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Propositions belonging to the thesis 

Fix(at)ing the Spine 
Exploration of Novel Anchors and Steerable Bone Drills for Spinal Fusion Surgery 

Esther Paula de Kater 

1. Steerable screws either don’t steer or don’t screw. (This thesis)

2. Pull-out testing of pedicle screws is a bad golden standard. (This thesis)

3. An independent researcher should be a collaborator.

4. The core business of a university is primarily provided by temporary

employees.

5. Striving for gender diversity is an empty promise if a student is only

referred to as ‘he’.

(Onderwijs- en ExamenRegeling (OER), bachelor mechanical

engineering 2023-2024, TU Delft).

6. Teaching is a skill that must be taught.

7. The absence of deadlines on the work floor elevates stress rather than

alleviate it.

8. Listening skills should be educated, not only presentation skills.

9. Unwritten rules are difficult to rewrite.

10. Co-housing communities can ease the housing problem, the climate

problem, and loneliness all at once.

These propositions are regarded as opposable and defendable, and have been approved as 

such by the supervisors Prof.dr.ir. Paul Breedveld and Dr.ir. Aimée Sakes 
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SUMMARY

The human spine plays a crucial role in providing the necessary support and facilitating
movements, such as bending and twisting. However, spinal problems, including degen-
eration, herniated disks, or deformation, can lead to significant problems such as pain
and discomfort for patients. In more severe cases, spinal fusion surgery can be con-
sidered. This surgical procedure involves fusing adjacent vertebrae by inserting pedicle
screws through the pedicle into the vertebral body and connecting them to rods that run
along the spine. This correction creates a rigid construct, preventing all motion between
the vertebrae facilitating their fusion into one bony mass. Despite its generally high suc-
cess rate, screw loosening is a relatively common complication, especially in patients
suffering from osteoporosis. The decrease in bone density characterising osteoporosis,
compromises the fixation strength of the pedicle screw, resulting is screw loosening and
may even necessitate revision surgery. Screw loosening is often characterised by tog-
gling, a pivoting motion of the pedicle screw that compresses the surrounding cancel-
lous bone, compromising the fixation strength of the screw.

The objective of this PhD Thesis was to explore alternative solutions aimed at pre-
venting pedicle screw loosening during and after spinal fusion surgery. This thesis is
organised into three parts: Part I: Anchor Design, centres on the development of novel
spinal bone anchors with the primary goal of enhancing their fixation strength. Part
II: Anchor Placement, delves into the placement of spinal bone anchors, giving par-
ticular attention to the development of steerable bone drills. These drills facilitate the
creation of alternative pilot holes for a more optimal placement of spinal bone anchors
to enhance the fixation strength. Part III: Additional Functionalities, outlines potential
supplementary functionalities mainly focused on taking biopsies of bone or soft tissue.

Part I: Anchor Design begins with Chapter 2, providing an overview of spinal bone an-
chors as potential alternatives to the conventional pedicle screw, as described in patent
literature. The chapter identifies five distinct methods for generating fixation strength
between the spinal bone anchor and the vertebra: 1) anchors utilising threading, 2)
anchors employing a curved path, 3) anchors that (party) expand, 4) anchors incorpo-
rating cement, and 5) anchors designed to initiate bone ingrowth. These methods are
discussed in terms of their potential to increase fixation strength and their safety consid-
erations, surrounding both placement and removal of the anchor. Chapter 3 describes
the development and validation of a novel spinal bone anchor employing a curved path
to enhance the fixation strength by incorporating an elastic pre-bend nitinol anchor.
This pre-curved anchor can be advanced through a cannulated pedicle screw to gen-
erate improved fixation within the vertebral body, resulting in an increase in pull-out
resistance when used in combination with the conventional pedicle screw. In Chapter
4, an alternative anchor is explored to enhance the toggling resistance by integrating an
expandable section that conforms to the hourglass shape of the pedicle. This results in a
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larger contact area with the strong cortical bone layer of the pedicle, preventing the un-
desirable toggling motion. The designed anchor successfully expanded and conformed
to the pedicle in osteoporotic bone phantom material. Chapter 5 introduces the use
of an L-shaped anchor to create a macro-shape lock with the cortical bone layer of the
vertebral body. Utilising this macro-shape lock in conjunction with the conventional
pedicle screw could enhance the fixation strength of spinal bone anchors. Besides the
fixation strength, this chapter investigates the damage to the vertebra after complete
pull-out of the anchor.

Part II: Anchor Placement commences with Chapter 6, providing an overview of steer-
able bone drills described in scientific and patent literature. The steering methods
utilised in the presented drill designs are categorised as: 1) device-defined, 2) environment-
defined, or 3) user-defined. Drills utilising a device-defined drilling method are often
steered by using a rigid guide and lack the ability for path adaptation during the pro-
cedure. In contrast, with the environment-defined steering method, the drill path is
determined during the procedure based on the tissue interaction forces. However, the
user cannot influence the path during the procedure, a capacity only possible when
using the user-defined steering method. In Chapter 7, the presented flexible bone drill
features a flexible fluid-filled shaft with a hammer tip which can be used in combina-
tion with a guide resulting in a device-defined steering method. The drill successfully
transferred the hydraulic pressure wave generated in the handle to the drill tip, with
the flexible shaft in straight, 45o curve or 90o curve orientation. This adaptability al-
lows the drill to access more complicated entry point without damaging surrounding
tissue. Chapter 8 introduces a bone drill inspired by the tsetse fly which can steer us-
ing a environment-defined steering method. The drill was successfully drilled through
osteoporotic and healthy bone phantom material. Additionally, for insertion angles up
to 15o , the drill effectively deflected upon contact with the strong cortical bone layer,
passively steering to drill along the cortical bone layer. Interestingly, this drill can be
utilised to create tunnels with a non-round cross-section, offering potential advantages
in placing bone anchors with a non-round cross-section such as the one described in
Chapter 4. Chapter 9 describes the development of a drill utilising replaceable pre-bend
cores allowing the user to drill a multi-curved tunnel. The drill is designed to incorpo-
rate Diffuse Reflectance Spectroscopy (DRS) to provide cortical breach detection during
drilling. The drill could successfully drill a multi-curved tunnel comprising a straight
section followed by a curved section.

Part III: Additional Functionalities begins with Chapter 10, offering an overview of the
various mechanisms incorporated in bone biopsy needles: 1) to sample the biopsy, 2)
to sever the biopsy and 3) to harvest the bone biopsy, as descried in patent literature.
In Chapter 11, the design of a flexible tissue transporter inspired by the ovipositor of
the parasitic wasp is presented that can be used to harvest soft tissue samples. This
instrument was able to successfully transport soft tissue phantoms through its central
lumen without risking clogging with the flexible shaft in various orientations. Chapter
12 introduces a gripper integrated into the soft tissue transporter of Chapter 11. This
enables the gripping of soft tissue, allowing for subsequent transportation through the
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central lumen. The presented gripper successfully gripped tissue with various shapes
and effectively transported them.

This thesis describes the challenges associated with spinal fusion surgery, specifically
targeting the enhancement of fixation strength in spinal bone anchors to address the
problem of screw loosening. The designs presented in this thesis include alternative
spinal bone anchor designs and designs for steerable bone drills aimed at optimising
the placement of alternative anchor, with the ultimate goal of enhancing the fixation
strength. This thesis provides an exploratory overview of potential directions for mit-
igating screw loosening in spinal fusion surgery, marking a foundational step towards
overcoming fixation challenges in spinal fusion surgery procedures.





SAMENVATTING

De wervelkolom geeft stabiliteit aan het menselijk lichaam, maar maakt tegelijker tijd
bewegingen, zoals buigen en draaien, mogelijk. Problemen aan de wervelkolom, bij-
voorbeeld door degeneratie, hernia’s of misvormingen, kunnen leiden tot veel ongemak
en pijn bij patiënten. In ernstigere gevallen kan het dan nodig zijn om deze proble-
men chirurgisch te verhelpen, bijvoorbeeld door spondylodese. Tijdens deze operatie
worden aangrenzende wervels gefixeerd door het plaatsen van pedikelschroeven in de
wervels die bevestigd worden aan twee staven die langs de ruggengraat worden aange-
bracht. Op deze manier wordt alle beweging tussen de wervels voorkomen, zodat de
wervels over tijd vergroeien tot één botmassa. Over het algemeen is spondylodese een
succesvolle ingreep, maar soms raken de geplaatste pedikelschroeven los. Dit is voorna-
melijk een probleem bij patiënten die lijden aan osteoporose, aangezien de afname van
de botdichtheid de fixatiesterkte van de pedikelschroef vermindert. Dit kan lijden tot het
losraken van de schroeven waardoor een revisieoperatie nodig kan zijn.

Het doel van dit proefschrift is om alternatieve methoden te onderzoeken die ge-
richt zijn op het verbeteren van de fixatiesterkte in vergelijking met de huidige pedikel-
schroeven die gebruikt worden tijdens spondylodese. Dit proefschrift is opgedeeld in
drie delen. Deel I: Anchor Design (Anker Ontwerp) richt zich op de ontwikkeling van
nieuwe spinale botankers met als primaire doel hun fixatiesterkte te verbeteren. Deel
II: Anchor Placement (Anker Plaatsing) focust op de plaatsing van spinale botankers,
voornamelijk doormiddel van het ontwikkelen van stuurbaar botboren. Deze boren ver-
gemakkelijken het maken van alternatieve tunnels voor een meer optimale plaatsing
van spinale botankers om op deze manier de fixatiesterkte te verbeteren. Deel III: Addi-
tional Functionalities (Aanvullende functionaliteiten) schetst potentiële aanvullende
functionaliteiten die voornamelijk gericht zijn op het nemen van biopsieën van zowel
botweefsel en zacht weefsel.

