figure 2.2: Categorization of growth-from-the-tip
building material

The non-transforming building blocks can be de-
pendent (e.g. linked or compacted) and indepen-
dent, where each block can move freely without
constraints imposed by other building blocks.
The robots of Wang et al. [34] need to link
and unlink to each other in order to move with
respect to one another. However, these robots
have individualistic control and relative move-
ment. Therefore, Ubots can be regarded partly
independent. Interestingly, even more indepen-
dent robots can be generated within a growth-
from-the-tip design, like a group of drones. The
second most distinctive function is the type of
transformation, as stated below.

What happens to the input material in or-
der to form a steerable, growing and solid-
ified structure?

By the distinction made in the previous sub-
question, two separate categorizations are made,
comprising transforming and non-transforming
materials. Without transforming the building
blocks, the solid blocks can be solidified with re-
spect to each other by passively and actively in-

duced forces, as categorized in Figure 2.3.

Figure 2.3: Categorization of non-transforming
materials that solidify with respect to
each-other.

Figure 2.4: Categorization of transforming
materials resulting in solidified material.

In contrast, the transforming building material
can be adapted by phase change(s), deformation,
electro-chemical behavior and a wide variety of
chemical reactions, as visualized in figure 2.4.
Obviously, the type of process towards a solidi-
fied structure is almost not bounded. For that
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reason, the Other chemical reaction box can con-
tain many other solutions.

How will the input material be supplied
and positioned?

Apart from the above-mentioned divisions, ma-
terial can be supplied by one centralized system,
or multiple decentralized systems. Decentralized
systems range from several local systems that
mainly work independently, to material that can
fully supply itself, like the Ubots described by
Wang et al. [34]. An elaborate division can be
found for centralized material transports, as can
be seen in Figure 2.5.

Figure 2.5: Categorization of material supply
mechanisms

The actual (de)positioning can be done in a cen-
tralized or decentralized and continuous or dis-
continuous fashion, as shown in figure 2.6. More-
over, centralized positioning has directional com-
ponents (e.g. axial, radial and circumferential)
and decentralized positioning is dependent on
relative degrees of freedom.

How can the structure be with-
drawn?

This last question can briefly be answered, since
the term withdrawal is more specified than re-
moval. The term ’removal’ namely includes
structure dissolution or break down by the sur-
roundings. However, this would be out of scope
for this study.

In short, a structure can be withdrawn
by a reversed growth-from-the-tip process or it

can be pulled-back as a whole. The latter in-
volves challenges regarding obstacle avoidance.
Namely, if the device is curved around an obsta-
cle and retracted as a whole, the device should
at least become flexible to reduce damage. A
growth-from-the-tip process can be reversed by
an opposing system or by a similar system that
is fully reversible.

Figure 2.6: Categorization of (de)positioning of
materials

Finally, it should be noted that rigorously dif-
ferent categorizations can be made with other
points of view. Still, the large amount of de-
sign options for this categorization is clear, which
serves as inspiration for the next section.

2.4 Concept generation

Categorization of sub-functions and design
choices naturally lead to a wide variety of con-
cepts. The most distinct concepts will be treated
below. Each concept is color-coded with blue
representing solidified material (i.e. the created
support structure) and green the fluidized ma-
terial (i.e. the building material that is being
supplied). Note that many details are left-out
for simplicity.

The first two concepts use non-
transforming materials that solidify by shape
locking. The systems incorporated a central-
ized and continuous material supply. Concept
1 specifically, piles up solid disks while pushing
itself forward on top of the built structure by a
caterpillar, as shown in figure 2.7.
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Figure 2.7: Concept 1 - Longitudinal cross-section
of pile-up apparatus with external supply of solid
disks with a central hole. Steering is realized by
horizontal displacement or the supply of variable
disk shapes. The apparatus can be reversed.

This caterpillar can generate grip by temporarily
place arms between disks. This concept can be
compared to the building of skyscrapers, which
is also a type of growth-from-the-tip. Namely,
building material is transported to the tip, where
it is transformed. Moreover, the building site
moves up with the created structure.

Figure 2.8: Concept 2 - Side view of independent
building robot able to clamp to building blocks
and to displace.

The second concept comprises a build-
ing robot that moves around the built structure

while it puts building blocks in place. By grab-
bing and releasing blocks, the robot can move
(blocks) around, as indicated in figure 2.8. A
continuous material supply is drawn, but the
robot would also be able to pick up building
blocks by itself. This is different than patent
CN107921564A, since no AM technology is used.
Depending on the building blocks, steering and
reversibility can be incorporated.

The third concept is categorized as a de-
forming material using shape locking with cen-
tralized material supply in batches. By apply-
ing current, as indicated in Figure 2.9, an up-
ward Lorentz force occurs, driving the block up-
wards. Once arrived at the tip, the block ex-
tends and becomes a solid and conductive part
of the structure. First, the spring is conductive
(green), after which it becomes non-conductive,
as indicated in red. Steering can be realized by
using variable block shapes.

Figure 2.9: Concept 3 - Side and top view of
pile-up apparatus with radially extendable and
conductive blocks. The application of current
results in an upwards Lorentz force.

Concept 4 consists of independent mod-
ules able to move themselves to the tip, as shown
in figure 2.10. The building material itself does
not transform but currents and magnetic fields
are changing per leg. The solidified blocks are
held together by an actively induced magnetic
force. Curvature can be generated by using vari-
able building blocks.
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Figure 2.10: Concept 4 - Longitudinal cross
section of multiple independent modules able to
change magnetic polarity per leg.

Concept 5 is a continuous axial additive
manufacturing device supplied by material that
can be transformed by phase changes or other
chemical reactions (e.g. PUR and foam). This
concept is visualized in figure 2.11.

Figure 2.11: Concept 5 - Longitudinal cross
section of a continuous axial additive
manufacturing device being supplied with
fluidized (i.e. fluid or powder) material.

Differential material supply per side results in
rotation of the tip. It is worth noting that only
parts of the material supply are drawn. Ideally,

the created structure in combination with pres-
surized material, will guide the material to the
tip. Withdrawal can be performed by pulling the
tip and sucking the material in and remelting.

In contrast, Concept 6 grows by trans-
forming material electro-chemically, using a ca-
thodic/reduction type of additive manufactur-
ing, as visualized in Figure 2.12. A copper sul-
fate (CuSO4) solution and a solid copper (Cu)
cathode are potential options. Anodes and salt
bridges are dispensable and consequently not
drawn. Note that this type of growth can po-
tentially be produced on micro-scale. Steering
is achieved via differential material supply and
withdrawal by adding a stronger cathode at the
tip (dotted blue rectangle).

Figure 2.12: Concept 6 - Longitudinal cross
section of a cathodic/reduction type of additive
manufacturing.

Concept 7 constitutes everting chains that
can lock with respect to one-another, as shown
in Figure 2.13. The concept is categorized as
non-transforming and dependent modules with
continuous and multiple material supplies. Two
supply wheels (indicated with black dots) are
connected to the locking system (dotted rectan-
gle). The central material supply with multiple
chains results in evertion, reducing interaction
with the environment. Steering is achieved by
differential chain supply and relative rotation of
chain modules. The system is fully reversible by
changing the direction of the supply wheels and
unlocking the chains.
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Figure 2.13: Concept 7 - Side view of everting
chains that can lock their relative rotation, as
indicated in green.

Finally, Concept 8 practically is an everting soft
continuum device with series Pneumatic Artifi-
cial Muscles (sPAMs). The soft skin of the robot
continuously deforms until inflated. Therefore,
the concept is categorized as transforming by
deformation with a continuous and centralized
material supply.

Figure 2.14: Concept 8 - Longitudinal cross
section of everting soft continuum device with
series Pneumatic Artificial Muscles (sPAMs).

The eversion is driven by internal pres-
sure P1 and P4 and the central skin supply, as
shown in figure 2.14. The distinctive feature
is a controlled sealing per PAM, being supplied

in open condition (white rectangles) and being
closed (yellow rectangles) at the tip (more specif-
ically, at the dotted rectangle). Each sPAM can
be inflated individually at the tip with pressure
P2 and P3. The structure can be withdrawn by
spools at the base (not drawn).

2.5 Concept selection

In order to select the best fitting design, the se-
lection criteria are in line with the design require-
ments and preferences, as is listed below.

• Reversibility

• Simplicity of design

• Expected accuracy for a path of multiple
curves in series

• Manufacturability

• Robustness of built structure

• Small minimal curvature radius

• Limited interaction with environment

• Large theoretical extension ratio

• Elongation rate

• Down-size-ability

Weight factors are incorporated in accordance
with the main goal of this work, as shown in table
3. Namely, reversibility and accuracy are main
focus points of this study, while elongation rate
and extension ratios are secondary goals. More-
over, manufacturability and simplicity of the de-
sign are as well competitive requirements, as re-
alistic time-frames for this work.

Then the main concepts are rated 1 (very
poor) to 5 (excellent) with respect to these crite-
ria. The rating is relative to the other concepts,
so each criteria delivers at least one concept with
rating 1 and at least one with rating 5.
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Selection criteria WF C1 C2 C3 C4 C5 C6 C7 C8

Reversibility 4 4 4 2 3 1 1 5 4

Simplicity of design 4 2 1 2 2 3 2 5 5

Expected accuracy
for a path of
multiple curves in
series

4 4 5 2 4 1 2 5 3

Manufacturability 3 5 1 2 2 2 2 5 4

Robustness of
built structure

3 4 2 3 1 3 2 5 3

Small minimal
curvature radius

3 4 5 1 3 3 3 4 4

Limited interaction
with environment

2 2 1 3 2 3 4 5 5

Large theoretical
extension ratio

1 5 2 4 3 2 1 5 5

Elongation rate 1 4 2 4 3 5 1 5 5

Down-size-ability 1 4 1 4 2 3 5 3 4

Total: 96 71 60 66 60 56 125 105

Table 3: Concept (C) selection with respect to 10
selection criteria and weight factors (WF).

At first, concepts with partly uncontrolled
material transformations and depositions (e.g.
C3, C5 and C6) score low on reversibility, while
solid mechanisms (e.g. C1, C2 and C7) can eas-
ily be designed for reversed motion. Secondly,
the amount of mechanisms, (moving) parts and
control systems determine the overall simplicity
of the designs. Thirdly, the expected accuracy
depends on the type of material transformations
and depositions, robustness of the built struc-
ture and the controllability of all additional pro-
cesses. Therefore, solid mechanisms that eas-
ily change direction (e.g. C2 and C7) perform
better on this criterion than hard-to-steer con-
cepts with partly uncontrolled material transfor-

mations and depositions (e.g. C3, C5 and C6).
Moreover, the type of materials, parts, mecha-
nisms and material transformations determine
manufacturability. Furthermore, robustness of
the built structure, which will be measured by
perpendicular load bearing capacity, depends on
the type of building blocks, type of transforma-
tion and type of adhesion between parts. Next,
the minimal curvature radius of these concepts
are determined by the minimal width of the
structure, the way curvature is created (e.g. dif-
ferential block shapes or variable material sup-
ply per side) and the type of material supply.
Additionally, the type of material supply (e.g.
internal and external), material deposition and
the type of material transformation results in
a certain interaction with the environment. A
high score means low effect on the environment.
Then, the theoretical extension ratio of growth-
from-the-tip concepts is dependent on the type
of material supply in combination with robust-
ness of the built structure. Subsequently, elon-
gation rate is related to the speed of material
transformation and supply (e.g. continuous or
in batches). Finally, the ability to be down-sized
depends on the complexity and amount of mech-
anisms, processes and parts.

In conclusion, Concept 7 and 8 score high-
est on simplicity, interaction with the environ-
ment, theoretical extension ratio and elonga-
tion rate. Additionally, Concept 7 also performs
best on reversibility, manufacturability, robust-
ness and expected accuracy. However, minimum
curvature radius and down-size-ability will prob-
ably not be optimal. Still, Concept 7 has the
highest total score and will be worked out in
more detail. If this concept would not work out,
Concept 1 and 8 are second best options.
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3 Detailed Design

3.1 General abstraction

The chosen concept can be abstracted to multi-
ple parallel chains everting with elements that
are sequentially linked. Chain segments have
relative DOFs in ’fluid’ state until they are
locked towards solid state, as described by Yan
et al. [36]. Note that ’locking’ refers to a
constraint on relative motion between segments,
which can also be accomplished by active devices
like springs, actuators or motors. However, each
chain segment should incorporate such an active
locking mechanism. For simplicity, the proof-of-
principle disregards active locking mechanisms.
The chains are supplied in ’fluid’ condition to the
tip, where the transformation into solid structure
takes place. The system can always be reversed,
by fluidizing the solid chains and by reversing
the chain movement.