Deel I: Anchor Design (Anker Ontwerp) begint met Hoofdstuk 2, waarin een overzicht
wordt gegeven van spinale botankers, beschreven in de patentliteratuur, die als alterna-
tieven voor de conventionele pedikelschroef gebruikt kunnen worden. Er worden vijf
verschillende methoden beschreven om fixatiesterkte van de spinale botankers en de
wervel te creëren: 1) doormiddel van schroefdraad, 2) door gebruik van kromme ankers,
3) door ankers die (gedeeltelijk)uitzetten, 4) door het gebruik van cement, en 5) door
ankers die botgroei in het anker stimuleren. Deze methoden worden vergeleken op de
potentiële toename in fixatiesterkte en de veiligheid in gebruik, zowel bij het plaatsen als
het verwijderen van het anker. Hoofdstuk 3 beschrijft de ontwikkeling en validatie van
een nieuw botanker dat een gebogen pad gebruikt om de fixatiesterkte van een pedikel-
schroef te verbeteren. Hiervoor wordt een elastisch voorgebogen nitinol anker door een
holle pedikelschroef gevoerd, om op deze manier een verbeterde fixatie binnenin het
wervellichaam te genereren. Deze toegevoegde verankering resulterent in een toename
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van de fixatiesterkte vergeleken met een pedikelschroef zonder deze extra verankerings-
methode. In Hoofdstuk 4 wordt een alternatief anker onderzocht om het wiebelen van
een spinaal botanker te verminderen door middel van een uitvouwbaar gedeelte in het
anker dat zich aanpast naar de zandloper vorm van de pedikel. Dit resulteert in een
groter contactoppervlak met de sterke corticale botlaag in de pedikel, waardoor het
ongewenste wiebelen van het anker wordt voorkomen. Het ontworpen anker kon zich
succesvol uitvouwen en vormen naar de pedikel in osteoporotisch botfantoommateri-
aal. Hoofdstuk 5 introduceert het gebruik van een L-vormig anker om een vormfixatie te
creëren met de corticale botlaag van het wervellichaam. Het toevoegen van deze vorm-
fixatie aan de conventionele pedikelschroef kan de fixatiesterkte van spinale botankers
verbeteren. Naast het onderzoek naar de fixatiesterkte van dit bontanker ontwerp, is
ook de schade aan de wervel onderzocht dat ontstaat als het anker volledig uit de wervel
wordt getrokken.

Deel II: Anchor Placement (Anker Plaatsing) begint met Hoofdstuk 6, waarin een over-
zicht wordt gegeven van stuurbaar botboren zoals beschreven in wetenschappelijke- en
patentliteratuur. De stuurmethoden die worden gebruikt in de gepresenteerde boor-
ontwerpen worden gecategoriseerd in drie groepen: 1) apparaat-gedefinieerd sturen,
2) omgeving-gedefinieerd sturen, of 3) gebruiker-gedefinieerd sturen. Boren die een
apparaat-gedefinieerde stuurmethode gebruiken, worden vaak gestuurd in combinatie
met een rigide geleider en missen het vermogen tot aanpassing van het boorpad tij-
dens de procedure. In tegenstelling wordt bij de omgeving-gedefinieerde stuurmethode
het boorpad tijdens de procedure bepaald op basis van de weefselinteractiekrachten.
Echter, de gebruiker kan het pad tijdens de procedure niet beïnvloeden, dit kan alleen
bij de boren die een gebruiker-gedefinieerde stuurmethode gebruiken. Hoofdstuk 7
presenteert een botboor met een flexibele vloeistofgevulde schacht en een hamertip
die kan worden gebruikt in combinatie met een geleiding, resulterend in een apparaat-
gedefinieerde stuurmethode. De boor kon succesvol de in het handvat gegenereerde
hydraulische drukgolf overbrengen naar de hamertip, met de flexibele schacht in een
rechte positie en in een 45o of 90o kromming. Deze flexibiliteit maakt het mogelijk om
toegang te krijgen tot meer gecompliceerde gebieden zonder het omliggende weefsel te
beschadigen. Hoofdstuk 8 introduceert een botboor geïnspireerd op de tseetseevlieg
die kan sturen met een omgeving-gedefinieerde stuurmethode. De boor kon succesvol
boren door osteoporotisch en gezond botfantoommateriaal. Bovendien werd de boor
effectief afgebogen bij contact met het corticale botfantoommateriaal voor insertiehoe-
ken tot 15o . Een ander interessant punt is dat deze boor kan worden gebruikt om tunnels
te creëren met een niet-ronde doorsnede, wat mogelijke voordelen biedt bij het plaatsen
van botankers met een niet-ronde doorsnede, zoals beschreven in Hoofdstuk 4. Hoofd-
stuk 9 beschrijft de ontwikkeling van een boor met vervangbare voorgebogen kernen
waarmee de gebruiker een tunnel kan boren met meerdere gekromde secties. De boor
is ontworpen zodat Diffuse ReflectieSpectroscopie (DRS) technologie kan worden geïn-
tegreerd om corticale breuken tijdens het boren te voorkomen. De boor kon met succes
een tunnel boren, bestaande uit een recht gedeelte gevolgd door een gekromd gedeelte.

Deel III: Additional Functionalities (Aanvullende functionaliteiten) begint met Hoofd-
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stuk 10, waarin een overzicht wordt gegeven van de verschillende mechanismen in bot-
biopsienaalden om: 1) de biopsie te omvatten, 2) om de biopsie af te snijden en 3) om
de biopsie uit te nemen, zoals beschreven in patentliteratuur. In Hoofdstuk 11 wordt
het ontwerp van een flexibele weefseltransporteur gepresenteerd, die kan worden ge-
bruikt om zachte weefselmonsters te transporteren, geïnspireerd door de legboor van
de parasitaire wesp. Met dit instrument kan zacht fantoomweefsel succesvol worden ge-
transporteerd door de schacht, zonder verstopping te riskeren met de flexibele schacht
in verschillende oriëntaties. Hoofdstuk 12 introduceert een grijper, geïntegreerd op de
tip van de weefseltransporteur uit Hoofdstuk 11. Deze grijper maakt het mogelijk om
zacht weefsel vast te grijpen, waarna het kan worden getransporteerd door de schacht.
De gepresenteerde grijper kon succesvol verschillend gevormde stukjes fantoomweefsel
vastgrijpen en transporteerde deze effectief.

Dit proefschrift behandelt de uitdagingen die gepaard gaan met wervelkolomfusiechi-
rurgie, waarbij specifiek wordt gericht op de verbetering van de fixatiesterkte van spinale
botankers om het probleem van losse pedikelschroeven aan te pakken. De ontwerpen
die in dit proefschrift worden gepresenteerd, omvatten alternatieve ontwerpen van spi-
nale botankers en ontwerpen van stuurbaar botboren gericht op het optimaliseren van
de plaatsing van alternatieve ankers, met als uiteindelijk doel het verbeteren van de fixa-
tiesterkte. Dit proefschrift biedt een verkennend overzicht van mogelijke richtingen voor
het verminderen van loskomende pedikelschroeven bij wervelkolomfusiechirurgie, en
markeert daarmee een fundamentele stap naar het overwinnen van fixatie-uitdagingen
in procedures voor wervelkolomfusiechirurgie.
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1
INTRODUCTION

1.1. THE HUMAN SPINE
The spine serves as our literal backbone, providing essential support for sitting, standing
upright, walking and accommodating movements such as bending and twisting. Given
this crucial role, issues related to the spine can significantly impact a person’s daily life.
Spinal problems can range from lower back pain caused by herniated disks to complex
spine deformities like scoliosis. These spinal problems can lead to discomfort, pain and
reduced mobility and may require surgical intervention to resolve.

The spinal column consists of vertebrae separated by intervertebral discs and the
spinal cord that runs through this structure. The human spine comprises seven cervi-
cal vertebrae in the neck, twelve thoracic vertebrae in the upper back, and five lumbar
vertebrae in the lower back (Figure 1.1). Each type of vertebra serves a distinct purpose:
cervical vertebrae support the head and allow for extensive movements, thoracic verte-
brae hold the ribcage, and lumbar vertebrae support the body’s weight.

Although these different types of vertebrae exhibit variations in shape and size, they
share a common anatomical structure. Every vertebra comprises two primary compo-
nents: 1) the oval-shaped vertebra body structured for bearing loads and 2) the vertebral
arch which is connected to the vertebral body via the pedicles and protects the spinal
cord. This arch also incorporates the facet joints that facilitate movement between ad-
jacent vertebrae and the transverse processes that serve as attachment points for liga-
ments.

The load bearing capabilities of the vertebrae come mainly from the outer layer com-
posed of dense cortical bone, encapsulating the more porous cancellous bone within
making the vertebra more light weight (Figure 1.2). The cortical bone exhibits a sig-
nificantly higher elastic modulus and a greater yield strength, enabling it to withstand
greater forces as compared to the porous cancellous bone.

1.2. SPINAL FUSION SURGERY
Spinal fusion surgery is a necessary treatment to address severe spinal deformities, al-
leviate pain, or to treat spinal instability [11]. In this procedure, two or more adjacent
vertebrae of the spine are surgically “fused” to eliminate all movement between them.
While various methods have been developed to achieve this vertebral fusion, the golden
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Figure 1.1: Human spine anatomy. The human spine comprises seven cervical vertebra, 12 thoracic vertebra
and five lumbar vertebra. Each of these vertebrae consist of a vertebral body (VB) and a vertebral arch (VA)
connected to the vertebral body via the pedicles (P). The vertrebral arch includes the spinous process (SP),
the transverse process (TP) and the facet joints (FJ). Illustration adapted from Servier Medical Art by Servier,
licensed under a Creative Commons Attribution 3.0 Unported License.

standard involves the use of pedicle screws inserted through the pedicle into the verte-
bral body [4]. These pedicle screws are interconnected by rods to immobilise the verte-
brae, ensuring complete fusion through the assistance of bone grafts (Figure 1.3a).

Pedicle screws are commonly placed using the free-hand technique, where the pedi-
cle screws are placed without the use of real-time imaging techniques for guidance. The
steps for placing a pedicle screw via the free-hand technique are depicted in Figure 1.3b.
The procedure starts in Step 1 with locating the entry point for the pedicle screw using
anatomical landmarks and pre-operative imaging. At the located entry point, the cor-
tical bone layer is removed using a burr, rongeur or awl. During Step 2, the cancellous
bone within the pedicle is pushed aside using a slightly curved, blunt pedicle probe. The
probe is initially introduced with a lateral curve for the first 15-20 mm and then rotated
medially. This technique minimises the risk of breaching the medial side of the pedicle,
which could potentially damage the spinal cord [7]. In Step 3, a ball-tip probe is utilised
to palpate the pedicle walls, determining the appropriate screw size and identifying any
cortical breaches. Finally in Step 4, the screw is inserted either as a self-tapping screw or
after tapping the screw thread in the hole with a separate tap.



1.3. CHALLENGES IN SPINAL FUSION SURGERY

1

3

Figure 1.2: Vertebra with an outer layer of dense cortical bone encapsulating the porous cancellous bone. The
vertebra is surrounded by blood vessels, nerves, and the spinal cord. Illustration adapted from Servier Medical
Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported License.

1.3. CHALLENGES IN SPINAL FUSION SURGERY

1.3.1. SCREW FIXATION
Inadequate screw fixation within the vertebra lowers the success rate of spinal fusion
surgery. While pedicle screw fixation is considered the golden standard in spinal fusion
surgery due to their superior fixation strength, screw loosening remains a prevalent is-
sue. In the clinical study performed by Wu et al. [14] among 658 placed screws, 4.7%
experienced loosening and 0.46% broke within three and a half years after placement. In
cases involving patients suffering from compromised bone quality, such as osteoporosis,
the fixation strength of pedicle screws is further weakened, increasing the risk of screw
loosening [1]. Screw loosening can impede the desired fusion and result in the need for
revision surgery. After pedicle screw placement, a major portion of the screw resides
within the porous cancellous bone, with only a small section of the screw that is posi-
tioned in the pedicle actually making contact with the compact cortical bone. Lateral
forces acting on the screw can lead to toggling of the screw around the point where the
screw is in contact with the cortical bone (Figure 1.4a). The toggling action compresses
the surrounding cancellous bone, undermining the screw’s fixation strength and poten-
tially causing it to pull-out (Figure 1.4b).

Current advancements in spinal fusion instrumentation primarily revolve around
optimising the conventional pedicle screw by altering thread depth, pitch, and shape
[5]. Nonetheless, the dimensions of the pedicle screws are constrained by the size and
shape of the vertebra, ensuring the screw does no breach the cortical bone layer as this
may lead to severe damage to surrounding tissue, such as vascular and nervous tissue
[13, 9]. The screw diameter is confined to the minor diameter of the pedicle, and screw
length is restricted by the size of the vertebral body.

As an alternative for standard pedicle screws, additional fixation methods, such as
cement augmented screws, have been introduced. These screws exhibit higher pull-out
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(a) (b)

Figure 1.3: Spinal fusion surgery. (a) Surgically fused vertebrae with pedicle screws and rods. (b) Steps followed
when placing pedicle screws using the free-hand technique. Illustration adapted from Servier Medical Art by
Servier, licensed under a Creative Commons Attribution 3.0 Unported License.

forces, yet their removal in case of for instance infection proves challenging [2]. Con-
sequently, an alternative anchoring approach must be identified to enhance the bone
anchor’s ability to withstand both lateral and axial forces acting upon spinal bone an-
chors. Given that cortical bone possesses greater resistance to forces as compared to
the cancellous bone, anchoring along the cortical bone layer of the vertebra holds the
potential for improved fixation.

1.3.2. SCREW PLACEMENT

Drilling the pilot hole for a pedicle screw presents a significant challenge, as even mi-
nor deviations from the intended path can result in severe damage to surrounding vital
structures like vascular and nervous tissue [13, 9]. Moreover, improper positioning of
pedicle screws can substantially compromise the fixation strength. A screw is considered
mispositioned if it breaches the cortical layer and protrudes from the vertebra. While
screw misplacement occurs in around 7.8% of screws inserted in the lumbar thoracic
area, clinical consequences only arise in 0.5% of instances [3]. In cases where misposi-
tioning leads to clinical issues, corrective surgery may be necessary to mitigate harm to
neurological, visceral and vascular structures.

In order to address potential positioning challenges during pedicle screw placement,
various guidance techniques have been proposed. Fluoroscopy provides improved ac-
curacy but raises concerns about heightened radiation exposure for both the clinicians
and the patient [7]. An alternative approach is Diffuse Reflectance Spectroscopy (DRS),
which distinguishes between cortical and cancellous bone without subjecting individu-
als to harmful radiation [10].

While these guiding techniques offer alerts to avoid cortical breaches, the current
probe employed for creating the pilot hole is rigid and lacks flexibility for trajectory ad-
justments. A steerable bone drill equipped with sensors would not only indicate cortical
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(a) (b)

Figure 1.4: Schematic representation of screw loosening. (a) Toggling of pedicle screws can result in loosening
of the screw due to the compression of the surrounding cancellous bone. (b) Loosening of the screws can
hamper the desired fusion and may even result in pull-out of the screw. Illustration adapted from Servier
Medical Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported License.

layer penetration but also enable real-time trajectory adjustments to prevent breaches or
follow the cortical bone layer to increase anchor fixation. The patent review of Sendrow-
icz et al. [8] provides an overview of the state-of-the-art of steerable bone drills. Amongst
the forty identified drill designs, only six were commercially available. Remarkably, none
of these drill designs allow the surgeon control over the drill trajectory during insertion,
indicating that the field of steerable bone drilling is still in its early development.

1.4. AIM OF THIS THESIS

Conventional pedicle screws exhibit an average pull-out strength of approximately
1000 N [15] and demonstrate significant displacements when subjected to lateral forces
as low as 200 N [6]. The aim of this thesis is to investigate alternative fixation methods
with the potential to enhance the fixation strength of conventional spinal bone anchors.
To achieve this, the thesis will focus on anchor designs that increase the contact area
between the anchor and the cortical bone layer of the vertebra. The exploration involves
the examination of innovative designs for spinal bone anchoring and the exploration of
alternative drilling techniques that offer adaptability in trajectory while passing through
the vertebra. To avoid disruption to surrounding anatomy, drill designs are constrained
to a maximum outer diameter of 4 mm and a minimum radius of curvature of 15-20 mm
for lumbar vertebrae [12]. Within the scope of this thesis, various designs and proto-
types for alternative spinal bone anchors and steerable bone drills are presented all with
the overarching goal to enhance the efficacy of spinal fusion surgery by increasing the
success rate through these advancements.
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Figure 1.5: Visual layout of this thesis.

1.5. OUTLINE OF THIS THESIS
This thesis is organised in three parts, each addressing key aspects of improved fixation
of spinal bone anchors for spinal fusion surgery. Part I: Anchor Design investigates al-
ternative spinal bone anchors with the primary objective of increasing fixation strength.
Part II: Anchor Placement details innovative designs of steerable bone drills aimed at
facilitating the placement of novel spinal bone anchors. Part III: Additional Function-
alities outlines potential supplementary features that could be integrated in both spinal
bone anchors and bone drills, enhancing their overall functionality.

A common structure is followed across all three parts, starting with a state-of-the-art
review to offer a comprehensive overview of potential design directions. Subsequent
chapters in each part provide detailed descriptions of different designs that have been
developed and validated. The schematic overview in Figure 1.5 visually represents the
organised flow of the thesis, starting with Chapter 1, which serves as the introduction to
the entire body of work.

Part I: Anchor Design
Chapter 2 offers a state-of-the-art review of spinal bone anchors as documented in
patent literature. Chapter 3 delves into the use of a pre-bend nitinol anchor combined
with the pedicle screw, validating the potential for enhanced fixation. Following this,
Chapter 4 outlines the design and validation process of a toggling-resistant bone an-
chor, achieved through shaping to the pedicle with an integrated expandable section.
Chapter 5 discussed the utilisation of an L-shaped anchor, designed to create a macro-
shape lock with the cortical bone layer, thereby improving pull-out resistance.
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Part II: Anchor Placement
Chapter 6 provides a state-of-the-art review of steerable bone drills described in both
scientific and patent literature. Chapter 7 introduces a flexible bone drill that utilises a
hydraulic pressure wave to hammer through bone. Moving forward, Chapter 8 presents
a steerable bone drill inspired by the tsetse fly, capable of passively steering along the
cortical bone layer. Chapter 9 describes the design and validation of a steerable bone
drill with a cortical breach detecting sensor incorporated in the drill tip.

Part III: Additional Functionalities
Chapter 10 provides a state-of-the-art review of bone biopsy needles, documented in
patent literature. Chapter 11 describes the design and validation of a flexible soft tissue
transporter, drawing inspiration from the ovipositor of parasitic wasps. Chapter 12 fur-
ther extends the functionality of the soft tissue transporter by incorporating a gripper to
facilitate tissue gripping and subsequent transportation.
The thesis concludes with Chapter 13, where a comprehensive discussion and conclu-
sion are provided, summarising the main findings and contributions of each chapter.
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22
STATE-OF-THE-ART IN SPINAL

BONE ANCHORS

This review provides an overview of the patent literature on posteriorly placed intrapedic-
ular bone anchors. Conventional pedicle screws are the gold standard to create a fixation
in the vertebra for spinal fusion surgery but may lack fixation strength, especially in osteo-
porotic bone. The ageing population demands new bone anchors that have an increased
fixation strength, that can be placed safely, and, if necessary, can be removed without
damaging the surrounding tissue. The patent search was conducted using a classification
search in the Espacenet patent database. Only patents with a Cooperative Patent Classi-
fication of A61B17/70 or A61B17/7001 concerning spinal positioners and stabilisers were
eligible for inclusion. The search query resulted in the identification of 731 patents. Based
on preset inclusion criteria, a total of 56 unique patents on different anchoring methods
were included, reviewed and categorised in this study. Five unique fixation methods were
identified; (1) anchors that use threading, (2) anchors that utilise a curved path through
the vertebra, (3) anchors that (partly) expand, (4) anchors that use cement and (5) anchors
that are designed to initiate bone in growth. Of the anchor designs included in this study,
eight had a corresponding commercial product, six of which were evaluated in clinical
trials. This review provides insights into worldwide patented intrapedicular bone anchors
that aim to increase the fixation strength compared to the conventional pedicle screw.
The identified anchoring methods and their working principles can be used for clinical
decision-making and as a source of inspiration when designing novel bone anchors.

This chapter is published as:
de Kater, E. P., Sakes, A., Edström, E., Elmi-Terander, A., Kraan, G., & Breedveld, P. (2022). Beyond the pedicle
screw–a patent review. European Spine Journal, 31(6), 1553-1565.
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2.1. INTRODUCTION

2.1.1. BACKGROUND OF SPINAL FUSION SURGERY

Spinal fusion surgery is performed to stabilise the spine in cases of spine degeneration,
deformity, fractures, intervertebral disc disease, or after tumour removal [124]. Data
from 2018 show that the most frequently performed spinal fusion procedure is inter-
body fusion with more than 350.000 procedures performed annually in the USA alone
[103]. The number of performed spinal fusion surgeries is expected to grow. This grow-
ing trend is thought to be the result of an ageing population with increasing degenerative
disorders and the ongoing advances in medical technology such as improved imaging
technologies and anaesthesia, which allow more patients to be considered for spinal fu-
sion surgery [34, 36, 77, 122]. In line with this, the number of performed fusion surg-
eries in patients aged 65 and older in the USA increased by 239% between 1998 and
2008 [102]. Factors such as new fixation devices, new bone grafting materials and the
increased availability of minimally invasive surgery, are thought to play a role in this
rapid increase.