One innovative feature compared to Yan
et al.[36], is the eversion of multiple parallel
chains. Consequently, interaction with the en-
vironment is minimized in a manner similar to
everting soft-skin robots as described by Hawkes
et al. [16] and Greer et al. [30]. Namely, the
moving material supply is now internal, result-
ing in limited interaction. Furthermore, strength
performance and load bearing capacity of the
whole system are improved. If load bearing of
the total system is still problematic, longitu-
dinal gradients in density and chain thickness
can be incorporated, with the lowest weight at
the tip and high load bearing capacities close to
the base. The type of segments, locking mech-
anisms and the tip mechanism are determined
in the Sections 3.2, 3.3 and 3.4, respectively.
Then, a proof-of-principle is designed in Section
3.5.

3.2 Type of segments

At first, the type of links are predominantly de-
termined by the type of connection between each
segment, which in turn can be chosen based on
the desired amount of relative DOFs between
two bodies. The chosen concept comprises mul-
tiple segments linked in series, where the type of
connections and the shape of the bodies are to
be designed. Figure 3.1 illustrates two randomly

shaped segments that need to be linked with rel-
ative DOFs until locked (i.e. no relative DOFs
between the bodies).

Figure 3.1: Connection of two randomly shaped
segments, with (a) fluidized connection, meaning
that there are relative DOFs between body 1
and body 2 and (b) solidified/locked connection,
meaning there are no relative DOFs between
two segments. The segments Z-direction is
always tangent to a line between the two
connections of each segment.

The two bodies visualized in Figure 3.1 can cre-
ate ’curvature’ by deviation in X or Y-direction
of one body with respect to the other. Suitable
degrees of freedom are rotation around X or Y
and translation along X and Y. However, the
working principle is about eversion at the tip,
meaning that segments are rotated step-by-step
by around 180 degrees. Consequently, segments
that cannot rotate with respect to one another
are not fit for this design. Therefore, segments
that create curvature only by pure translations
(e.g. Tx, Ty or Txy) are disregarded.

Rotations around the Z-axis and Z-
Translations can only amplify existing deviation
in the X or Y-direction. In other words, Z-
translations do not contribute to curvature cre-
ation, even though they can attribute to the
creation of complex movements. Therefore, Z-
rotations and Z-translations are regarded as out
of scope.

Moreover, a rotation around Y makes a
translation along X superfluous, since both re-
sult in a deviation in X-direction. All similar
movements resulting in the same deviation will
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not be treated. All in all, the leftover and suit-
able combinations can be found in table 4.

C1 C2 C3 C4 C5
X R R RT
Y R R RT

Table 4: Suitable relative DOFs between segments
with Rotations (R) and Translations (T) in 2D
space, resulting in 5 Concepts (C).

The joints are loaded by tension in Z-direction
when the joints are unlocked, representing the
fluidized configuration of the segments in se-
ries. In contrast, the joints are loaded by a
combination of compression, torque and shear
in the locked configuration. Consequently, the
joints described by Jelinek et al. [40] serve as a
source of inspiration to generate differential type
of chain segments.

In order to generate chain segment con-
cepts, categorization is based on 3 main func-
tional properties. The first key parameter is the
amount of DOFs per joint. Even though only
2 effective rotational DOFs are required, joints
with 1,2 and 3 rotational DOFs are investigated,
because constraints can be imposed later on.
Secondly, joints are categorized by rolling, slid-
ing, rolling as well as sliding and bending joints
[40]. The last key property is about the way
in which the joints are constrained in outward
Z-direction (due to tension load), comprising so-
lutions with (steering) cables and adapted joint
shapes. This functional categorization generates
3*4*2=24 solutions, visualized in figures 3.2 3.3
and 3.4.

For chain segments in series, one chain
segment always is part of at least 2 joints. More-
over, each 1 DOF joint comprises a Male (M) and
Female (F) (e.g. ball and socket) part, except for
bending flexure joints. In other words, a chain
consists of alternating segments or alternating
joint parts with similar segments. For rolling,

sliding and sliding rolling joints, this point of
view results in 2 configurations: -FM-FM- or -
FF-MM-, where each F-M or M-F represents a
joint and each FM, MF, FF or MM represents a
segment.

The 2DOF joints described by Jelinek et
al. [40] comprise 3 participating bodies. How-
ever, this third body (X) always is the middle
part of a joint, resulting in similar alternating so-
lutions (-FM-X-FM- and -FF-X-MM-). For now,
a 2DOF joint with 3 participating bodies is rep-
resented as M-X-F or F-X-M.

Since these two configurations of alterna-
tion, which are not applicable to bending flexure
joints, would generate 2*18 + 6 = 42 concepts in
total, they are only worked out for 1DOF joints
in Figure 3.2 and not fully for joints with 2 or 3
DOFs.

By comparing cable compression to shape
compression, cables do not only simplify the re-
quired shape of the joints, they have additional
functionalities like steering and locking.

Concepts h,i,l and m of Figure 3.2 can ro-
tate when loaded in tension, and they are locked
when loaded by compression, due to friction be-
tween two separate ’ball’ segments. Note that
Concepts h-n can translate in Y-direction if not
constrained, which would be in line with the ’RT’
solutions (C4 and C5) of table 4.

Multi-directional curvature in 3D is not
only accomplished by 2 DOFs per joint. Instead,
planar joints with no parallel axis of rotation can
generate curvature in 3D space per segment. In
other words, joints with 2 perpendicular rota-
tions, as described by Jelinek et al. [40], typi-
cally are 2 planar joints with 1 DOF in series,
rotated by 90 degrees.

As a result, the denomination of a joint
needs further explanation. Namely, the middle
segment in Figure 3.3 (a-d) can be viewed as the
third body of a 2DOF joint (F-X-M). Or, one
could state that two type of segments are alter-
nating (-FF-MM-), creating 2*1DOF.
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Figure 3.2: Schematic overview of multiple chain segments in series (alternating black and red)
comprising planar joints (2D) with 1 DOF (rotation around Y) in unlocked configuration. The joints
are compressed in Z-direction by (steering) cables (a-g) or shape (h-n) and can be divided by
Rolling, Sliding, Sliding Rolling and Bending Flexure joints. Further division is made regarding the
alternation of joint parts, where each joint (F-M or M-F) consists of a Male (M) and Female (F) part
and each segment consists of two joint parts (FM, MF, FF or MM). (Categorization of joints
adopted from Jelinek) [40])

Moreover, this third body ’X’ actually has two
sides, being a male or female part of a joint. In
addition, orientation of each 1DOF joint is im-
portant, since it determines the overall (indepen-
dent) DOFs.

In conclusion, X can consist of male and
female joint parts with orientation denoted by
a ’1’ or ’2’, resulting in the following codes of
alternation:

• M2F1 −M1F2 −M2F1

• F2F1 −M1M2 − F2F1

Note the limited amount of options, enforced by
the fact that each 1DOF joint consist of a Male
(M) and Female (F) part with similar orienta-
tion. In other words, the theory of 2 potential
configurations (i.e. -FF-MM- and -FM-FM-) for
joints of 2DOFs holds, as described earlier. The
only difference is the alternating orientation of
joints, resulting in different type of segments.
For example, F1−M1M2−F2 typically is a 2DOF
joint, consisting of 3 bodies and two perpendic-
ular 1DOF joints.
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Figure 3.3: Schematic overview of multiple chain segments in series comprising Rolling, Sliding,
Sliding Rolling and Bending Flexure Joints with 2DOFs, compressed by cables (e-h) or shape (a-d).
The alternating joint configurations are (a) -M1M2-F2F1-M1M2-, (b) -M1M2-F2F1-M1M2-, (c)
-M1M2-F2F1-M1M2-, (e) -F1F1-M1M2-F2F2-, (f) -M1F2-M2F1-M1F2- and (g) -F1F1-M1M2-F2F2-, where in
this case, F-MM-F, M-FF-M, M-FM-F or F-MF-M represent a 2 DOF joint. This code is not
applicable to (d) and (h), since they consist of one body without Male and Female parts.
(Categorization adopted from Jelinek [40])

.

Logically, one can generate more complex joints
with 3 DOFs able to withstand tension. How-
ever, as stated earlier, rotation around Z is not
primarily at interest, by having no immediate
contribution to curvature. However, this third
DOF can later be constrained by, for example,
the addition of cables. Therefore, these 3DOF
type of joints are briefly treated in Figure 3.4.

The optional alternating solutions are again -
FF-MM- and -FM-FM-, where in this case, F-
M and M-F represents a 3DOF joint. Interest-
ingly, these 3DOF joints can be split up in mul-
tiple 1DOF joints, similar to the 2DOF joints of
Jelinek et al. [40]. However, this broader cat-
egorization will not be worked out within this
study.
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Figure 3.4: Schematic overview of multiple chain segments in series comprising Rolling, Sliding,
Sliding-Rolling and Bending Flexure Joints with 3 DOFs, compressed by cables (e-h) or shape (a-d).
The alternating joint configurations are (a) -FF-MM-, (b) -FM-FM-, (c) -FF-MM-, (e) -FF-MM-, (f)
-FM-FM- and (g) -FF-MM-. (Joint categorization adopted from Jelinek) [40])

Due to the large amount of concepts for a sub-
design, thorough concept selection is performed.
First, the more internal DOFs that need to solid-
ify, the more complex the system becomes. Re-
garding the main goal of this work, creating a
planar (2D) everting growth-from-the-tip device
will be sufficient for a proof of principle. Conse-
quently, a qualitative selection is performed on
segment concepts with planar joints, as visual-
ized in the Appendix C. The selection comprises
the following criteria:

• Feasibility for everting growth process

• Simplicity of the design

• Manufacturability

• Estimated load bearing capacity

• Ability to be downscaled

At first, feasibility for an everting growth process
is based on the segment’s robustness to differ-
ential loads (e.g. tension, compression, torque)
and the controllability of the segment’s motion,
which is related to the amount of under con-
straints. For example, Sliding Rolling Joints
(d,e,k,j) score low to this criterion, since the ra-
tio sliding and rolling is unspecified, making the
motion of segments less controllable. In contrast,
sliding joints, especially constrained by shape,
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have 1 point of rotation and are relatively robust
to differential loads. Moreover, cables, which can
only be loaded in tension, will be less robust to
differential loads compared to shape locks.

Secondly, the large amount of required
segments and the aim for a simple proof-of-
principle require a high level of simplicity, speci-
fied in amount of parts per segment and the ease
of pure rotation and locking incorporation. In
general, the cable designs are more complex com-
pared to shape designs, by allowing rotation but
performing compression to hold the segments to-
gether, involving many length changes of cables
between segments. One exception is the Bending
Flexure Joint, which consists of one piece of ma-
terial, which is automatically held together by
shape (and cables).

Thirdly, manufacturability is mainly de-
termined by the type of parts and assembly. For
example, Bending Flexure Joints require accu-
rate calculations with internal potential energy
when bent, involving complex assembly. In con-
trast, sliding joints with shape lock can easily
and accurately be laser-cut and assembled.

The criterion of load bearing capacity
mainly focuses on lateral (X or Y direction) load
during tension, compression and rotation. Con-
cepts h,i,l and m have much play and will not
likely bear high load if no large compression or
tension force is applied. Similarly, cables are per-
pendicular to the load and can therefore only
enlarge the normal force and thereby friction of
the joint, involving relatively low load bearing
capacity.

Finally, the ability to be down-scaled
depends on the smallest dimension of parts
and the type of assembly. Typically, Bending
Flexure Joints score highest to this criterion,
while rolling-sliding joints have relatively com-
plex shapes and additional locking mechanisms.

In conclusion, Sliding Joints held together
by shape perform best on these criteria. It is of
no surprise that for these reasons caterpillars and
bicycle chains that are driven by wheels or gears,
use exactly the same type of joints.

3.3 Locking mechanism

Solidification of chain segments with respect to
one-another in a reversible manner can be re-
alized by shape, friction or magnetic locking.
Rotational DOFs can be constrained by torque
equal and opposed to the torque load. Here
applies, shape locking occurs through any ob-
ject exercising a counter torque through normal
forces at contact points. In contrast, a counter
torque generated by friction locking is exerted by
shear forces, which depend on normal forces at
contact points. Moreover, a magnetic lock can
generate a counter torque without contact or it
can generate a normal force as well. These con-
straining forces and torques can also be actively
generated. However, active constraints (e.g. mo-
tors and actuators) are unnecessarily complex for
this application.