During spinal fusion surgery, two or more adjacent vertebrae are interlocked or fixed
to each other to prevent all motion between them. Fixation induces subsequent bony
overgrowth and fusion, which will ensure the mechanical stability in the long term. In
posterior approaches for spinal fusion surgery, the vertebrae are fixed to each other using
screws and rods. Pedicle screws are placed bilaterally through the pedicles of each ver-
tebra included in the construct. The screws are connected to each other by using rods,
see Figure 2.1a. The effectiveness of the spinal fixation, before bony fusion has occurred,
depends on the anchoring strength of the pedicle screw [136] .

The vertebrae consist of a cortical shell that is very dense and encloses the porous
cancellous bone. Due to its porosity, the cancellous bone is more elastic and has a lower
compressive strength than the cortical bone. Placing the screw through the small tubular
shaped pedicle increases the contact between the screw and the cortical bone resulting
in greatly improved fixation strength.

2.1.2. HISTORY OF THE PEDICLE SCREW

The discovery of X-rays, by Roentgen in 1885 gave a better understanding of the anatomy
and biomechanics of the spine and allowed for the development of surgical spine inter-
ventions. The first procedure in which a spine was partly fused in order to regain stability
was described by Hibbs in 1912 [64]. This spinal fusion was achieved by partly fracturing
the spinal processes in order to generate contact between the bones of adjacent verte-
brae. This approach required long-term immobilisation of the patient as even minor
motion at the bony interface could prevent fusion. To achieve immediate fixation, the
use of screws through adjacent facet joints were proposed by King in 1944 [76]. As an
alternative solution, Boucher (1959) presented the use of screws through the pedicles
[21], while Harrington (1962) presented the use of rods connected with hooks around
the bone (lamina) to achieve scoliosis correction [60]. In 1976 Roy Camille described
the use of pedicle screws in combination with plates allowing fixation to multiple pedi-
cle screws, which distributes the force acting on the screw [104]. Currently, the pedicle
screw is the gold standard for fixation of the spine and can be used to form a construct
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(a) (b)

Figure 2.1: (a) Schematic representation of a fixation of the adjacent vertebrae with help of pedicle screws and
rods. (b) Schematic representation of the anatomy of a lumbar vertebra. Illustration adapted from Servier
Medical Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported License.

with plates, rods and wires.

2.1.3. CHALLENGES WHEN USING PEDICLE SCREWS

The current pedicle screws are placed via a posterior approach through the pedicle into
the vertebral body. In open surgery a large incision is made along the midline of the
spine over the spinous processes. The muscles are then detached from the bone and
pushed aside with retractors to expose the posterior aspects of the vertebrae: the spinous
processes, lamina, facet joints and transverse processes (Figure 2.1b). Minimally inva-
sive procedures aim to reduce the soft tissue damage by performing the surgery through
small incisions in line with the entry points for the pedicle screws, at the drawback of
the surgeon having less direct visual feedback to position the screws safely. Incorrectly
placed screws may damage vascular and nervous tissue or result in poor fixation strength
of the construct [118, 128]. To achieve safe placement of pedicle screws, image guidance,
either via 2D fluoroscopy or 3D navigation, has become an essential part of spinal fusion
surgery [66]. However, fluoroscopy has the drawbacks of exposing the patient and staff
in the operating room to radiation while only providing 2D-imaging in one plane at a
time. In contrast, intraoperative computed tomography (CT)-based 3D navigation uses
intraoperative references to track and match the patient position as to provide highly
accurate positional feedback based on the patient’s own 3D imaging information [66].

During fixation, especially when deformities are corrected, large axial and lateral
forces are exerted on the pedicle screw. The resistance to axial pull-out is mainly de-
termined by the holding strength of the screw in the cortical bone of the pedicle [65].
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Larger screws may increase the fixation strength but are also more challenging to place
without breaching the cortical bone [22]. The lateral forces are mainly absorbed by the
cancellous bone [83, 136]. In order to achieve successful fusion, the screw must prevent
motion between the adjacent vertebrae even when large forces are applied.

Inadequate screw fixation can cause complications such as screw loosening or break-
ing of the screw. In a study by Wu et al. [129], 4.7% of 658 placed screws had loosened and
0.46% had broken within three and a half years after placement. A lower bone density
is correlated with decreased fixation strength of a screw, which may result in screw loos-
ening and pull-out [25]. This is especially a problem in elderly as they often suffer from
osteoporosis [136]. With an ageing population and an increasing need for spinal fusion
surgery, improvements in the current concept of pedicle screw fixation are in demand.

2.1.4. GOAL

Pedicle screws have several advantages over other means of fixation in the spine, but the
design of the screw has virtually not changed since its introduction. Insufficient fixation
strength remains an issue, especially in the osteoporotic bone of elderly patients. The
goal of this review is to provide a systematic overview of patented intrapedicular bone
anchors. The included bone anchor designs are compared based on the design, place-
ment, fixation and pull-out strength as well as the removal strategy. This review could
provide insights into the future direction of spine fixation and could be a source of inspi-
ration for the design of new anchors and aid clinical decision-making.

2.2. MATERIALS AND METHODS

2.2.1. PATENT SEARCH METHOD

The patent search was conducted using the Espacenet patent database, which contains
a large number of patents and supports extensive search queries. A classification search
was conducted in which only patents with a Cooperative Patent Classification (CPC) of
A61B17/70 or A61B17/7001 were included. Class A61B17/70 includes spinal positioners
and stabilizers. Subcategories were not included as the patents in these subcategories
focus on spinal positioners such as plates or the tools used to place these spinal position-
ers, which falls outside the scope of this review. As an exception, subclass A61B17/7001
was included, as this subclass includes screws or hooks combined with longitudinal ele-
ments which do not contact the vertebrae. This is the class in which the regular pedicle
screw is listed. Subclasses were again not considered, as these focus on other devices
used during spinal fusion surgery, such as the connection rods used between the screws
and the longitudinal elements. The search query was enriched by a title search using key
words, ensuring that only patents focused on anchoring were included. This resulted in
the following final search query: (cpc = "A61B17/70" OR cpc = "A61B17/7001") AND (ti any
"anchor*" OR ti any "screw*" OR ti any "fast*")

2.2.2. ELIGIBLITY CRITERA

The scope of this study is to provide an overview of bone anchors that are placed through
the pedicle, intending to replace the use of conventional pedicle screws. The identified
bone anchors should allow for the connection by rods to achieve bone fusion between
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(a)

[37, 133, 10, 70, 39, 63,
23, 101, 41, 134, 33, 71,
3, 27, 16]

(b)

[2, 13, 44, 51, 90, 93,
108]

(c)

[9, 17, 28, 30, 45, 47,
50, 53, 59, 62, 74, 75,
89, 92, 97, 127]

(d)

[79, 84, 88, 134, 135]

(e)

[84, 67, 72, 78, 4, 8, 49,
87, 81, 26, 14, 120, 1,
43, 94]

Figure 2.2: Schematic representation of the five identified methods to increase the fixation of bone anchors:
(a) anchors that use threading, (b) anchors that utilise a curved path through the vertebra, (c) anchors that
(partly) expand, (d) anchors that use cement and (e) anchors that are designed to initiate bone ingrowth.

multiple vertebrae. Patents focusing only on the screw head or tools used during the
placement of pedicle screws were not included in this review.

2.2.3. GENERAL RESULTS

The listed search query resulted in the identification of 731 patents (February 2022).
These patents were included or excluded based on the set eligibility criteria. The titles,
abstracts and drawings of the patents were screened to determine if the eligibility crite-
ria were met. When there was uncertainty as to whether a patent should be included, the
description was read. Patents with the same inventors and describing the same anchor-
ing method were indicated as duplicates although these patents might not be duplicates
in the legal sense. In these cases, only the most recent patent was included in this review.
This resulted in 56 unique patents that were included in this review.

2.3. RESULTS

2.3.1. OVERVIEW

The patents were categorised based on the anchoring method used to ensure a good
fixation between the screw and the surrounding bone. Five unique fixation methods
were identified: (1) anchors that use threading, (2) anchors that utilise a curved path
through the vertebra, (3) anchors that (partly) expand, (4) anchors that use cement and
(5) anchors that are designed to initiate bone in growth. The five fixation methods are
schematically represented in Figure 2.2.
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(a) (b) (c) (d) (e)

Figure 2.3: Anchors relying on thread (blue) in order to create a fixation with the surrounding bone. (a) Anchor
with a smaller pitched thread at the proximal end of the anchor. Figure adapted from Yoon and Lee [133]. (b)
Anchor with a changing pith and thread depth along the length of the anchor. Figure adapted from Jung et al.
[71]. (c) Anchor with an interrupted threaded section to increase the fixation in the cancellous bone. Figure
adapted from Alon [3]. (d) Anchor with a threaded section as well as a flexible section. Figure adapted from
Casutt [27]. (e) Anchor with a flexible connection between the screw thread and the screw. Figure adapted
from Biedermann et al. [16]

2.3.2. THREADED ANCHORS

Threaded anchors were found in fifteen patents [37, 133, 10, 70, 39, 63, 23, 101, 41, 134,
33, 71, 3, 27, 16], which all describe methods to ensure fixation of the bone anchor by
using one or multiple threaded sections. The fixation strength of a threaded anchor de-
pends on the shape, material and surface properties of the threaded section in contact
with the surrounding bone. Screws designed for fixation in cortical bone are often char-
acterised by threads with a small pitch, in order to increase the number of threads in
contact with the thin layer of cortical bone. Screws that are designed for fixation within
cancellous bone are characterised by a larger pitch and larger thread depth to increase
the contact area with the cancellous bone.

The anchors described are intended for placement via a posterior approach. After
placement, the distal section of the anchor is located in the vertebral body surrounded
by cancellous bone, while the proximal section of the anchor is located in the pedicle and
will have contact with the cortical bone. The bone anchor described by Crook et al. [37]
uses a triple lead screw that allows for a quick insertion while increasing the fixation in
the cortical bone due to the smaller pitch. Yoon and Lee [133] described an anchor with
a quadruple threads in the proximal section of which two threads continue in the distal
section while the other two threads are carved out of the distal section. This results in a
distal section with a pitch that is twice as large as the proximal section as well as a larger
thread depth (Figure 2.3a). Threaded anchors in which the threads differs over the length
of the anchor to optimise it for fixation within the surrounding type of bone were found
in eight other patents [10, 23, 39, 41, 63, 70, 101, 134]. The threads can be optimised
by using a multi-threaded proximal section or by decreasing the minor diameter of the
screw while keeping the major diameter constant to make the thread depth deeper in
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the distal section. The anchor described by Cole [33] does the opposite and consists of a
single-threaded proximal section with a constant cross section and a tapered distal tip,
which is double threaded.

Jung et al. [71] described an anchor that has a shaft in which three sections can be
identified (Figure 2.3b). The proximal portion is intended for fixation within the cortical
bone layer and has a constant diameter that is threaded with a small pitch. The middle
section has the same diameter as the proximal portion will be located in the cancellous
bone and is equipped with threads with a larger pitch. The third, and most distal section,
is shaped like a corkscrew, and the cancellous bone is retained inside this screw section.
Alon [3] described an anchor with interrupted threaded sections that only compresses
the cancellous bone without chipping the bone and thus weakening the fixation (Figure
2.3c).

The anchor described by Casutt [27] employs a different way of improving fixation
strength. The described anchor has a flexible zone between the more rigid upper and
lower shaft regions allowing the anchor to bend along with the bone (Figure 2.3d). High
strains on the surrounding bone and high stresses in the shaft of the anchor are thus
avoided. The placement and the design of the flexible zone can be matched with the
vertebra characteristics. Biedermann et al. [16] described an anchor with incorporated
flexibility as well, but in this case the screw threads and the core are connected by a ridge
that allows small motions between the two (Figure 2.3e).

2.3.3. CURVED ANCHORS

This group includes anchors that improve the fixation strength of the anchors by plac-
ing them along a curved path to employ a shape lock principle. Seven of the included
patents [2, 13, 44, 51, 90, 93, 108] belong in this category. The included anchors may be
pre-curved, or include one or more flexible sections that allow for bending of the anchor.

Ben-Arye et al. [13] and Matityahu et al. [90] both described anchors that are pre
curved. The curve is thought to increase the fixation as the anchor cannot be pulled out
with an axial pull force. To further improve the fixation, the distal tips of the anchors
that meet within the vertebral body can be connected by tightening a cable that runs
through both anchors as described by Ben-Arye et al. [13] (Figure 2.4a). When the anchor
must be removed, for instance to treat an infection, the cable can be untightened and,
subsequently, the individual anchors can be pulled out.

Aghayev et al. [2], Glerum et al. [51] and Meek et al. [93] described anchors that can
be introduced into a vertebra via the pedicle after which the anchor bends superior and
can enter the adjacent vertebra via the vertebral endplate. Aghayev et al. [2] and Glerum
et al. [51] described a bendable section that is created by interconnected (compliant)
segments (Figure 2.4b). Meek et al. [93] described an anchor that has a flexible section
made out of a tube that has a helical shape with interlocking teeth similar to the flexible
section in the anchor described by Errico et al. [44] (Figure 2.4c). The interlocking teeth
allow for flexibility while being able to transfer longitudinal rotation. Saidha and White
[108] described a flexible anchor that has a bendable corkscrew structure, which allows
placing the anchor in a curved pathway.
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(a) (b) (c)

Figure 2.4: Anchors implanted in a curved path (green) to create an improved fixation. (a) Pre curved bone
anchor consisting of two parts that are connected at the distal tip by a flexible wire rope that runs through
the anchor. Figure adapted from Ben-Arye et al. [13]. (b) Bone anchors with a joint that allows bending of
the anchor. Figure adapted from Aghayev et al. [2]. (c) Partly threaded anchor with a flexible section. Figure
adapted from Errico et al. [44]

2.3.4. EXPANDABLE ANCHORS

Expandable anchors were found in sixteen patents [9, 17, 28, 30, 45, 47, 50, 53, 59, 62, 74,
75, 89, 92, 97, 127]. All of them describe bone anchors with one or more structures that
can be expanded after placement in order to increase the fixation strength of the anchor.
A proposed use of expansion is a secondary structure that acts similar to a wall plug [9,
30, 59, 75]. In these anchors, the plug is first inserted into a pre-made cavity, after which
a screw is placed leading to radial expansion of the plug. The plug shapes to the cavity
increasing the pull-out strength and preventing micro-motion of the anchor.

Other patents also describe anchors that use radial expansion in order to improve
the fixation, but without the use of a secondary structure [53, 62, 89]. Gooch [53] de-
scribed an anchor that expands partly in the pedicle, Hawkins et al. [62] and Maestretti
et al. [89] described anchors in which the expansion will take place inside the vertebral
body, resulting in the anchor expanding inside the cancellous bone. Hawkins et al. [62]
described a bone anchor consisting of two curved blades each having a barbed side at
the inside of the curve meant for bone engagement (Figure 2.5a). Both blades are intro-
duced into the premade cavity where the bone engaging sides of the blades oppose each
other and are in contact with the cavity’s surface. The two blades can be connected at
the proximal side resulting in an expansion of the distal tips. This ensures the fixation of
the anchor within the surrounding bone.

2.3.5. CEMENT AUGMENTED ANCHORS

Five anchors that use cement to increase the fixation strength of the anchor were in-
cluded [79, 84, 88, 134, 135]. In all the identified anchors in this group, a hollow section
is present, to allow a fluid to run through it [79, 84, 88, 134, 135]. These anchors can be
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(a) (b) (c) (d) (e)

Figure 2.5: Anchors that have an expanding structure (yellow) to achieve a fixation with the surrounding bone.
(a) Anchor consisting out of two pre curved parts that engage in the bone. Figure adapted from Hawkins et
al. [62]. (b) Anchor with to laterally expanding blades. Figure adapted from Feng et al. [45]. (c) Anchor
with multiple laterally expanding blades Mcdonald and Thornes [92]. (d) Anchor with root-like shaped struts.
Figure adapted from Gregory and Ghobial [50]. (e) Anchor with a part that expands in a predrilled cavity by
filling the expanding section with bone cement. Figure adapted from Froehlich [47]

used in combination with bone cement, for example PolyMethyl MethAcrylate (PMMA).
The bone cement is pushed through the central channel and exits through one of the
side channels and is pressed into the pores of the cancellous bone (Figure 2.6a). As the
cement hardens, a rigid construct between the screw and the porous bone is achieved.
Thus, the screw is thought to have a higher pull-out force. Kohm and Ferdinand [79] pro-
pose to use such a hollow screw and place it in pre-made linked cavities, which are filled
with cement in order to increase the fixation strength (Figure 2.6b).

2.3.6. BONE INGROWTH ANCHORS
The group bone ingrowth supporting anchors includes fifteen patents [84, 67, 72, 78, 4,
8, 49, 87, 81, 26, 14, 120, 1, 43, 94]. Bone integration in the anchors can be achieved by a
smart design of the shape of the anchor, as described by Huwais [67] and Juszczyk [72].
The two (partly) threaded anchors described in these patents have a non-circular cross
section. Huwais [67] described an anchor with ridges that stress the bone upon imple-
mentation (Figure 2.6c). The applied stresses on the bone should be between the yield
point and the ultimate tensile strength, and aims to induce bone growth. Juszczyk [72]
described an anchor with an elliptical cross section that has a similar working principle.

Kohketsu and Ojima and Andersson et al. described the use of artificial bone in order
to obtain a firm fixation of a bone anchor [78, 4]. A plug made of artificial bone such as
hardened calcium phosphate can be used. Introduction of a screw into the plug breaks
it, however, the chips of the plug material ensure the fixation of the screw as they are
absorbed by the bone to promote bone growth (Figure 2.6d) [78].

A number of anchors increase their fixation strength by enhancing the outer sur-
face of the anchor with a bone ingrowth-promoting layer. One option is to roughen the
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(a) (b) (c)

(d) (e) (f)

Figure 2.6: Anchors that use cement (orange), or aim to initiate bone ingrowth (red). (a) A threaded anchor with
a channel through which the bone cement can be fed. Figure adapted from Zhou [135]. (b) Anchor fixed in the
bone by utilizing two interlinked cavities filled with cement. Figure adapted from Kohm and Ferdinand [79].
(c) The ridges on the anchor surface cause elastic deformation of the surrounding bone during introduction,
resulting in bone growth. Figure adapted from Huwais [67]. d The use of a plug that breaks upon introduction
of the screw. The plug chips encourage bone ingrowth. Figure adapted from Kohketsu and Ojima [78]. (e) A
porous structure on the threaded bone anchor that allows for bone ingrowth. Figure adapted from Liu and
Yang [87]. (f) A threaded bone anchor with holes that allow for bone ingrowth. Figure adapted from Kyle and
Patel [81]
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outer surface of the bone anchor as to create a bone-implant interface [8]. Additionally, a
porous structure that allows bone ingrowth can be used to increase the fixation strength
of a bone anchor. In the device described by Arnin [8], for instance, the proximal sec-
tion of the bone anchor is coated with a porous hydroxyl apatite layer to promote bone
ingrowth [49]. Another option is to use a porous threaded section (Figure 2.6e) [87]. Li
et al. [84] proposed a porous distal section that does not only allow for bone ingrowth,
but also lowers the local stress to the distal tip due to the increased flexibility of this sec-
tion. This anchor can also be enhanced by a channel for the application of bone cement.
Finally, another option is to increase the pore diameter to allow and stimulate bone in-
growth (Figure 2.6f) [14, 26, 81]. These holes can also be used for drug delivery and the
application of fillers. In addition, non-threaded anchor sections can be enhanced with
holes and materials that promote bone growth [1, 43]. Mehl and Mesiwala [94], for ex-
ample, proposed an anchor that during insertion, accumulates bone chips in the holes
and ridges that run along the anchor in order to achieve fast bone ingrowth.

2.4. FROM PATENT TO COMMERCIALISATION
To get more insight in the commercialisation of the designs presented in the included
patents, a list of commercial product corresponding to the designs included in this study
was made. These products were identified through a review of the products of the com-
panies to which the patents were assigned and comparing the resemblance between the
patents and the products. This was done for each patent filed by a company. Approx-
imately 74% of the patents included in this study are filed by a company, 10% by an
academic institution and 16% by independent inventors. From this, it can be deduced
that this field of research is primarily industry-driven. A list of commercial products cor-
responding to the bone anchors included in this study is presented in Table 2.1. Most of
the identified products focus on bone ingrowth, but are not (yet) used as bone anchors
for application in spinal fusion surgery. Some are in the trial phase for use as a medical
product, while others are clinically used but not as a substitute for pedicle screws but for
hip fractures or sacroiliac (SI)-joint fusion.