Friction, shape and magnetic locking can
be applied to different type of joints, as visual-
ized by red arrows in Figure 3.5. However, the
driving forces of rolling, sliding, sliding rolling
and bending flexure joints differ. First, rolling
implies zero slip, driven by a torque or forward
force, which has to be countered when being
locked. Furthermore, sliding joints have a con-
stant point of rotation, by which it is only driven
by a torque around that point. Logically, slid-
ing rolling joints are driven by a combination
of these forces and torques. Finally, bending
flexure joints effectively rotate by pure torque.
These driving forces are represented by blue ar-
rows in Figure 3.5.
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Figure 3.5: Schematic force diagram of differential locking mechanisms and joints. The blue arrows
represent the externally applied forces/torques and the red arrows represent the reaction
forces/torques in order to be locked. Friction locking (a,b,c) is realized tangent to the contact area
and shape locking (d,e) normal to the contact area.

For a proof-of-principle, shape locking of the cho-
sen sliding hinged joints will generate high load
bearing capacity. In addition, shape locks are
easy to manufacture.

3.4 Tip design

Given multiple chains incorporated with locking
mechanisms, the tip should execute the following
functions:

• Supply building material

• Drive eversion

• Lock chains or activate locking mecha-
nisms

• Create curvature

• Reverse these growth actions

Driving such a system can be done by a forced
material supply at the base (Figure 3.6 a), a for-
ward force at the tip (Figure 3.6 b), a torque at
the tip (Figure 3.6 c) or a combination of those.

The growth-from-the-tip principle implies
a driving force that pushes the tip forward
against the structure that it is being built, which
in turn is supported by the base. However, the
location of the system’s drive and its reaction
forces can be tuned. For example, a forward
force at the tip can be generated by a flexible

hose pushed at the base or by an elevated inter-
nal pressure. However, as the trajectory becomes
more complex, driving such a system from the
base will be much harder. Namely, the supplied
chain should then also withstand compression
forces in unlocked configuration, which would be
unnecessarily complex.

Figure 3.6: Schematic overview of driving forces
that generate eversion, with (a) pushed material
supply, (b) pushed tip (by simple push or
internal pressure) and (c) applied torque at the
tip.

Therefore, a drive system located at the tip with
reaction forces acting on the built structure is
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chosen. This tip-located drive can easily be re-
versed without requiring adaptations. Take for
example the inverted tubes of Hawkes et al. [16],
which are everting plastic bags driven by pres-
surized air. When the drive is simply reversed by
creating under pressure and bringing the mate-
rial in by tension, the system will probably cringe
and deviate over the whole length. That does not
mean reversing the system is not possible, but it
is more challenging.

In conclusion, torque can easily be deliv-
ered by electric motors. Therefore, Concept C of
Figure 3.6 is chosen.

Next, curvature creation can be driven by differ-
ential material supply, or by an additional torque
exerted at the Center Of Rotation (COR). This
principle, including reaction forces acting on
the built structure, are visualized in Figure
3.7.

Figure 3.7: Schematic overview of driving forces
that can generate curvature, with (a) pure
torque around the center of rotation and (b) a
torque generated by differential material supply.
Red and blue arrows represent forces acting on
the tip and the reaction forces acting on the base
of the structure, respectively. Note that some
type of motor or actuator is driving the forces
acting on the tip and its reaction forces on the
structure. The red and green circles represent
locked and unlocked joints respectively.

Since rotation of the tip always requires a dif-
ferential material output, curvature creation is
driven by a differential material output. Given a
torque drive located at the tip with planar slid-
ing hinged joints and shape locks, a kinematic
model is constituted. This model is based on
several assumptions. Namely, the structure of
locked chains is assumed to be rigid with zero de-
formation and deflection due to play. Moreover,
the movement realized within one time-step is
assumed to either be a pure rotation or a pure

translation. In other words, rotations and trans-
lations of the tip are split up for simplicity.

Without slip, a rotation of α (radians) by
the tip gear with radius (R) results in a transla-
tion of length (l) in accordance with:

lL = R ∗ αL and lR = R ∗ αR (1)

Where the subscript L and R represent the Left
and Right gear respectively. The difference in
length output determines the angle of the tip.
Namely, when the device of diameter D with two
chains of width w are supplied with a differen-
tial material supply of length difference dl, the
resulting angle of the tip (β) is:

tanβ/2 =
dl

2(D − w)
(2)

where dl is defined as:

dl = lL − lR (3)

It is worth noting that the input gear angle (α) is
cumulative, eventually resulting in a cumulative
tip angle (β). However, each (β) should be cal-
culated separately, since equation 2 is based on a
triangle. In contrast, if dl is constituted by two
chain segments, a quadrangle emerges, consist-
ing of two sequential triangles. Subsequently, the
difference in output per time-step (ddl) is:

ddl = diff(lL) − diff(lR) (4)

Hereby we can derive whether there is a curve
to the right (ddl(i) > 0), a curve to the left
(ddl(i) < 0) or a translation (ddl(i) == 0) per
time step (i).

In addition, the Center Of Rotation has a
constant position during rotation. Consequently,
three main rules apply:

Left curvature:

R(i+1,:) = L(i,:) +

[(D-w)*cos(β(i+ 1)) , −(D−w) ∗ sin(β(i+ 1))];
(5)
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L(i+ 1, :) = L(i, :); (6)

So within this simplification, a curvature to the
left involves constant left positions and right
positions that rotate around the left coordi-
nate.

Right curvature:

L(i+ 1, :) = R(i, :) +

[-(D-w)*cos(β(i + 1)) , (D − w) ∗ sin(β(i +
1))](7)

R(i+ 1, :) = R(i, :) (8)

Here, the left coordinates can be constructed by
rotation around the right coordinates, which re-
main constant over time.

Translation:

R(i+ 1, :) = R(i, :)+

[l*sin(β(i+ 1)) , l ∗ cos(β(i+ 1))]; (9)

L(i+ 1, :) = L(i, :)+

[l*sin(β(i+ 1)) , l ∗ cos(β(i+ 1))]; (10)

Finally, translations involve similar displace-
ments per side directed towards the cumulative
angle β.

The corresponding MATLAB script is added in
Appendix H and a visualization of this simplified
displacement can be found in Figure 3.8.

Figure 3.8: Kinematics of everting chain with (a)
a definition of tip diameter D, tip rotation beta,
chain width w and length difference in material
supply dl and (b) forward motion with multiple
curves and Right (R) and Left (L) joint
positions. The subscripts are related to a
sequence in time. In this specific case, the
system is translating (1-2) and curving left (3-6)
and right (6-9).

3.5 Prototyping proof of princi-
ple

In short, this work aims to present an innova-
tive and everting type of growth-from-the-tip de-
vice inspired by Yan et al. [36] and Hawkes
et al. [16]. To be serviceable and competi-
tive with current devices, the device should be
able to show reversible growth-from-the-tip with
high load bearing capacity and limited interac-
tion with the environment. The concept is a
success when reversible growth-from-the-tip in-
cluding curvature creation is realized. This type
of propagation should only be driven by the
application of pure torque at the tip in com-
bination with the attachment of locking plates
at the outer chain segments. On top of that,
the chain should move smoothly through the tip
and should not encounter internal obstacles at
curves. Finally, shear and normal forces experi-
enced by the environment should be a very small
fraction of the applied torque.

To start, many type of driving systems,
chain segments and locking systems are appli-
cable. However, by striving for simplicity, a
proof of concept can be achieved by planar move-
ment, the removal of redundant components and
a drive by hand. As a result, a male and female
chain segment with planar sliding hinged joints
(1DOF) and shape locking is worked out in Fig-
ure 3.9. The male segment has 27 equally dis-
tributed teeth per joint, which are used to lock
the joint in variable positions. Since the beam of
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the male segment will be blocked by the locking
plate, around 13 differential locking positions are
realized, comprising 360/30 ∗ 13 = 156 deg. The
locking plates can be put in position from the
top by hand.

(a)

(b)

Figure 3.9: Isometric view of chain segments in (a)
unlocked configuration and (b) locked configura-
tion by locking plate indicated in red.

The torque-driven tip will comprise gears grab-
bing the chain segments and a sliding structure
to keep the chain in place, as visualized in Fig-
ure 3.10. The distance between two chain axes
is 42mm for male and female segments. Since
the tip gears have 7 teeth, the circumference of
the tip gear is exactly 7 times 42mm. All parts
except for axes, are lasercut from 5mm thick
PMMA plates. The hollow chain axes have an
outer diameter of 7mm and are they are glued

in place. The overall width of the device is
268mm.

(a)

(b)

Figure 3.10: Top view (a) and side view (b) of pro-
totype I, color-coded by red and blue, represent-
ing locking plates and drive system respectively.
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Figure 3.11: Trimetric view of prototype I, color-coded by red and blue, representing locking plates
and drive system respectively.
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4 Evaluation

4.1 Goal

Since Prototype I is a new type of concept, a rela-
tively simple design will be sufficient to assess the
working principle. Consequently, secondary de-
sign requirements are temporarily regarded out
scope.

Given a locked outer chain with zero de-
formation and displacement, the tip gear should
in theory show roll-out behavior. Moreover,
two counter rotating roll-out mechanisms should
counter undesired orthogonal forces. In addition,
differential output material should result in cur-
vature creation. Therefore, the following kine-
matic relation is key:

Counter rotation of the tip gears in combina-
tion with (un)locking outer chains should result
in translation of the tip. In addition, differential
rotation of the tip gears should result in rotation
of the tip.

This relation will be evaluated by tracking move-
ments of the planar device with a top view cam-
era. These general observations and results can
be found in the next section. Then, due to the
key supporting function of the outer chain, load
bearing capacity of locked chains is measured in
Section 4.3. Moreover, interaction with the en-

vironment will be assessed in Section 4.4.

4.2 General observations and re-
sults

At first, Prototype I is evaluated on top of a
smooth surface and recorded from the top by a
video camera. As designed, the tip gears will be
driven and the locking plates will be positioned
by hand, while the tip position is tracked by a
top view camera.

The everting chain principle is observed
to work for translations of 8*42mm = 336mm
(see Figure 4.1), single 90 degrees curvatures (see
Figure 4.2) and two sequential 90 degrees curva-
tures.

A measurement of the ratio between tip
gear rotation and translation of the tip is per-
formed in Figure 4.3.

Regarding equation 1 (Chapter 3), angu-
lar displacement of α1 = 38 and α2 = 40 degrees
with a gear radius of R = 46.67mm results in
theoretical translations of T1 = 30.95mm and T2
= 32.58mm for the left and right chain respec-
tively. In comparison, the measured translations
were both 33.25mm, resulting in a difference of
4.5%.

Figure 4.1: Top view of straight growth-from-the-tip by Prototype I in chronological sequence (a) to
(d).

30



Figure 4.2: Top view of curved growth-from-the-tip by Prototype I in chronological sequence (a) to
(d).

Figure 4.3: Two sequential snapshots of prototype I from the top during forward and straight motion
(a) and just after this motion (b). Rotation alpha1 (= 38 deg.) and alpha2 (= 40 deg.) resulted in
Translation T1 and T2 respectively. In order to quantify the translations in the photo, we use
reference distance dref = 42mm, resulting in T1 = T2 = 33.25mm.

Other general observations are listed be-
low:

• Equal reversed rotation of tip gears results
in reversed translation of the tip.

• Differential reversed rotation of tip gears
results in rotation of the tip.

• Each locked joint has 3 degrees play due to
shape differences as a result of the cutting

thickness of the laser cutter.

• Limited amount of locking positions (1 per
12 degrees), resulting in locking plates that
are not easily put in place (360/30=12 de-
grees, max. +-6 degrees movement in or-
der to lock).

• Smooth movement of chain through tip, no
slip-stick movement occurs due to friction.
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• Inner and outer chains get stuck sometimes
with respect to one-another by their shape
(can hook in each other). Consequently,
the torque applied at the tip can bend the
built structure.

• The locking plates can only be attached
when the chain has left the tip, resulting in
uncontrolled rotation just before locking.

• If the backwards path differs from the for-
ward path, the chain can miss the tip-
entrance after which it gets stuck.

• Recorded elongation rate is (9 ∗

42mm)/4.07min = 92.9mm/min, which
can be much faster if locking mechanisms
would have been automatic.