2.5. DISCUSSION

2.5.1. COMPARATIVE ANALYSIS
Of the patents included in this study, 27% are in the category of ‘expandable anchors’.
This is remarkable since this method is not used to increase the fixation strength in com-
mercially available intrapedicular bone anchors. Expandable structures inside the ver-
tebral body are, however, used in vertebroplasty. During this type of surgery, a collapsed
vertebra is reinforced using an expandable structure in combination with bone cement.
A possible explanation for the high number of expandable anchors may be the versatile
design of such anchors. There are many ways to achieve expansion, and each can be
patented individually. The category ‘cement augmented anchors’ only account for 6% of
the included patents, and the designs described in these patents are much more straight-
forward as they all contain a central channel through which the cement is transported.
The other categories ‘threaded anchors’, ‘curved anchors’ and ‘bone ingrowth anchors’
account for 26%, 14% and 27%, respectively. Figure 2.7 shows the temporal distribution
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Table 2.1: Overview of the commercial availability of the bone anchors described by the included patents.

Commercial
product

Company Reference (Clinical) studies Method /
Group

patent
reference

QuattroTM

Mantiz
Logitech Inc.,

Republic of
Korea

[91] [11] Threaded [133]

VertLift

Intended for
vertebroplasty

SpineAlign
Medical, Inc.,

United States

[119] [7] Expandable [28]

X-Bolt ®

X-Bolt
Orthopaedics,

Ireland

[131]
[58, 57, 52, 73, 32, 54, 46]
[56, 55, 99, 35]

Expandable [92]

Fiber
AnchorTM

Theracell Inc.,

United States
[121] [126]

Bone
ingrowth

[4]

ProMISTM

Premia Spine
USA,

United States

[114] [111]
Bone
ingrowth

[8]

SIrosTM

Intended for
SI-joint fusion

Genesyspine®

United States
[82] -

Bone
ingrowth

[14]

iFuse

Intended for
SI-joint fusion

SI-BONE, inc.,

United States
[68]

[15, 6, 5, 98, 38, 123, 69]
[85, 20, 117, 19, 18, 40]
[106, 86, 29, 110, 85, 48, 107]
[105, 95, 42]

Bone
ingrowth

[43]

SImpact®

Intended for
SI-joint fusion

Life Spine,

United States
[113] -

Bone
ingrowth

[94]

of the included patents classified per fixation method. There is an overall increase in the
number of patents published over time especially when taking into account that only
patents published till February 2022 are included in this review. There is no clear trend
towards one of the five identified fixation methods but in the last six years, there has
been a clear increase in patents that describe anchors that initiate bone ingrowth.

2.5.2. COMPARISON ANCHOR PLACEMENT

Safe anchor placement is an important issue when designing spinal bone anchors to
avoid damage to the vertebra itself and the surrounding anatomical structures such
as nerve roots, blood vessels and the spinal cord during anchor placement. When us-
ing threaded anchors, the aim is to achieve maximal cortical bone purchase during the
placement. The highest fixation strength is achieved by anchors that have a maximum
outer diameter and length that can be placed without the occurrence of cortical breach
[31]. The trade-off between maximal bone purchase and avoiding damage has led to the
recommendation to use a screw diameter that is 80% of the pedicle width [115]. This re-
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Figure 2.7: Temporal distribution of relevant patents categories based on the fixation method (threaded,
curved, expandable, cement augmented, or bone ingrowth) until February 2022

sults in a placement accuracy that ranges from 60 to 97.5% in the lumbar spine, and from
27.6 to 96.5% in the thoracic spine using conventional pedicle screws with the free-hand
method [80].

Bone anchors that are cement augmented or that have a coating to induce bone in-
growth have a similar placement strategy as the conventional pedicle screw. Although no
literature could be found on the placement accuracy with such anchors, it is likely that
their placement accuracy is similar to conventional pedicle screws. Additional risks that
arise during placement of cement augmented bone anchors are thermal and chemical
bone necrosis due to the polymerisation of the bone cement [116] and cement leakage
out of the vertebral body via veins or cortical defects [132]. Although cement leakage can
result in serious complications such as pulmonary embolisms, the risks of clinically rele-
vant complications are slim: in a study of 98 patients with 474 cement augmented pedi-
cle screws, leakage occurred in 93.6% of the patients but all cases were asymptomatic
[96].

For curved or expandable bone anchors, placement is more critical as the place-
ment of these anchors is more difficult to predict and to could potentially cause more
harm. We think that real-time feedback of the anchor location within the vertebra is
a necessity to prevent injury to surrounding structures when using curved or expand-
able anchors. 3D navigation or other systems such as electrical conductivity or diffuse
reflectance spectroscopy (DRS) should be used to reliably detect cortical breaches [24].
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2.5.3. COMPARISON ANCHOR FIXATION

The fixation strength of bone anchors is often measured by the pull-out force; the force
required to axially pull the anchor out of the vertebra. In this section we will give an
indication for the fixation strength for each of the five identified fixation methods. These
findings should be taken as a rough estimate for the fixation strength as differences in
design, while using the same anchoring method, could result in significant differences
in fixations strength.

The use of double threaded screws significantly increases the pull-out strength with
20% as compared to conventional single-threaded screws [112]. To our knowledge there
is no data available on the fixation strength of curved anchors. Yet, placing the screw
along a well-selected curved path as compared to the straight path of a conventional
pedicle screw is likely to increase the fixation strength. Bi-cortical fixation, where the
distal tip of a straight screw engages in the opposite cortex improves the pull-out force to
120% compared to conventional screw placement [136]. Similar effects might be reached
when using curved intrapedicular bone anchors. Anchors with a hydroxyapatite-coating
that promotes bone ingrowth can increase the pull-out strength 1.5 times as compared to
the pull-out strength of conventional screws [61]. It takes, however, days to weeks for the
bone to grow and increase the fixation strength. Cement augmented anchors improve
the fixation even more, as the load is transferred to the vertebral body via the cement
[12]. The pull-out strength of cement augmented screws can almost double the pull-out
strength compared to the conventional pedicle screws that are not cement augmented
[136]. Lastly, expandable bone anchors can also improve the pull-out strength compared
to conventional pedicle screws [125]. The study of Wu et al. [130] shows that the used
anchors became loose in 4.1% of the cases while with conventional pedicle screws, loos-
ening occurred in 12.9% of the cases, showing clearly the advantage of the expandable
anchors in terms of loosening. However, the same study showed that 0.4% of the ex-
pandable anchors broke while none of the conventional pedicle screws broke, which is a
clear drawback of expandable anchors. A possible explanation is that expandable bone
anchors consist of multiple moving parts that makes them more fragile.

2.5.4. COMPARISON ANCHOR REMOVAL

Causes for implant removal are pain, discomfort or deep infection, which makes removal
of bone anchors a necessity. However, the screws must be fixated well such that fusion
of the vertebrae can take place. It was found that 15% of the pedicle screws are not func-
tional anymore within one year, for instance, due to loosening [100]. In the study of
Sandén et al. [109] it was found that threaded anchors were already loose after 10–22
months or could be removed by a maximum torque of only 25 Ncm. It must be noted
that the fusion of the vertebra is expected to take place within the first six months after
surgery. During these six months, good fixation of the screws is a necessity to allow for
the desired fusion, as even minor motions between the vertebrae can prevent fusion, but
afterwards, the screws are redundant. Removal of expandable anchors can be challeng-
ing depending on the design, as bone ingrowth can occur within the open spaces of the
expanded anchor. This could prevent folding of the anchor into the original state and
subsequently damage the pedicle during the removal of the anchor [130]. The removal
of cement augmented anchors with a screw thread is also a challenge as the cement cre-
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ates a firm fixation by flowing into the pores of the cancellous bone. The anchor can
be removed similarly to a threaded anchor by rotating it out, but the removal of the re-
maining cement may cause damage to the vertebral body or the pedicle [136]. Removal
of anchors with a hydroxyapatite-coating is also challenging. The study of Sandén et al.
showed that the required torque to remove a hydroxyapatite-coated anchor could exceed
600 Ncm [109].

2.5.5. LIMITATIONS AND FUTURE RESEARCH
This review provides an overview of the bone anchors found in patent literature. Even
though patents merely describe novel ideas without giving many details about suitability
for surgical practice, we have included this information in this review to the best of our
knowledge. The patent search was carried out within two patent classes: A61B17/70 and
A61B17/7001, which both focus on anchors for spinal stabilisation. It would be interest-
ing to expand this study with a patent review on bone anchors for other anatomical sites
as these may also be applicable in the spine. Furthermore, only patent literature was
included in this review to provide insights into the development of future intrapedicular
bone anchors. Including anchor designs presented in scientific literature could also be
interesting for future research.

This study provides an overview of the currently patented means to improve the fix-
ation strength of intrapedicular bone anchors. The overview can provide insights into
the future direction of technologies for spine fixation and could serve as a source of in-
spiration for the design of new anchors that allow for safe placement and removal while
increasing the fixation strength of the anchor in the vertebra.

2.6. CONCLUSION
Due to ageing of the population, an increase in spinal fusion surgeries will be performed
in osteoporotic bone. To achieve reliable fixation in this weaker bone, alternatives to the
conventional pedicle screw, which is now the gold standard for spine fixation, are desir-
able. A patent search has been performed to map what lies beyond the pedicle screw.
Five means to increase the fixation of a bone anchor have been identified: (1) anchors
that use threading, (2) anchors that utilise a curved path through the vertebra, (3) an-
chors that (partly) expand, (4) anchors that use cement and (5) anchors that are designed
to initiate bone ingrowth. This overview provides insights into worldwide patented cre-
ative ideas by which the fixation strength of bone anchors that run through the pedicle
can be improved, which may also serve to improve fixation strength of bone anchors in
general.
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3
DESIGN OF A CURVED BONE

ANCHOR

Pedicle screws have long been established as the gold standard for spinal bone fixation.
However, their fixation strength can be compromised in cases of low bone density, particu-
larly in osteoporotic bone, due to the reliance on a micro-shape lock between the screw
thread and the surrounding bone. To address this challenge, we propose augmenting
conventional pedicles screws with a curved compliant anchor. This anchor integrates
a curved super-elastic nitinol rod that is advanced through a cannulated pedicle screw,
forming a macro-shape lock within the vertebral body to aid the fixation strength. Both
placement safety and fixation strength of this novel spinal bone anchor were validated on
tissue phantoms (Sawbones). The radius of the curved compliant anchor’s path demon-
strates high precision while exhibiting strong dependence on the bone density in which
the anchor is placed. When the curved compliant anchor is combined with a conven-
tional pedicle screw, the mean maximum pull-out force elevated to 290 N, marking a 14%
enhancement in pull-out resistance compared to using a pedicle screw alone. Further aug-
mentation with multiple curved compliant anchors holds promise for even greater fixa-
tion. The application of a curved compliant spinal bone anchor offers a promising means
of increasing the fixation strength of pedicles screws, which is especially relevant in chal-
lenging clinical scenarios such a patient suffering from osteoporosis.

This chapter is under review as:
de Kater, E.P., Jager, D.J., Breedveld, P., & Sakes, A. A Curved Compliant Spinal Bone Anchor to Enhance Fixation
Strength.
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3.1. INTRODUCTION

3.1.1. BONE ANCHORING

Back issues, including conditions like herniated discs, spinal deformities, and spinal in-
stability, often necessitate spinal fusion surgery. This orthopaedic intervention involves
the fusion of multiple adjacent vertebrae into a single bony mass. Interbody fusion
stands out as the most frequently performed type of spinal fusion surgery, with an an-
nual occurrence of over 352.000 performed cases in the United States alone [25]. This
number is expected to rise in the foreseeable future, as the prevalence of degenerative
disorders rises due to an ageing population and advances in medical technology, which
expand the number of eligible patients [18, 8, 14, 7, 28]. In line with these trends, the
number of lumbar fusions for patients aged over 65 increased with 138% between 2004
and 2015 in the United States [18]. During spinal fusion surgery, the objective is to cor-
rect spinal deformities and to generate stability of the spine. In order to achieve this,
a connection between adjacent vertebrae is constructed by introducing pedicle screws
into the vertebrae and linking them with rods that traverse alongside the vertebrae (Fig-
ure 3.1). This rigid construct intends to eliminate any movement between the adjacent
vertebrae, facilitating their fusion with the assistance of bone graft material. The success
of spinal fusion surgery is highly dependent on the anchoring strength of the pedicle
screw within the vertebra, as even minor movement between the vertebrae can hinder
the desired fusion [33].

3.1.2. PROBLEM DEFINITION

While pedicle screws are considered the gold standard in spinal fusion surgery, their fix-
ation may lack, leading to complications such as screw loosening, unsuccessful fusion,
and the need for revision surgery. Understanding the vertebral anatomy is of impor-
tance in this context. Vertebrae comprise a dense and strong outer layer of cortical bone
encasing porous cancellous bone. The main part of a positioned pedicle screw is sur-
rounded by the porous cancellous bone. Only the small section of the screw within the
pedicle engage with the cortical bone. Sometimes the distal tip of the screw is engaged
in the anterior cortex of the vertebral body to enhance the contact area with the cortical
bone. These two relatively small sections accounts for up to 85% of the screw’s pull-out
resistance, while the main part of the screw that is surrounded with the cancellous bone
contributes only 15-20% of the pull-out resistance [30].

Pedicle screw loosening is a clinically relevant complication. Several studies have
reported the prevalence, risk factors, and outcomes associated with screw loosening in
spinal fusion surgery [9, 4, 24, 31]. These complications are of particular concern in pa-
tients with poor bone quality or challenging anatomical conditions, where traditional
fixation methods may be insufficient. Screw loosening is more prevalent in patient suf-
fering from osteoporosis [33, 6]. Osteoporosis is characterised by reduced bone density
due to the degeneration of cancellous bone and thinning of the cortical bone layer within
the pedicle [11]. Wu et al. [31] reported a 4.7% incidence of screw loosening in non-
osteoporotic vertebra, while the meta-analysis conducted by Rometsch et al. [26] re-
vealed a significantly higher average screw loosening incidence of 22.5% in osteoporotic
vertebra.
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Figure 3.1: Vertebral fixation. The current golden standard uses pedicle screws with screw thread to create a
fixation using micro shape-lock.

An important indicator of screw fixation strength within a homogeneous material is
the Flank Overlap Area (FOA) [mm2], representing the area of material captured by the
screw thread. The FOA represents the area of interaction between the screw thread and
the bone, which is critical for determining the anchoring strength of the screw. The FOA
can be calculated using Equation 3.1 [15], with do the outer diameter of the screw [mm],
dc the core diameter of the screw [mm], L the shaft length of the screw [mm], and p the
pitch of the screw thread [mm] (Figure 3.1).

FO A = 1

4
π(do

2 −dc
2)

L

p
(3.1)

The magnitude of the FOA is primarily influenced by the distance between the outer
diameter of the screw and the core diameter of the screw. This distance determines the
area of interface between the bone and the screw thread, thereby directly impacting the
anchoring effectiveness of the screw. In spinal fusion surgery, the optimisation of the
FOA is limited by the vertebra’s size. Pedicle screws must conform to specific dimensions
of the vertebra, including the pedicle and the vertebral body, to ensure proper place-
ment. For instance, the screw should pass through the pedicle without breaching the
cortical bone layer, limiting the outer diameter, and the screw length should be selected
to avoid penetrating the anterior cortical wall. While reducing the screw’s inner diam-
eter has the potential to increase the FOA, it would come at the cost of weakening the
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screw itself. Similarly, reducing the screw thread pitch may enhance the FOA for screws
in a homogeneous material, but this principle does not apply to pedicle screws used in
porous, non-homogeneous bone. A pitch smaller than the pore size of cancellous bone
would hinder effective bone material capture between the threads, compromising screw
fixation strength.

While the screw thread’s micro-fixation mechanism performs well in homogeneous
material such as dense cortical bone, it is not ideally suited for reliable fixation within
porous cancellous bone. Achieving fixation in cancellous bone, particularly in patients
suffering from osteoporosis, presents a considerable challenge due to the compromised
bone quality, reducing the fixation strength of pedicle screws. This underscores the need
to explore methods to establish secure fixation within cancellous bone.

3.1.3. STATE-OF-THE-ART: ANCHORING IN CANCELLOUS BONE

To increase the fixation strength of pedicle screws within the cancellous bone, ongo-
ing research explores alternative anchoring methods [12]. Cement-augmented pedicle
screws are frequently employed to enhance fixation strength in osteoporotic bone. These
screws feature a central lumen through which cement, such as PolyMethylMethAcry-
late (PMMA), is injected. The cement exits the screw via side channels at the distal tip,
flowing into cancellous bone pores to create a firm shape lock. Consequently, load on
the screw transfers to the vertebral bone via the cement, nearly doubling the pull-out
strength as compared to conventional pedicle screws [33]. However, there are challenges
associated with the use of cement-augmented screws. Heat generated during cement
hardening can result in bone necrosis [27]. Additionally, cement leakage from the ver-
tebra via cortical defects or veins may occur, and although this rarely results in clinical
complications such as Pulmonary Embolisms (PE), the occurrence of asymptomatic ce-
ment leakage is high [22, 19, 32]. While the rates of asymptomatic cement leakage and
asymptomatic PE are relatively high, it is important to note that the occurrence of clin-
ical consequences is rare. This distinction underscores the generally low clinical risk
associated with these findings despite their frequency. In the study of Mueller et al. [22],
asymptomatic perivertebral cement leakage was observed in 93.6% of patients (88 pa-
tients) and 73.3% of augmented vertebrae (165 vertebrae), most frequently occurring in
the perivertebral venous system, while clinically asymptomatic pulmonary cement em-
bolism was noted in 4.1% of patients (4 patients). Martín-Fernández et al. [19] found
that cement leakage was seen in 62.3% of vertebrae (650 vertebrae) with no major clini-
cal complications, though 0.6% of patients (2 patients) experienced radicular pain, and
4.1% of patients (13 patients) developed deep infections requiring surgical debridement.
However, it is important to note that the removal of screws, whether for the management
of infection or for revision procedures (such as in cases of pseudarthrosis or adjacent
segment disease), can be significantly complicated by the presence of cement augmen-
tation. The cement’s integration with the bone and its role in providing additional sta-
bility make these procedures more challenging and may increase the risk of damage to
the surrounding bone and tissue [33, 19].

Another alternative anchoring method, outlined in patent literature but not yet clin-
ically implemented, involves the utilization of curved anchors [13], see Figure 3.2. The
curved path of such an anchor could enhance fixation strength by employing a macro
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Rigid Curved Anchors

(a) (b)

Multi-Segmented Anchors

(c) (d) (e)

Figure 3.2: Alternative Anchoring Methods. Curved anchors are proposed in the patent literature. Rigid curved
anchors consist of rigid pre-bend elements and are proposed by (a) Ben-Arye et al. [2] and (b) Matityahu et al.
[20]. Multi-segmented anchors contain multiple segments that can move with respect to each other and are
proposed by (c) Aghayev et al. [1], (d) Glerum et al. [10] and (e) Meek et al. [21]

shape-lock between the spinal bone anchor and the cancellous bone in the vertebral
body. Rigid curved anchors, described by Ben-Arye et al. [2] and Matityahu et al. [20],
can be placed in a pre-drilled curved tunnel. Unlike conventional pedicle screws, these
anchors rely solely on macro-fixation within the vertebral body, omitting screw thread
and thus the associated fixation strength. The patents by Aghayev et al. [1], Glerum et
al. [10] and Meek et al. [21] propose anchors composed of separate segments capable
of bending with respect to each other to create a curved macro-shape fixation. Utilising
conventional joints or helical shapes with interlocking teeth facilitates the desired com-
pliance of the anchor while maintaining segment connection. These compliant anchors
assist in placement within the vertebra, and potentially enable the use of a macro-shape
fixation in combination with the conventional pedicle screws. However, the use of joints
weakens the anchor structure, posing a risk of implant failure under high loads acting on
the bone anchors.

3.1.4. GOAL OF THIS STUDY

The objective of this study is to develop and evaluate a novel curved compliant bone
anchor, intended as an additional means of fixation, that supplements the conventional
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Figure 3.3: The curved compliant anchor combined with the currently used pedicle screws is placed in four
steps: 1) Create the pilot hole, 2) place the anchor, 3) advance the curved compliant anchor and 4) fixate the
curved compliant anchor.

pedicle screw and enhances fixation strength by establishing a macro-shape lock within
the vertebral body. Our aim is to achieve this macro-shape lock using a compliant struc-
ture as to avoid the use of joints that may weaken the anchor.

3.2. ANCHOR DEVELOPMENT

3.2.1. PROPOSED SOLUTION

To enhance the fixation strength of conventional pedicle screws, we propose the incor-
poration of a curved compliant anchor that can be advanced through a cannulated pedi-
cle screw, providing and additional mode of fixation alongside the conventional screw
threads. Utilising an elastic material for the curved compliant anchor eliminates the
need for intricate joints or structures, ensuring smooth advancement of the curved com-
pliant anchor through the straight lumen of the cannulated pedicle screw (Figure 3.3).
The curved compliant anchor features a sharp tip and is curved into a precise circular
arch, facilitating its insertion through the cancellous bone.