• Extension ratio: (extend-initial)/initial
length = (475-131)/131 = 2.6.

Apart from these general observations, the lo-
cations of the chain axes can be compared to a
kinematic model, as described in Chapter 3. By
using reference distances, figure 4.4 shows the
system’s configuration after creating two curves
of 90 degrees in series (red) with an overlay of
the model (green).

Figure 4.4: Positions of chain axes of Prototype I as captured during the experiment (red dots) with a
kinematic model overlay (green dots), using reference distances dref1 and dref2. The absolute
deviations for the left and right chain are indicated in AL and AR, respectively.

The measured end-point-to-end-point deviation
between the experiment and the model is 39mm
and 27mm for the left and right chain respec-
tively. With respect to the insertion length, the
accuracy is 39/(11*42) = 8.4% and 27/(11*42) =

5.7%. This experiment is performed four times
(n=4), resulting in accuracy data represented
in table 5. The average deviation per insertion
length is 8.1% and 6.2% for the left and right
chain.
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In addition, the experimental data (red
dots) shows straight lines rather than smooth
curves, as expected by the kinematic model
(green dots).

E.1 E.2 E.3 E.4
Left chain 8.33% 7.07% 8.37% 8.57%
Right chain 6.06% 7.58% 5.74% 5.45%

Table 5: Results of 4 Experiments (E.) compris-
ing the ratio of absolute deviation and insertion
length per chain.

4.3 Load bearing capacity

Within this experiment, the maximum load
bearing capacity of 6 locked joints is evaluated.
Both a male and female segment are placed hor-
izontally with a locking plate attached, as shown
in figure 4.5. The load is vertically applied at a
distance of 84mm from the clamping and 42mm
from the locked joint.

Figure 4.5: Side view of load bearing
measurement setup.

A 360 degrees protractor is centered at the locked
joint and the angular deformation is read-off at
the load side. The load is gradually increased
from zero to break-point. The results are visu-
alized in figure 4.6.

On average, the samples deformed 1.6 de-
grees for an increased load of 1kg until the female

segment broke. This breaking-point was reached
at a deformation of 7 or 8 degrees and a load of
3.95-5.95kg. The resulting average torque load
was 4.95kg*9.81m/s2*0.042= 2.04N*m.

Figure 4.6: Applied load (kg) with respect to
corresponding angular deformation (beta) for 6
Samples (S). The blue and green dots contain 3
and 1 breaking-points respectively.

4.4 Interaction with environ-
ment

Interaction with the environment can be mea-
sured in terms of normal and shear forces while
moving through a trajectory. Namely, the defor-
mation of force transducers, like hollow tubes,
can be measured with strain gauges. By cal-
ibrating and calculating this force-deformation
relation, forces acting on the environment can be
evaluated. It is worth noting that this calibra-
tion was linear and performed in one particular
direction.

Within this experiment, hollow tubes are
placed along a path that comprises two 90 de-
grees curves in series. Forward and backwards
movement along this trajectory will be per-
formed 7 times. A schematic overview of the cor-
responding measurement can be found in Figure
4.7.
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Figure 4.7: Schematic overview of measurement setup, with (a) top view of measurement setup,
including Normal Forces (FN ) and Shear Forces (Fs), Diameter of the device (Ddevice) and Diameter
of the cylinder (Dc) and (b) side view of a cylinder.

The stress-strain relations of the hollow tubes
are briefly summarized below and incorporated
in the MATLAB model found in Appendix G.

The hollow tubes are clamped into a
ground plate and loaded by a force F at length
l1 from the clamping, as visualized in Figure
4.8.

Figure 4.8: Schematic overview of a beam under
load (F), with corresponding delfection (w2) and
deflection angle θ2. Deflection w3 is amplified by
length l2.

A relation between deflection angle θ2 and this
load is given in equation 11.

θ2 =
Fl21
2EI

(11)

where E the Young’s modulus and I the bend-

ing moment of Inertia. The bending moment of
inertia of a hollow cylinder is in turn:

Ix = Iy =
π

4
(R4 − r4) (12)

,with outer radius R and inner radius r. The
vertical deflection at point 2 is approximated
by:

w2 =
Fl31
3EI

(13)

and the vertical deflection is just a linear extrap-
olation of point 2 by using w2 and θ2.

w3 = w2 + l2 tan θ2 (14)

By plotting these equations in Figure 4.9 by
MATLAB script 3 in Appendix I, the optimal
tube dimensions can be derived iteratively. Both
PVC and PMMA are investigated by their low
Young’s Modulus and price. The eventual tubes
are designed according to a minimal outer di-
ameter of 5mm (required for the strain gauges)
and a deflection of around 0.01m at a load of
40N.
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Figure 4.9: Load-deflection relationship for a
hollow rod with Radius (r = 2.5mm, R =
3.5mm) and length (l1 = 40mm, l2 = 60mm)
with PVC (E = 3.25GPa) and PMMA (E =
2.9GPa).

After conducting 7 experiments, one intermedi-
ate conclusion can be drawn. The human op-
erator distorts the measurements considerably,
by driving the system and attaching the locking
plates, which, most often, do not fit unless the
chains are slightly rotated. As a result, one ex-
periment (Experiment 6) with the least human
interventions will be briefly analyzed. Normal
force measurements over time by 4 sensors along
the trajectory of Experiment 6 can be found in
Appendix D.

In addition, force peaks detected by the
strain gauges can be linked to movements on
video by time. By assessing movements made on
video, the corresponding force peaks can be iden-

tified. A classification of the type of distortions
in combination with the corresponding relative
frequency is stated below. Within this experi-
ment, 32 peaks are visually analyzed, resulting
in the following distribution:

• Driving the tip gears

– Directly (50.0%)

– Indirectly (via structure, 3.1%)

• Attaching/detaching locking plates

– Directly (25.0%)

– Indirectly (via structure, 15.6%)

• Chain got stuck (3.1%)

• Tensed wire touches sensor (3.1%)

It is worth noting that peaks 3-21, 23-25 and
28-31 of sensor 6 are disregarded because no
touch is observed via camera. However, the el-
evated ground plate touches the force transduc-
ers, thereby indicating an indirect and undesired
load via the measurement setup.

Furthermore, the highest measured distor-
tion is 4N (and 2N for Experiment 6). Interest-
ingly, the 5 indirect distortions are maximally
0.36N. Working with variable and unknown in-
put forces, this value gives at least a sense of the
magnitude of normal forces acting on the envi-
ronment.

Shear forces could have been measured if
the force transducers were rotated by 90 degrees.
This is not executed due to the intermediate con-
clusion of this experiment.
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5 Improved Design

5.1 General abstraction

Even though Prototype I performed reversible
growth-from-the-tip with multiple angles in se-
ries, large distortions of the human operator were
detected. On top of that, shape locking resulted
in a limiting amount of locking positions and
relatively large play in locked position. Finally,
the shape of the chain segments resulted in an
obstructed material supply. Therefore, the sec-
ond prototype should incorporate the following
changes:

• A system drive without physical distortion
of a human operator.

• Locking mechanisms without physical dis-
tortion of a human operator.

• Friction locking instead of shape locking.

• Low-friction side of the chains that cannot
hook into each-other.

Note that the main design requirements remain
unchanged. For example, the load bearing ca-
pacity of a friction-locked chain still needs to be
sufficient.

5.2 Chain design

First, (hinged) sliding joints will be incorpo-
rated again, by their practical feasibility, simplic-
ity, manufacturability, load bearing capacity and
ability to be down-scaled. In addition, the slid-
ing hinged joints need to incorporate a friction-
locking system, that prevents rotation in locked
configuration. This locking system is designed
according to the following criteria:

• Large rotational friction in locked configu-
ration

• Low rotational friction in unlocked config-
uration

• Low power required during locking

• Locking mechanism is driven by the main
system drive

• Low amount of parts

• Easy to manufacture

• Small-sized

A bi-stable drum brake fits these criteria. An
overview of the resulting chain design is visu-
alized in Figure 5.1, with male and female seg-
ments. The 3D printed and lasercut version is
shown in Figure 5.2.

Figure 5.1: Isometric view of new chain design,
incorporating bi-stable drum brakes

Figure 5.2: Top view of locking mechanism of
prototype II in (a) unlocked and (b) locked
configuration. Note that the top plates are
removed for visibility.

Regarding the bi-stable drum brake, the compli-
ant rubber layers contain potential energy when
deformed. Deformation is zero in the unlocked
configuration and medium in locked configura-
tion. During the 90 degrees rotation of the crank,
deformation of the rubber will be larger. Con-
sequently, the locked and unlocked configuration
are the two positions of the crank with the lowest
potential energy, resulting in bi-stability. This
also means that the crank can be accelerated
from a high to a low potential energy state, or
vice versa. The force required to turn the crack
1 degree does not only differ with respect to the
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deformation of the rubber and the overall en-
ergy state of the crank, dimensional variations
also play their part.

5.3 Tip Design

Within this prototype, two electric drives con-
sisting of NEMA 17 (1.8°, 2-phase, double length
(40mm) and maximum input current of 1.5A)
stepper motors are incorporated. Consequently,
the electric drive delivers exact rotations, re-
quired for accurate movements. This electric
drive does not only supply the chain and push
the tip forward, it is also designed to drive the
locking mechanisms. The latter is best visual-

ized in Figure 5.3.
In order to lock the chains, each crank

has to rotate by 90 degrees. However, by the
presence of male and female segments, multi-
ple crank positions occur. More specifically, a
crank is always positioned to the front of the
chain axis in unlocked configuration. Conse-
quently, the crank tip is either above (yellow) the
male segment or in front (green), as indicated in
Figure 5.4. These positions are generated by a
MATLAB model that can be found in the Ap-
pendix J. When the chain is leaving the tip, the
crank needs to rotate 90 degrees in order to lock.
This desired position is also different for the front
cranks (red) and the rear cranks (purple).

(a) (b)

Figure 5.3: Top view and schematic representation of mechanical locking system of prototype II, with
color-coded arrows: torque generated by stepper motor (yellow), the effective forces on the chain
driven by the motor (red), normal and shear forces of tip structure onto chain (white) and forces
generated by locking mechanism (blue). Moreover, the unlocked chain segments are indicated in
green, while the locked chain segments are indicated in red. Note that the chains are also held in
place while rotating with the gear (grey) by a circumferential plate that is not indicated.
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The differential positions of a front and a rear
crank require two different tracks to lock. How-
ever, if the track is straightened for at least the
length of one chain segment, the rear and front
crank positions coincide and only 1 path is re-
quired to lock.

Accordingly, the lower axis is grabbed by
the gear (indicated in grey) and taken over by
straight plate indicated in purple in figure 5.3.
This straight plate allows for translation in axial
direction of the device, while it prevents move-
ment in orthogonal direction. Consequently, un-
desired moments on the cranks while locking are
diminished. The takeover of the chain guide
(pink) from the tip gear (grey) is forced by the
crank, which is always in front of the chain
axis. As a result, the crank translates before
the chain axis, thereby pulling the axis in the
right direction. Each layer of the tip differs and
grabs another point of each crank. Therefore,
an isometric view of the design is given in Fig-
ure 5.5.

Figure 5.4: Crank positions while moving around
the gear, where the green and yellow dots
represent the unlocked configuration of the front
and rear cranks respectively. The desired locked
configurations are indicated in red and purple
for the front and rear cranks respectively. Note
that the front and rear cranks coincide when at
least 1 chain segment has moved out straight.

Figure 5.5: Isometric view of tip design, visualizing forced rotation of the locking crank.

The two NEMA 17 stepper motors are controlled
by DRV8825 motor drivers and an Arduino Uno
Rev 3 development board. The motor drivers
are powered by the 5V pin of the arduino and
an adapter with an output of 12V and 1.25A (di-
rect current). A schematic visualization of this

electronic setup can be found in appendix E. An
overview of the total system including the step-
per motors is given in Figure 5.6. After manu-
facturing, assembly and electronic adjustments,
the prototype looked like Figure 5.7.
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Figure 5.6: Isometric view of total design, with NEMA 17 stepper motors (yellow), locking cranks
(blue) and the crank guide (green).

Figure 5.7: Side view of prototype 2 with stepper motor control.
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6 Second Evaluation

6.1 Movement of total sys-
tem

As described earlier, the prototype works kine-
matically when

• The application of equal and sufficiently
large counter torque (i.e. large enough to
rotate the tip gears) results in translation
of the tip.

• Differential rotation of the two tip gears
results in a curved movement of the tip

• Both functions are fully reversible by only
reversing gear rotation.

In addition, forward motion of the tip would also
imply that the locking mechanisms generate suf-
ficient support to move the tip forward.

To start validating, a reference measure-
ment is performed, comprising prototype II with
non-activated locking mechanisms. The outer
chains are not clamped. The corresponding dis-
placements are tracked by video, as visualized in
Figure 6.1.

The first obvious result is the fact that
the chains buckle. Moreover, the chains run
smoothly through the tip and the stepper mo-

tors do not slip.
Looking at the displacements between

snapshots, the midpoint of the tip moves 18.3mm
backwards during t = 0-21 sec, after which it
slightly moves forward by 3.1mm during t = 21-
74 sec.

An interesting observation that is related
to this forward an backward motion, is the fol-
lowing:

• At t = 0 - 21 sec, the amount of in-
put/inner chains > the amount of out-
put/outer chains

• At t = 22, the amount of input/inner
chains = the amount of output/outer
chains

• At t = 23 - 80 sec, the amount of in-
put/inner chains < the amount of out-
put/outer chains

Combining these results, the tip moves forward
when the friction generated by the input mate-
rial is lower than the friction generated by the
output material.

After this experiment, the locking mecha-
nisms within the chain are activated.

Figure 6.1: Three sequential snapshots (t = 0 sec, t = 21 sec and t = 74 sec) taken from video
comprising a demonstration of prototype II with electric drive and without the locking mechanisms
being activated. The reference distance is known (dref = 40.5mm), resulting in distances L1 =
70.9mm, R1 = 69.3mm, L2 = 92.7mm, R2 = 84.1mm, L3 = 79.4mm and R3 = 91.1mm. The green
and red boxes represent areas where input and output material generates friction, respectively.
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However, the prototype did not run smoothly.
By pulling the chain through the tip, several ob-
servations were done:

• Handmade cranks had too much friction
while moving through the tip

– By an inaccurate height

– By superfluous glue

– By play of the chain axes

Moreover, the detent torque (1.5N*cm) of the
NEMA 17 stepper motors was lower than ex-
pected, being powered by 0.625A and instead of
1.5A. Consequently, the stepper motors skipped
steps and the input rotation (i.e. rotation en-
tered in Arduino) was not similar to the output
rotation of the tip gears. However, by focusing
on the eventual movement made by the proto-
type, the internal slip of the motor can be re-
garded out-scope.

Figure 6.2: Kinematic simplification of (a) pure
leftward curvature and (b) a combination of
curvatures and translations made by Prototype
II.

Three cases are treated, namely a pure rotation,
a combination of curvatures and translations and
reversed movement. The first two movements
are kinematically simplified in Figure 6.2. This
kinematic simplification is entered in the MAT-
LAB model, resulting in expected locations of

the chain axes. By using reference distances, the
model output is placed on top of a snapshot of
the experiment with a certain transparency. The
above-mentioned cases are visualized in Figure
6.3 and 6.4.

Regarding the furthest points, the mea-
sured point-to-point distance between the ex-
periment and the model is 4.8mm for the right
chain, which is 4.8/(4 ∗ 40.5) = 2.9% devia-
tion with respect to the insertion length. Pure
rotation around a Center Of Rotation (COR)
with a constant radius (R = 230mm) and
a straight distance of 40.5 mm between two
points, theoretically results in an angular dis-
placement of 10.4 degrees between these two
points. However, in reality the intermediate an-
gles between chain segments differ by 0.2 de-
grees from this mathematical model. Namely,
the total tip rotation was 42.5 deg, which differs
(42.5 deg−10.4 deg ∗4)/(10.4 deg ∗4) = 2.2% of
the theoretical movement. Note that this cur-
vature experiment is performed just once (n=1).
In line with this observation, small deformations
of locked chains and a slightly moving COR were
detected.

For the second case, the measured point-
to-point distance between the experiment and
the model is 46.3mm and 13.0mm for the right
and left chain respectively. This results in
46.3/(6 ∗ 40.5) = 19.1% and 13.0/(3 ∗ 40.5) =
10.7% deviation per insertion length for the right
and left chain respectively. Note that two chain
segments buckled due to non-activated locking
mechanisms. So if the prototype worked as de-
signed, deviations could have been much lower.

The third case comprised reversed move-
ment of the prototype. At both sides, two se-
quential locking mechanisms were brought in and
unlocked, as visualized in Figure 6.5. When the
left side brought in more material, the tip ro-
tated around a right COR and vice versa. By
converting the measured maximum deformation
distance (dmax) via a reference distance (dref ),
the real dmax is 9.1mm.

41



Figure 6.3: Top view of prototype II performing a curvature to the left. The red dots represent the
observed positions of chain axes, while the green dots represent the theoretical positions generated
by a simplified MATLAB model.
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Figure 6.4: Top view of prototype II performing straight movements and curvatures with an overlay of
the MATLAB model. The red dots represent the observed positions of chain axes, while the green
dots represent the theoretical positions generated by a simplified MATLAB model. Obviously, the
right chain buckles resulting in most of the deviation at the end point.

Including slippage and buckling, the tip of pro-
totype II moved 182mm forward on average in
130 seconds, leading to an elongation rate of
84.1mm/min. By purely looking at a success-
ful rotation (i.e. disregarding undesired slip and
buckling), prototype II propagates 1.30mm in
0.5 seconds, resulting in observed intervals with
an elongation rate of 156mm/min. It is worth

noting that the steppers are programmed with
low speed and several delays (2 seconds every
rotation of 10 degrees), meaning that the poten-
tial elongation rate is even higher.

Last, the initial structure + tip length is
155mm, while the eventual recorded length was
295mm, resulting in an extension ratio of (295-
155)/155 = 0.9.
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Figure 6.5: Two snapshots of reversed growth experiment with dmax = 9.1mm and dref = 40.5mm.

6.2 Angular movement of locking
crank

In order to quantify the movements and play
of the locking mechanism, the angular position
of the locking crank is measured by a printed
360 degrees protractor. By measuring 15 differ-
ent locking mechanisms, the average rotation to
lock is 91.7 degrees. The crank in locked and
unlocked position has 6.5 and 6.8 degrees play
on average, respectively. The peak potential en-
ergy, which is an unstable equilibrium point, is
measured at 61 to 68 degrees. The measurement
results can be found in Appendix F.

6.3 Load bearing capacity of
locked chain

This experiment aims to quantify the torque gen-
erated by the friction lock (Tlock) and the angu-
lar displacement (β) of multiple locking mecha-
nisms. By imposing weight in several steps and
by applying some compensation factors, the in-
put force (Fload) is known. The angular displace-
ment (β) is detected by a camera from above and
read-off afterwards. The angle between x-axis
and the wire connecting the imposed load with
the chain axis with length (lwire) is defined as
α.

Figure 6.6: Schematic overview of load bearing
measurement setup, with the imposed load
(Fload), efficient load (Feff ), wire length (lwire),
perpendicular displacement (ldis), an axis-to-axis
distance of (laxis), angle between x-axis and wire
(α) and an angular displacement during
deformation or rotation (β). Finally, the
resulting locking torque (Tlock) and clamping
torque (Tclamp) can be calculated.
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At first, the imposed load is not exactly perpen-
dicular to the axial orientation of the chain. Con-
sequently, a simple correction will compensate
this effect:

Feff = Fload ∗ cos (α+ β) (15)

It is worth noting that lwire is relatively large
with respect to the maximum perpendicular dis-
placement due to deformation and rotation of
the locked mechanism (lwire >> dldis). There-
fore, α is assumed to be constant during defor-
mation. Consequently, a load-deformation dia-
gram in chronological sequence can be generated
in MATLAB (Appendix K), as visualized in Fig-
ure 6.7.

As expected, the angular deviation is

caused by both deformation of rubber and un-
desired slippage resulting in ’plastic’ rotation.
Slipping can best be seen by the horizontal lines
in Figure 6.7. Moreover, the fact that full un-
loading does not result in zero angular displace-
ments tells us that indeed, irreversible rotation
has taken place. If we accept an angular dis-
placement of 25 degrees, the maximum perpen-
dicular (i.e. effective) load varies from 1.6 to
17.0 Newton and on average 7.3N.

Quantifying the ratio of angular displace-
ment due to slip and both slip and deformation
can be done by dividing the angular displace-
ment due to unloading (from 2050 to 0 grams)
by the total displacement due to loading. On av-
erage, the irreversible slip contribution was 78%
after bearing a load of 2050 grams.

Figure 6.7: The effective load (Fload) over angular deviation (β) in chronological order (in positive x
direction) of 10 locking mechanisms.
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7 Discussion

7.1 Main findings

In this thesis, growth-from-the-tip is simplified
to three main functions, as described by Yan et
al. [36], namely: 1. Some sort of fluidized ma-
terial is transported to the tip, 2. The input
material is transformed at the tip into a solid-
ified support structure and 3. The tip pushes
itself forward on top of this structure. This gen-
eralization involves a broad set of growth-from-
the-tip concepts.

The everting chain principle is selected af-
ter a thorough evaluation of 8 concepts. The
evaluation focused on reversibility and the abil-
ity to create multiple active curves in series.
Additional advantages for this concept comprise
limited interaction with the environment, curva-
ture around sharp edges, high load bearing ca-
pacity and no additional system is required to
create curvature.

To validate the evering chain principle,
the rotations made by the tip gears and the po-
sitions and (re)orientations of the tip are tracked
by camera and compared to a kinematic model.
The everting chains prototype is judged to work
when equal counter rotation (i.e. inside-out or
outside-in) of the tip gears results in a transla-
tion of the tip, while differential rotation results
in rotation of the tip. Both prototypes perform
this principle.

7.1.1 Prototype I

Prototype I was able to perform two 90 degrees
curvatures in series with deviations per inser-
tion length of 8.4% and 6.2% for the left and
right chain respectively. As a result, prototype
I meets the accuracy design requirement. De-
viations from the modelled path are measured
by absolute point-to-point distances instead of
perpendicular distances to a path. Namely per-
pendicular deviation also results in an axial de-
viation, since less material is available to move
forward.

For straight movements the supporting
outer structure was not observed to deform con-
siderably. However, at double curvature, the
outer chains seemed to be straightened. Since
the width of the device is constant, this defor-

mation and displacement (due to 3 degrees play
per joint) took place after locking. This devia-
tion explains the difference between the path of
the device and the predicted path, as visualized
by the green and red dots in figure 4.4. This de-
viation probably originates from unintentional
forces exerted by the human operator, slip-stick
behavior of the material supply and an expected
load generated by the moving tip.

In conclusion, the tip gears show
unrolling-on-a-surface-without-slip behavior
when the built structure sufficiently supports
the exerted load. This load is induced by fric-
tion between the ground, the moving tip and the
moving material supply.

Even though prototype I was a successful proof-
of-principle, some important lessons needed to
be incorporated in a second design. Namely,
the most predominant design issue of prototype
I was the limited amount of locking positions
(1 per 12 degrees) due to discrete shape lock-
ing. Consequently, ejected chains needed to be
rotated by maximally plus or minus 6 degrees
in order to lock, which dramatically affects the
measurements. This deviation per joint of max-
imally 6 degrees is accompanied by a play of 3
degrees and further uncontrolled rotation due to
the late timing of the locking plate attachment.
More specifically, the locking plates cannot be
attached immediately after leaving the tip, re-
sulting in uncontrolled rotation just before lock-
ing and consequently path deviation.

Moreover, torque generated by the hu-
man operator will always involve other unknown
forces acting on the system. However, during
a double curvature of 90 degrees, a maximum
normal force of 4N was measured, which is low
for the intervening human operator. Regarding
32 distortions of at least 0.25N, 75% are labeled
to be a direct consequence of the attachment
of locking plates (25.0%) and driving the sys-
tem (50.0%). However, the most interesting dis-
tortions occur via the built structure (18.7%),
with maximum forces less than 0.36N within this
experiment. Even though the input forces are
unknown, the outer structure seems to have a
damping effect on the distortions.

Finally, the inner and outer chains get
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stuck sometimes with respect to one-another by
their shape (can hook in each other). As a result,
the torque applied at the tip sometimes bends
the built structure. A partial solution comprised
the exertion of a small tension force (< 0.6N)
on the material drain, that prevented the inner
chains to buckle in the case of reversed growth.

Regarding the secondary design require-
ments and prototype I, the average load bear-
ing capacity (48.6N), the recorded elonga-
tion rate (92.9mm/min) and the device’s width
(w=268mm) fit the design requirements. There-
fore, prototype II does not incorporate rele-
vant changes based on these design require-
ments.

7.1.2 Prototype II

As a result, Prototype II incorporated an elec-
tric drive, an automatic locking system, bi-
stable drum brakes instead of shape locks and
smoothed chain sides. Consequently, Prototype
II showed the reversible unroll principle success-
fully by showing forward and backwards trans-
lation, curvature and a combination of transla-
tions and curvatures, with path deviations that
fit the design requirements. However, the pro-
totype had difficulties to be operational consis-
tently, which will later be discussed.

Moreover, a reference measurement of
prototype II, executed without clamping and ac-
tivated locking mechanisms, shows the funda-
mentals of this everting chain driven by torque
principle. Namely, when the tip was pulling
more input material than it was pushing out-
put material, the tip even moved backwards by
18.3mm. In other words, if input material that is
pulled upon, generates sufficient friction to over-
come the friction between the tip and the ground
plus the friction between the output chain and
the ground, the tip pulls itself backwards. At the
moment there was more output material than in-
put material, the tip slightly moved forward by
3.1mm.

Load bearing capacity measurements
showed that the shape-locked joints of prototype
I deformed 4.5 degrees at an exerted load of 54N.
In contrast, the friction-locked drum brakes of
prototype II rotated by both deformation (22%)
and slippage (78%) at a load of 20N. A rotation
of 25 degrees was reached at an average load of

7.3N.
It is worth noting that while designing

and prototyping, a certain trade-off emerged be-
tween load bearing capacity and the power re-
quired to lock these chains. Regarding the bi-
stable drum brake, two stable equilibrium points
of minimal potential energy occur. An unstable
equilibrium point of maximum potential energy
can be found between 61 and 68 degrees, in ac-
cordance with The angular movement of lock-
ing crank experiment. Given a certain distance
between the brakes and the drum, the thick-
ness and the type of material of the compliant
layer determine the stress-strain relations of the
material and thereby the heights of these en-
ergetic equilibria. Due to the low-torque drive
and high-friction cranks the load bearing capac-
ity is lowered by minimizing the layer-thickness
of the rubber and by lubricating inside the lock-
ing mechanism. Therefore, the load bearing ca-
pacity can easily be increased (while keeping in
mind the power-to-lock trade-off).

Still, the built structure bears the load in-
duced by the steppers, that pushes against it to
move forward. This observation is in line with
the maximum force (1.5N*cm/4.67cm = 0.32N
exerted tangential to the tip gear) exerted by the
steppers in combination with the load-deflection
experiments (max. deflection of 5 degrees at
0.32N in perpendicular direction).

Another advantage of bi-stability within
the drum brakes, is the fact that no exact rota-
tion is required to change the state (i.e. locked
or unlocked) of the mechanism. Instead, moving
slightly over the tipping point at on average 68
degrees, will be sufficient.

Finally, prototype I and II with a width
of 268mm and 270mm respectively, were both
able to move around sharp edges at any point of
the trajectory. This is the direct consequence of
a sliding hinged joint being the Center Of Ro-
tation of the whole tip. One should only take
into account that some material will be on the
inner side of the COR, by initiating the sharp-
edge curvature 20mm (i.e. half the width of a
chain segment) later.

Everting-chain-based growth-from-the-tip
fits a wide variety of application fields due to its
maneuverability, accuracy, load bearing capac-
ity and limited interaction with the environment.
However, surgical targets will be challenging due
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to the large size of these prototypes. Space op-
erations predominantly benefit from maneuver-
ability in zero gravity conditions, while inter-
action with the environment is not directly re-
quired. Moreover, the device can potentially aid
search and rescue missions by improved accessi-
bility, however it will probably not be fit to take
large objects out.

7.2 Limitations

7.2.1 Limitations of prototype II

Since most limitations of prototype I are tackled
in the design of prototype II, only the limitations
of prototype II are treated here.

At first, Prototype II did not run reli-
ably since the motors often skip steps. This is
the result of the exerted torque and the applied
load not being matched sufficiently. Namely, the
stepper motors deliver less than 1.5N*cm detent
torque each, resulting in a tangential force of less
than 1.5N*cm/4.67cm = 0.32N. The low exerted
torque is the result of the type of stepper, the ab-
sence of a gearbox and a marginal power supply
(12V and 1.25A for two steppers).

The effective torque to rotate the crank
is even further reduced by the spatial force-to-
torque conversion and the presence of friction be-
tween the crank and the crank guide. On top of
the given loads, the electric drive needs to over-
come friction of the moving material supply and
tip. Energetically, the load side comprises all
moving objects having friction with another sur-
face and kinematic energy, in combination with
storage of potential energy in the locking mech-
anisms. Major friction contributors were the
handmade cranks while moving through the tip,
due to large height deviations and a redundant
amount of glue.

Since the stepper skipped steps (result-
ing in differential input and output rotations of
the gears), accuracy measurements of a prede-
termined path would not be viable. Therefore,
the path generated by the kinematic model is
based on the amount of output material and an
estimation of the rotations made without defor-
mation and buckling. In other words, accuracy
is measured by focusing on the working part of
the prototype, resulting in too optimistic results.
On the other hand, to make Prototype II fully

work, only small fixes that do not considerably
affect the working princple are required. Other
differences between the kinematic model and the
experiment may be due to an inaccurate overlay
of the model on the video snapshot and inaccu-
rate measurement of the positional differences.

Moreover, the kinematic model is based
on disjunctive rotations and translations. In
other words, simultaneous rotation and trans-
lation are split-up in separate translations and
rotations. Kinematically, this simplification can
be relatively accurate, since the Center Of Ro-
tation (COR) can only be an unlocked joint.
When the tip also translates, the joint becomes
locked while moving through the tip, mean-
ing that a next unlocked joint becomes the
new COR. This phenomenon results in predeter-
mined CORs with equal intermediate distances
(of 40.5mm). However, since the locking mecha-
nisms deform and slip, the real COR of the tip
will be harder to model. On the other hand, if
a certain deformation for a certain path is ac-
counted for, the desired trajectory can be re-
calibrated.

7.2.2 Limitations of measurement se-
tups

A first limitation is the low amount of trials of
several experiments, like the translational accu-
racy measurements of Prototype I and the move-
ment of prototype II with non-activated locking
mechanisms. This makes quantified data about
time and position marginal. However, the exper-
iments are conducted to get a qualitative sense of
what happens, rather than substantiate specific
performance criteria. In addition, prototype II
did not allow for more accuracy measurements
due to extensive slip of the stepper motors.

Secondly, segments of Prototype II were
positioned horizontally while the load was ap-
plied vertically, involving a loaded wire moving
over a rounded edge. Consequently, static fric-
tion reduces the effective load exerted on the
chain segments. By simplifying this problem to
a flat belt moving over a rough curved surface
as described by Hibbeler et al. [41], the effec-
tive load can be measured. The effective force
required to move the belt is:

Fload = Feff ∗ eµβ (16)
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Adopting a coefficient of friction of µ = 0.75,
an angle of belt contact of 90 deg, a Fload2 of
1.6-17.0N results in an effective force (Feff ) of
0.49-5.23N.

Even though this estimated effective load
is less than 1/3rd of the inserted load, some lock-
ing mechanisms of prototype II still meet the de-
sign requirement of 500g (=4.9N), as described
by Yan et al. [36]. Moreover, the total load
bearing capacity of the everting chain princi-
ple is double the load bearing capacity of the
prototype of Yan et al., by the presence of two
chains instead of one. A simplification to future
load bearing capacity measurements is to per-
form them vertically, to reduce the amount of
correction factors.

Regarding the Interaction with environ-
ment experiment, some limitations to the mea-
surement setup arise. Apart from the unde-
sired interventions of the human operator, as
stated earlier, the deforming hollow tubes are
designed for a load of 0-50N, while the actual
maximum load was 4N. Consequently, the de-
formation of the force transducers was not ob-
served accurately by camera. Moreover, the cal-
ibrated strain gauges probably are not accurate
under loads of 0.1N. Therefore, only peak forces
of 0.25N were analyzed. Furthermore, measur-
ing the power to lock in combination with esti-
mations of friction coefficients will give a more
accurate view on the force-field during motion.
In conclusion, it would have been easier to ex-
press interaction with the environment in terms
of the amount of surfaces that move with re-
spect to the environment. Another option would
be tracking movement through constrained envi-
ronments, like sticky fly paper, nails or glue, as
described by Hawkes et al. [16].

The extension ratio’s of prototype I and
II were 2.6 and 0.9 respectively. Limiting fac-
tors to this extension ratio predominantly were
the amount of available chains, which can easily
be elevated. For prototype I, the material sup-
ply gets stuck with the outer structure as multi-
ple curves in series are made. Even though this
phenomenon is not observed at prototype II, the
material supply can eventually get stuck by hav-
ing to much friction with the outer structure.

Finally, it should be noted that the elon-
gation rates of both prototypes are not yet op-
timized. The main limiting factor for the elon-

gation rate of Prototype I was the attachment
of locking plates by the human operator. Pro-
totype II would realize higher elongation rates
if the drive would not involve slip-stick behav-
ior.

7.3 Recommendations

7.3.1 Improvements of prototype
II

First, the tuning of the delivered power of the
motors to the motor load should be improved.
The most easy adaptation is an elevated power
supply from 7.5W (= 0.625A*12V) to 18W
(=1.5A*12V) per stepper motor. Moreover, sev-
eral NEMA 17 gearboxes are available with re-
duction ratios up to 46 with a power efficiency
of 83%, resulting in a potential detent torque of
1.5 ∗ 46 ∗ 0.83 = 57N ∗ cm.

Regarding the motor load, 3D printed
locking cranks will require no glue and have
more accurate dimensions, resulting in less fric-
tion while moving through the tip.

Apart from the performance of the sys-
tem’s drive, prototype II can be down-sized in
multiple ways. At first, the type of joints, the
joint-to-joint distance and the type of locking
mechanisms predominantly determine the over-
all width of the device. A reduction in size of a
chains’ width has large influence on the overall
width, due to the presence of 4 parallel chains.

Regarding the tip gears, the circumference
is designed to be exactly the length of 7 joint-
to-joint distances. Both this number and the
joint-to-joint distances can be reduced. For ex-
ample, a drum brake can be cut in half and being
oriented vertically, which would reduce overall
chain width by 50%. To reduce parts within the
drum brake, an elastic band around the brakes
could function both as a high-friction material
and inwards spring.

Moreover, the everting chains can have a
certain overlay, instead of being positioned next
to each other. On top of that, given that suf-
ficient power will be delivered, only one electric
drive should be necessary.

Finally, the reference measurement with-
out clamping and activated locking mechanisms
could have resulted in successful growth-from-
the-tip, when the chains were clamped and the
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unlocked chains piled up in a zig-zag manner.
Namely, the chain segments being positioned in
their maximum rotated configuration, they can
support the tip as well. This redundancy of lock-
ing mechanisms would significantly simplify the
designs.

7.3.2 Self-supporting planar move-
ment

Firstly, planar movement based on everting
chains requires joints with 1 DOF perpendicular
to the planar movement and 0 DOF in locked
and unlocked configuration, respectively. Re-
garding the gravity-related load exerted on a
sliding hinged joint, as indicated by red arrows
in Figure 7.1, a vertical clamp force will prevent
vertical translation and a vertical pressure (in-
dicated in blue) over a certain width, reduces
bending moments on the axes. This classical
chain problem is often solved with rivets or bolts
and nuts.

Figure 7.1: Schematic representation of male and
female segment connected by an axis (white
box) and loaded by clamping and gravity related
forces and moments (red arrows)

Another recommendation would be variable
chain material, axes thicknesses and chain size
as the tip moves forward. More specifically, the
segments closest to the clamping need to bear
the highest forces and moments, due to increas-
ing weight of the chain and distance of the tip, as
the tip moves forward. Therefore, the first chain
segments can have improved material proper-
ties, increased size and weight with respect to
the subsequent segments, as visualized in Figure
7.2.

Figure 7.2: Schematic representation of multiple
chain segments in series, with differential
material properties (different colors) and
variable size.

The variable dimensions of chains do not have
to be a problem for the tip gear when the chains
are grabbed on the same height.

7.3.3 3D movements

While the current prototype makes planar move-
ment, the next generation can make 3D curves
by relatively small adaptations.

To start, the chain should again be de-
signed with some basic rules:

• Joint should be able to withstand tension

• Joint should friction lock in a robust man-
ner

• Chain needs to be grasped by a gear at the
tip

• Chain should be constructed of a low
amount of (moving) parts

As a result, a ball socket joint is proposed, in-
corporated with a compliant and high-friction
sheet that deforms under pressure, as indicated
in green in figure 7.3. The sheets deforms until
they fully touch the socket, resulting in a locked
joints. The sheet should be compliant in diverg-
ing direction and stiff in circumferential direction
in order to lock sufficiently.
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Figure 7.3: Intersected view of a single chain
segment based on ball-socket joints. The joints
are locked by outwards deformation of the
compliant sheet (green). Once fully deformed,
the pressure relieve valve (red) and a connecting
tube (blue) let through the pressurized air flow
to the next segment.

Once the sheets are maximally deformed at a
certain pressure, the pressure relieve valve (red)
and the hollow tube (blue) passively let through
air to the next joint, as shown in figure 7.4. This
would only work when the deformable sheet is
designed in such a way, that it makes the joint
air-tight in locked configuration.

Then, a simple (de-)activation system
should be designed for the pressure relieve valves.
Namely, the joints should (un)lock when the
outer chain leaves or enters the tip. This could
be a simple mechanical switch that seals the hol-
low tubes, or pressure relieve valves that are
tuned to higher release pressures.

Interestingly, the power-to-lock is gener-
ated at the base resulting in more simplified
chain segments and larger locking pressures. On
top of that, since the internal pressure can be
regulated, the friction generated by this lock
is also controllable. As a result, the material
supply can also lock softly to reduce deviation
caused by gravity.

Figure 7.4: Intersected view of two sequential segments. At the left ball, the compliant sheet (green)
is deformed, resulting in an airflow (light blue) to the next ball, originating from the base. There,
the pressure is not yet sufficient to deform the sheets and to open the pressure relieve valve.

A rough design of 3 everting chains is shown in
figure 7.5. It should be noted that one, two or
more everting chains would also work. However,

lowering the amount of chains would affect in-
teraction with the environment (due to moving
chains) and load bearing capacity. On the other
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hand, increasing the amount of chains would in-
crease complexity, size and control effort of the
system.

The tip gears contain hollowed out bulbs
and a small central circumference that can grab
the ball-socket joints. To further reduce size, it
may be possible to create a tip structure that
acts as a stator and the gears that act as rotors,
together forming three electric motors.

It is worth noting that many details are
left-out in this design. For example, a system
that (de-)activates the pressure relieve valves are
not shown. Moreover, these partly-hinged ball

socket joints have 3DOFs but limited rotational
range due to shape. In addition, the chain seg-
ments will probably hook into each other due
to their shape. This problem can be solved by
creating male and female segments, instead of
one segment with a male and female side. Sub-
sequently, the female (sockets) segments can be
flattened without affecting the rotational range.
On top of that, assembly of a partly hinged ball-
socket joint is challenging. One leak-free solution
would be complaint balls and sockets that can be
pushed in place.

Figure 7.5: Rough everting chains design able to make 3D movements, with deformable sheets
(green), ball socket joints (purple), tip gears (blue) and tip structure (yellow).
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8 Conclusion

This explorative work is aimed to design and
prototype a reversible growth-from-the-tip de-
vice able to make multiple active curves in series
at any point of the trajectory. An innovative
principle, based on everting chains, is worked
out and prototyped twice in an iterative design
loop. Both prototypes successfully performed
growth-from-the-tip predominantly in line with
a kinematic model, that assumes zero deforma-
tion and deflection. Accordingly, the tip gears
showed rolling-out behavior with high accuracy
along the path.

Growth-from-the-tip in general enables
access to small, constrained, and any other hard-
to-reach location. A fundamental advantage of
both designs is the relatively high load bearing
capacity of the support structure, which results
in more accurate and fully self-supporting move-
ments along a complex trajectory. On top of
that, this chain-based device can (actively) turn
around sharp edges. Moreover, the everting prin-
ciple has the key advantage of having little inter-
action with the environment, due to self-support

and the low amount of moving surfaces with re-
spect to the environment. Finally, relatively high
elongation rates and large extension ratios can
theoretically be achieved. The everting chain
principle is shortly extrapolated to a 3D design,
based on ball-socket joints that are inflated from
the base in order to lock.

Potential applications are related to gain-
ing access to any hard-to-reach location, consist-
ing of tiny spaces, long, sensitive, high-friction
and deforming trajectories with multiple curves
in series. Examples are earthquake-related save
and rescue missions, access to the Fukushima re-
actor, surgical targets, complex tube networks,
mining, digging, building tunnels or (space) op-
erations with zero gravity.

Still, the explorative nature of this work
involves many challenges that need to be tackled
in future work, like designing a device that makes
3D curvatures, making the device self-supportive
in a 3D space and radically down-sizing the de-
vice, if applied to surgery.
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9 Appendix

A

Figure 9.1: CPC categorization of patent search results on Espacenet, regarding growing robots
through the addition of material at the tip, with result numbers: 1) US2016031155A1, 2)
CN107921564A, 3) US2019217908A1, 4) CN110450149A, 5) WO2020060858A1, 6) CN106564189A,
7) CN107984758A, 8) CN110861078 and 9) CN110450138.
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B

Figure 9.2: Patent result 2 - Multiple techniques for in-space manufacturing with growing technique
through additive manufacturing, with (a) annular tube clamp, (b) rectangular clamp with rollers, (c)
gearing and (d) rectengular grippers. Espacenet CPC categories: B22, B23K, B33Y and B64G1
(Figure adapted from patent CN107921564A)

Figure 9.3: Patent result 2 - Multiple techniques for in-space manufacturing with growing technique
through additive manufacturing, with (e) grippers to any type of structure and (f) multi-functional
tools. Espacenet CPC categories: B22, B23K, B33Y and B64G1 (Figure adapted from patent
CN107921564A)

59



C

Figure 9.4: Segment selection with criteria and weight factors
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D

Figure 9.5: Normal-force measurements over time of 4 sensors in Experiment 6 (out of 7). Sensor 3 to
6 correspond to the numbering at Figure 4.7. The red dots are aimed to represent relevant contact
with the device, found by a findpeaks function in MATLAB with Minimal Peak Height of 0.25 N and
a Mininmal Peak Distance of 3 seconds.
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E

Figure 9.6: Electronic (single) setup using a Arduino Uno Rev 3 development board, two DRV8825
stepper drivers, two NEMA 17 (1.8 deg 2-phase of double length (40mm) and 1.5A input) stepper
motors, two 100µF capacitors and a adapter with an output of 12V and 1.25A (direct current).

https://www.makerguides.com/drv8825-stepper-motor-driver-arduino-tutorial/
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F

Mechanism
Number

Min. Start
Angle
(degrees)

Max. Start
Angle
(degrees)

Play
(degrees)

Average Start
(degrees)

Peak
Potential
Energy
(degrees)

Peak Potential
Energy minus
Start
(degrees)

Min.
Locked
Angle
(degrees)

Max.
Locked
Angle
(degrees)

Play
(degrees)

Average
Lock
(degrees)

Average
Rotation
(degrees)

1 -2 4 6 1 68 67 96 100 4 98 97
2 -1 7 8 3 64 61 90 98 8 94 91
3 -2 6 8 2 68 66 90 100 10 95 93
4 -2 2 4 0 61 61 84 92 8 88 88
5 -3 4 7 0.5 68 67.5 90 96 6 93 92.5
6 -1 6 7 2.5 68 65.5 91 99 8 95 92.5
7 -4 4 8 0 67 67 91 98 7 94.5 94.5
8 -2 3 5 0.5 66 65.5 86 94 8 90 89.5
9 -3 3 6 0 65 65 89 92 3 90.5 90.5
10 -2 4 6 1 66 65 90 97 7 93.5 92.5
11 -2 6 8 2 70 68 89 94 5 91.5 89.5
12 -2 5 7 1.5 66 64.5 88 96 8 92 90.5
13 -1 6 7 2.5 69 66.5 92 98 6 95 92.5
14 -2 3 5 0.5 68 67.5 90 93 3 91.5 91
15 -3 7 10 2 70 68 90 96 6 93 91

Average -2.133 4.667 6.800 1.267 66.933 65.667 89.733 96.200 6.467 92.967 91.700

Table 6: Angular measurements of crank attached to locking mechanism
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G
MATLAB script 1 - Load-deformation relation

% Load-deflection calculations

% Made by Michiel Doelman

% 27-07-2020

clear all clc

%% Parameters l1 = 0.04; %[m]

l2 = 0.06; %[m]

F = 0.1:0.1:50; %[N]

%% Youngs’ Modulus

EPMMA = 2.9 ∗ 109;

ET eflon = 0.5 ∗ 109;

EPV C = 3.25 ∗ 109; %2.4 − 4.1

EABS = 2.25 ∗ 109; %1.4 − 3.1

% Solid Rod

Rrod = 0.005; %[m]

% hollow Rod

Rrod1 = 0.0025;

Rrod2 = 0.0035;

% Solid BEAM

b = 0.02; %[m] (rekstrookje minstens 0.004m)

h = 0.006; %[m]

%% Area moment of inertia of cross section

Irod = pi/4 ∗Rrod4;

Ihollowrod = pi ∗ ((2 ∗Rrod2)4 − (2 ∗Rrod1)4)/64;

IBeam = (1/12) ∗ b ∗ h3;

%% Calculations hollow rod

theta2T 2 = F ∗ (l1)(2)/(2 ∗ ET eflon ∗ Ihollowrod);

theta2P 2 = F ∗ (l1)(2)/(2 ∗ EPMMA ∗ Ihollowrod);

theta2PV C2 = F ∗ (l1)(2)/(2 ∗ EPV C ∗ Ihollowrod);

w2T 2 = F ∗ (l1)(3)/(3 ∗ ET eflon ∗ Ihollowrod);

w2P 2 = F ∗ (l1)(3)/(3 ∗ EPMMA ∗ Ihollowrod);

w2PV C2 = F ∗ (l1)(3)/(3 ∗ EPV C ∗ Ihollowrod);

w3T 2 = w2T 2 + l2 ∗ tan(theta2T 2);
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w3P 2 = w2P 2 + l2 ∗ tan(theta2P 2);

w3PV C2 = w2PV C2 + l2 ∗ tan(theta2PV C2);

%% Figures

figure plot(F,w3P 2)

hold on

plot(F,w3PV C2)

xlabel(’Force (N)’)

ylabel(’Deflection (m)’)

title(’Linear load-deflection relationship of a hollow rod’)

legend(’PMMA hollow’,’PVC hollow’,’Location’,’northwest’)
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H
MATLAB script 2 - Kinematic model of growth-from-the-tip device

% Made by Michiel Doelman from TU Delft

clc

clear all

D = 268; %mm – Prototype I = 268mm — Prototype II = 270mm

l = 42; %mm – Prototype I = 42mm — Prototype II = 40.5mm

w = 40; %mm

Rgear = 48.4; %mm−−PrototypeI = 48.40mm−−− PrototypeII = 46.67mm

x = 360/7; %Rotation of 1 chain segment

%Cumulative input angles

% Double curvature prototype I

alphaL = [0, x, 2 ∗ x, 2 ∗ x, 2 ∗ x, 2 ∗ x, 2 ∗ x, 2 ∗ x, 2 ∗ x, 2 ∗ x, 2 ∗ x, 3 ∗ x, 4 ∗ x, 5 ∗ x, 6 ∗ x, 7 ∗ x, 8 ∗ x, 9 ∗
x, 10 ∗ x, 11 ∗ x]. ∗ 2 ∗ pi/360;

alphaR = [0, x, 2 ∗ x, 3 ∗ x, 4 ∗ x, 5 ∗ x, 6 ∗ x, 7 ∗ x, 8 ∗ x, 9 ∗ x, 10 ∗ x, 11 ∗ x, 11 ∗ x, 11 ∗ x, 11 ∗ x, 11 ∗
x, 11 ∗ x, 11 ∗ x, 11 ∗ x, 11 ∗ x]. ∗ 2 ∗ pi/360;

% Double curvature

%alphaL = [0, x, x, x, x, x, x, 2 ∗ x, 3 ∗ x, 4 ∗ x, 5 ∗ x, 6 ∗ x]. ∗ 2 ∗ pi/360;

%alphaR = [0, x, 2 ∗ x, 3 ∗ x, 4 ∗ x, 5 ∗ x, 6 ∗ x, 6 ∗ x, 6 ∗ x, 6 ∗ x, 6 ∗ x, 6 ∗ x]. ∗ 2 ∗ pi/360;

% Video straight movement

% alphaL = [0, x, x, 2 ∗ x, 2 ∗ x, 2 ∗ x, 3 ∗ x, 3 ∗ x]. ∗ 2 ∗ pi/360;

% alphaR = [0, 0, x, 2 ∗ x, 3 ∗ x, 4 ∗ x, 5 ∗ x, 6 ∗ x]. ∗ 2 ∗ pi/360;

% Video single curve

% alphaL = [0, 0, 0, 0, 0]. ∗ 2 ∗ pi/360;

% alphaR = [0, x, 2 ∗ x, 3 ∗ x, 4 ∗ x]. ∗ 2 ∗ pi/360;

TL = Rgear ∗ alphaL;

TR = Rgear ∗ alphaR;

dT L = diff(TL);

dTR = diff(TR);

dl = TL − TR;

ddl = round(dT L − dTR);

bc = 2 ∗ atan(l./(2 ∗ (D − w))); %Constantangle

beta = (alphaL − alphaR). ∗ 360/(2 ∗ pi ∗ x) ∗ bc;

%beta = 2*atan(dl./(2*(D-w)));

R = zeros(11,2);
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L = zeros(11,2);

R(1,:) = [(D-w),0];

L(1,:) = [0,0];

for i = 1:(length(dl)-1)

if ddl(i) ¿ 0 % Turn right

L(i+1,:) = R(i,:) + [-(D-w)*cos(beta(i+1)),(D-w)*sin(beta(i+1))];

R(i+1,:) = R(i,:); end

if ddl(i) ¡ 0 % Turn left

R(i+1,:) = L(i,:) + [(D-w)*cos(beta(i+1)),-(D-w)*sin(beta(i+1))];

L(i+1,:) = L(i,:); end

if ddl(i) == 0 % Straight movement

R(i+1,:) = R(i,:) + [l*sin(beta(i+1)),l*cos(beta(i+1))];

L(i+1,:) = L(i,:) + [l*sin(beta(i+1)),l*cos(beta(i+1))]; end

end

figure

plot(R(:,1),R(:,2),’o’, ’MarkerSize’, 12,’MarkerFaceColor’, ’g’)

hold on

plot(L(:,1),L(:,2),’o’, ’MarkerSize’, 12,’MarkerFaceColor’, ’g’)

axis([-275 250 -100 425])

axis square

%title(’Positions of chain axis at forward and cuved movement’)

xlabel(’X position (mm)’)

ylabel(’Y position (mm)’)

67



I
MATLAB script 3 - Processing of interaction with environment experiment

clear all clc

T = (table2array(readtable(’Experiment6.xlsx
′,′Range′,′A1 : A5200′)))./60000;

S3 = table2array(readtable(’Experiment6.xlsx
′,′Range′,′ J1 : J5200′));

S4 = table2array(readtable(’Experiment6.xlsx
′,′Range′,′K1 : K5200′));

S5 = table2array(readtable(’Experiment6.xlsx
′,′Range′,′N1 : N5200′));

S6 = table2array(readtable(’Experiment6.xlsx
′,′Range′,′O1 : O5200′));

% Offset

S3I = S3 −mean(S3(1 : 20));

S4I = S4 −mean(S4(1 : 20));

S5I = S5 −mean(S5(1 : 20));

S6I = S6 −mean(S6(1 : 20));

% Find peaks

[PKS3,LOCS3,W3,S3H] = findpeaks(S3I ,
′MinPeakHeight′, 0.25,′MinPeakDistance′, 30);

[PKS4,LOCS4,W4,S4H] = findpeaks(S4I ,
′MinPeakHeight′, 0.25,′MinPeakDistance′, 30);

[PKS5,LOCS5,W5,S5H] = findpeaks(S5I ,
′MinPeakHeight′, 0.25,′MinPeakDistance′, 30);

[PKS6,LOCS6,W6,S6H] = findpeaks(S6I ,
′MinPeakHeight′, 0.25,′MinPeakDistance′, 30);

subplot(4,1,1)

plot(T,S3I)

hold on

plot(LOCS3./600,PKS3,’o’, ’MarkerSize’, 4,’MarkerFaceColor’, ’r’)

title(’Sensor 3’)

xlabel(’Time (min)’)

ylabel(’Force (N)’)

subplot(4,1,2)

plot(T,S4I)

hold on

plot(LOCS4./600,PKS4,’o’, ’MarkerSize’, 4,’MarkerFaceColor’, ’r’)

title(’Sensor 4’)

xlabel(’Time (min)’)

ylabel(’Force (N)’)

subplot(4,1,3)

plot(T,S5I)
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hold on

plot(LOCS5./600,PKS5,’o’, ’MarkerSize’, 4,’MarkerFaceColor’, ’r’)

title(’Sensor 5’)

xlabel(’Time (min)’)

ylabel(’Force (N)’)

subplot(4,1,4)

plot(T,S6I)

hold on

plot(LOCS6./600,PKS6,’o’, ’MarkerSize’, 4,’MarkerFaceColor’, ’r’)

title(’Sensor 6’)

xlabel(’Time (min)’)

ylabel(’Force (N)’)
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J
MATLAB script 4 - Crank locations tip

gamma = +1*2*pi*1/21;

alpha = 2*pi/(7*2) - gamma;

alpha2 = alpha + 2*pi/(7) ;

alpha3 = alpha + 4*pi/(7) ;

alpha4 = alpha + 6*pi/(7) ;

beta0 = alpha2 + 0.5*pi;

beta1 = alpha3 + 0.5*pi;

beta2 = alpha4 + 0.5*pi;

x1 = -46.67*cos(gamma) + 0;

x2 = 40.5*sin(alpha) + x1;

x3 = 40.5*sin(alpha2) + x2;

x4 = 40.5*sin(alpha3) + x3;

x5 = 40.5*sin(alpha4) + x4;

x6 = x5;

y1 = -46.67*sin(gamma) + 0;

y2 = 40.5*cos(alpha) + y1;

y3 = 40.5*cos(alpha2) + y2;

y4 = 40.5*cos(alpha3) + y3;

y5 = 40.5*cos(alpha4) + y4;

y6 = y5 -40.5;

x = [x1,x1,x2,x3,x4,x5,x6];

y = [y1-60;y1;y2;y3;y4;y5;y6];

x00 = x1;

x11 = x1 + 0;

x22 = 18*sin(alpha)+ x2;

x33 = 18*sin(alpha2)+ x3;

x44 = 18*sin(alpha3)+ x4;

x55 = 18*sin(alpha4)+ x5;

x66 = x6;

y00 = y1 -40.5 + 18;

y11 = y1 + 18;

y22 = 18*cos(alpha) + y2;
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y33 = 18*cos(alpha2) + y3;

y44 = 18*cos(alpha3) + y4;

y55 = 18*cos(alpha4) + y5;

y66 = y6 - 18;

X = [x00,x11,x22,x33,x44,x55,x66];

Y = [y00;y11;y22;y33;y44;y55;y66];

x000 = x1;

x111 = x1;

x222 = 18*sin(alpha) + x1;

x333 = 18*sin(alpha2) + x2;

x444 = 18*sin(alpha3) + x3;

x555 = 18*sin(alpha4) + x4;

x666 = x5;

x777 = x6;

y000 = y1 - 40.5 + 18;

y111 = y1;

y222 = 18*cos(alpha) + y1;

y333 = 18*cos(alpha2) + y2;

y444 = 18*cos(alpha3) + y3;

y555 = 18*cos(alpha4) + y4;

y666 = y5 - 18;

y777 = y6 - 18;

X111 = [x000,x222,x333,x444,x555,x666,x777];

Y111 = [y000;y222;y333;y444;y555;y666;y777];

xl33 = 18*sin(beta0) + x3;

yl33 = 18*cos(beta0) + y3;

xl44 = 18*sin(beta1) + x4;

yl44 = 18*cos(beta1) + y4;

xl55 = 18*sin(beta2) + x5;

yl55 = 18*cos(beta2) + y5;

xl66 = -18 + x6;

yl66 = y6;

x3333 = 18*sin(alpha2 + 0.5*pi) + x2;

x4444 = 18*sin(alpha3 + 0.5*pi) + x3;
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x5555 = 18*sin(alpha4 + 0.5*pi) + x4;

x6666 = x5 - 18;

x7777 = x6 -18;

y3333 = 18*cos(alpha2 + 0.5*pi) + y2;

y4444 = 18*cos(alpha3 + 0.5*pi) + y3;

y5555 = 18*cos(alpha4 + 0.5*pi) + y4;

y6666 = y5;

y7777 = y6;

Xl = [xl33,xl44,xl55,xl66];

X1111 = [x4444,x5555,x6666,x7777];

Yl = [yl33;yl44;yl55;yl66];

Y1111 = [y4444;y5555;y6666;y7777];

cplot = @(r,x0,y0) plot(x0 + r*cos(linspace(0,2*pi)),y0 + r*sin(linspace(0,2*pi)),’-’); cplot(43.17,0,0)

hold on

cplot(3.5,0,0)

cplot(51,0,0)

cplot(3.5,x1,y1)

cplot(3.5,x2,y2)

cplot(3.5,x3,y3)

cplot(3.5,x4,y4)

cplot(3.5,x5,y5)

cplot(3.5,x6,y6)

cplot(3.5,x1,y1-40.5)

plot(x,y,’r’)

plot(X,Y,’o’, ’MarkerSize’, 12,’MarkerFaceColor’, ’g’)

plot(X111,Y111,’o’, ’MarkerSize’, 9,’MarkerFaceColor’, ’y’)

plot(Xl,Yl,’o’, ’MarkerSize’, 12,’MarkerFaceColor’, ’r’)

plot(X1111,Y1111,’o’, ’MarkerSize’, 9,’MarkerFaceColor’, ’m’)

axis equal

title(’Spatial overview of chain movement through tip’)

xlabel(’X coördinates (mm)’)

ylabel(’Y coördinates (mm)’)
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K
MATLAB script 5 - Load bearing plots

clc clear all

Load = [0 100 200 300 400 600 800 1050 1300 1550 2050 0];

Fload = Load./1000 ∗ 9.81;

alpha = [0;10;13;18;12;25;10;11;11;13];

alpha2 = alpha./360 ∗ 2 ∗ pi;

beta = [0 2 3 4 6 8 14 16 18 20 27 18;

0 5 8 10 11 13 14 17 38 44 55 47;

0 1 2 4 43 50 55 56 57 57 58 58;

0 4 7 9 27 46 48 57 59 60 61 60;

0 1 2 3 5 8 12 14 16 23 27 22;

0 5 9 12 15 19 21 26 29 36 41 14;

0 15 18 50 51 59 61 64 65 67 69 65;

0 7 9 11 14 18 25 32 36 43 47 34;

0 1 4 8 11 14 20 26 29 32 38 30;

0 2 4 9 12 18 21 23 25 29 38 27];

beta2 = beta./360 ∗ 2 ∗ pi;

ab = zeros(10, 12);

for i = 1:10

ab(i, :) = [alpha2(i)alpha2(i)alpha2(i)alpha2(i)alpha2(i)alpha2(i)alpha2(i)alpha2(i)alpha2(i)alpha2(i)alpha2(i)alpha2(i)]+
beta2(i, :);

end

Feff = Fload. ∗ cos(ab);

Sx = 25*ones(100,1);

Sy = linspace(0,20,100);

figure

plot(beta(1,:),Feff(1, :))

hold on

plot(beta(2,:),Feff(2, :))

plot(beta(3,:),Feff(3, :))

plot(beta(4,:),Feff(4, :))

plot(beta(5,:),Feff(5, :))

plot(beta(6,:),Feff(6, :))
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plot(beta(7,:),Feff(7, :))

plot(beta(8,:),Feff(8, :))

plot(beta(9,:),Feff(9, :))

plot(beta(10,:),Feff(10, :))

plot(Sx,Sy)

ylabel(’Feff (N)′)

xlabel(’beta (degrees)’)

legend(’Mech. 1’,’Mech. 2’,’Mech. 3’,’Mech. 4’,’Mech. 5’,’Mech. 6’,’Mech. 7’,’Mech. 8’,’Mech.
9’,’Mech. 10’)

Readoff = [1.62.42.83.36.36.47.98.910.014.017.0];

MeanmaxF = mean(Readoff);

dbeta = beta(:,11) - beta(:,12);

pElastic = dbeta./beta(:,11)*100;

pSlip = mean(100 - pElastic);
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