The placement of our proposed curved compliant anchor similar to conventional
pedicle screws, with two additional steps after pedicle screw placement. Initially, the en-
try point is determined, and a cortical wall opening is created. Subsequently, a straight
tunnel is formed through the pedicle into the vertebral body. The cannulated pedicle
screw containing the curved compliant anchor is screwed into the straight tunnel simi-
larly to the placement of a conventional pedicle screw. Subsequently, the curved com-
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Figure 3.4: The curved compliant anchor combined with the currently used pedicle screws is placed in four
steps: 1) Create the pilot hole, 2) place the anchor, 3) advance the curved compliant anchor and 4) fixate the
curved compliant anchor.

pliant anchor is advanced through cannulated screw into the vertebral body, assuming
its curved shape when exiting the cannulated pedicle screw. Once fully inserted into
the vertebral body, the curved compliant anchor is secured to the pedicle screw using a
bolt. This ensures that pulling forces exerted on the anchor are transferred to the bone
through both the screw thread and the compliant anchor.

3.2.2. ANCHOR DESIGN
The curved compliant anchor is intended to complement currently clinically available
pedicle screws. Therefore, the placement and fixation strength of the curved compliant
anchor will be evaluated without and with considering the fixation strength of the pedi-
cle screw thread. For this purpose, two rigid cannulated anchors were developed: one
anchor without a screw thread, and one with a screw thread, both containing a central
lumen (� 1.5 mm) for the insertion of the curved compliant anchor (Figure 3.4). Given
that advancing the curved complaint anchor through the straight lumen of the rigid can-
nulated anchor requires significant deformation of the curved compliant anchor, it de-
mands the use of an elastic material to prevent plastic deformation.

Nitinol is renowned for its high elastic elongation of up to 8% without undergoing
plastic deformation [29]. Additionally, nitinol is biocompatible which makes it suitable
to use for long-term implementation, which is required for spinal fusion surgery. There-
fore, nitinol presents an ideal material choice for the curved compliant anchor, allowing
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for the necessary large deformations without compromising its integrity.

The minimal radius of the nitinol rod that can be straightened without experienc-
ing plastic deformation can be computed using Equation 3.2, with R [mm] the minimal
bending radius, d [mm] the diameter of the nitinol rod and ϵ [-] the allowable strain of
the nitinol rod [29].

R = d

2ϵ
+ d

2
(3.2)

Given that cannulated pedicle screws typically accommodate Kirschner-wires (K-
wires) with a diameter of up to 1.5 mm, the curved compliant anchor is designed with a
similar diameter of 1.25 mm. Utilising a super elastic nitinol rod with a diameter of 1.25
mm and an allowable strain of 0.08, yields in a minimal bending radius of approximately
8.5 mm. It was decided to use a nitinol rod with a pre-curved radius of 15 mm as this not
only prevents plastic deformation but also reduces the force required to straighten the
rod, while ensuring the curve fits within the vertebral body.

3.2.3. ANCHOR PROTOTYPING

The rigid cannulated anchors were manufactured from stainless steel using conven-
tional machining techniques. The curved compliant anchor was made of a super elas-
tic nitinol rod (Nitinol Device and Components, 1.25 mm, mechanically polished). To
achieve the desired curvature, the nitinol rod was placed in a mold to ensure the desired
curvature and, subsequently heated for a minimum of 20 minutes at 500oC . To facilitate
smooth advancement of the curved compliant anchor through bone, the nitinol tip was
sharpened with a bevel angle of 20o , similar to the tips of currently used K-wires [17, 16].
At the opposite end of the curved compliant anchor a flattened section was incorporated
to enable the connection to a linear stage for controlled placement and alignment of the
curvature of the compliant anchor within the vertebra.

The curved compliant anchor can, after advancement through the rigid cannulated
anchor, be secured to the rigid cannulated anchor using a small bolt. The design of the
rigid cannulated anchor is such that it can be effortlessly connected with two bolts to
a pull-out testing machine especially designed to validate the fixation strength of the
anchor.

3.3. ANCHOR PLACEMENT EXPERIMENT

3.3.1. EXPERIMENTAL GOAL

Accurate placement of a spinal bone anchor is crucial to prevent damage to surround-
ing anatomy. The compliant nature of the curved compliant anchor makes that the in-
teraction forces between the cancellous bone and the curved compliant anchor could
influence the anchor path during insertion. A higher bone density increases these inter-
action forces during advancement of the curved compliant anchor. Consequently, these
forces may result in a deviation from the intended path. The aim of the Anchor Place-
ment Experiment was therefore to investigate whether and how bone density affects the
accuracy of placement of the curved compliant anchor.
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3.3.2. EXPERIMENTAL VARIABLES
The independent variable in this experiment was the bone density. The effect of bone
density on the placement accuracy of the curved compliant anchor was investigated by
inserting the curved compliant anchor into three types of bone phantoms (SawBones)
with compressive strengths of 5, 10 and 15 Pounds per Cubic Food (PCF), representing
severe osteoporotic, osteoporotic and healthy bone, respectively [23].

The dependent variable was the anchor path radius. The radius of the circular path
followed by the curved compliant anchor was measured and compared with the radius
of the curved compliant anchor in free space (15 mm). The controlled variables in the
experiment were the introduction velocity (1 mm/s) of the curved compliant anchor and
the radius and length of the curved compliant anchor in free space (radius: 15 mm,
length: 70 mm), which remain constant. Only the anchor without screw thread was
tested in this experiment.

3.3.3. EXPERIMENTAL FACILITY
The experimental facility is depicted in Figure 3.5. The curved compliant anchor (red,
nitinol), housed within the non-threaded rigid cannulated anchor (yellow, stainless
steel), is connected to the linear stage using a connector (orange, brass). The connec-
tor anchor ensures accurate placement of the curved compliant anchor within the bone
phantom (10 mm x 70 mm x 70 mm). To prevent buckling of the curved compliant an-
chor during advancement through the bone phantom, a rigid guide (green) and a spring
(blue, Verenfabriek De Spiraal, �outer = 2 mm, �wi r e = 0.2 mm) were positioned around
the proximal part of the curved compliant anchor.

3.3.4. EXPERIMENTAL PROTOCOL
Bone phantoms were prepared with a bandsaw, after which a cylindrical hole (� 3 mm,
length: 30 mm) was created using a drill press. The curved compliant anchor was in-
serted into the rigid cannulated anchor without screw thread, ensuring alignment of the
distal tips of the concentric anchors. Subsequently, the concentric anchors were placed
into the pre-made hole of the bone phantom. The spring was then positioned around
the curved compliant anchor and the compliant anchor was attached to the linear stage
via the connector. Subsequently, the rigid guide was pushed over the connector, the
compliant anchor, and the spring.

At this stage, the linear stage was employed to advance the curved compliant anchor
through the bone at a velocity of 1 mm/s over a distance of 70 mm, corresponding to
the length of the curved section of the anchor (70 mm). Upon completion of the an-
chor placement, the bone phantom was filed down until the curved compliant anchor
became visible. Subsequently, the curved compliant anchor was removed, leaving the
tunnel through which the anchor passed visible for analysis. This test was performed
three times in each bone density (5 PCF, 10 PCF and 15 PCF).

3.3.5. DATA ANALYSIS
After removal of the curved compliant anchors, the bone phantoms were scanned us-
ing a document scanner. Subsequently the scanned images were analysed using Matlab
R2019b. Initially, a reference measurement was taken to establish the scale of the image
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Figure 3.5: Experimental facility Placement Validation. A linear stage is used to advance the curved compliant
anchor (red) through the non-threaded rigid cannulated anchor (yellow) and the bone phantom via the con-
nector (orange). Buckling of the compliant anchor is prevented by the rigid guide (green) and a compression
spring (blue).

accurately. Subsequently, the radius of the curved compliant anchor’s path was deter-
mined by selecting 10 points alongside the circular arch of the anchor path with a mouse
click. The radius of the curved compliant anchor was then constructed using the least
square error method.

3.3.6. ANCHOR PLACEMENT RESULTS

The results of the experiment are presented in Figure 3.6. Figure 3.6a displays the radius
of the curved compliant anchor in bone phantom material with a compressive strength
of 5, 10 and 15 PCF, respectively. The radius of the complaint anchor was 15 mm in
free space, 22.1 mm (SD ± 0.4 mm) in 5 PCF bone phantom, 29.0 mm (SD ± 0.8 mm)
in 10 PCF bone phantom, and 35.8 mm (SD ± 0.2 mm) in 15 PCF bone phantom ma-
terial. Figure 3.6b illustrates a boxplot of the radii of the curved compliant anchor in
bone phantom material with a compressive strength of 5, 10, and 15 PCF. Due to the
low number of repetitions, no formal statistical tests were performed. The purpose of
these initial experiments was to provide a preliminary evaluation on the precision of the
curved compliant anchor path in bone phantoms with different densities.
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(a) (b)

Figure 3.6: Results Placement Validation. (a) Cut through of the bone phantom showing the path of the curved
compliant anchor and the corresponding radius. (b) Boxplot showing the radius of the curved compliant an-
chor for 5, 10 and 15 Pound per Cubic Foot (PCF) bone phantom.

3.4. ANCHOR FIXATION EXPERIMENT

3.4.1. EXPERIMENTAL GOAL

The objective of the Anchor Fixation Experiment was to investigate the fixation strength
of the curved compliant anchor in bone phantom material. The preliminary aim was
to assess the impact on pull-out resistance of the curved compliant anchor without the
use of a screw thread. Subsequently, the impact on pull-out resistance of the curved
compliant anchor in conjunction with a rigid cannulated anchor with screw thread was
compared to the pull-out resistance of a stand-alone rigid cannulated anchor with screw
thread.

3.4.2. EXPERIMENTAL VARIABLES

The independent variable in the Anchor Fixation Experiment was the anchor type. Pull-
out tests were conducted using three different anchor configurations: 1) the curved com-
pliant anchor with the non-threaded rigid cannulated anchor, 2) a stand-alone threaded
rigid cannulated anchor, and 3) the curved compliant anchor in conjunction with the
threaded rigid cannulated anchor.

The dependent variables were the initial pull-out force and the maximal pull-out
force. The pull-out force is defined as the axial force exerted on the anchor and was
measured using a force sensor (Futek, LCM300, 4448 N). The initial pull-out force refers
to the amount of force required to begin the dislodgement or loosening of the screw from
the bone, while the maximum pull-out force is the highest force needed to remove the
screw entirely once loosening has commenced. Clinically, the initial pull-out force is the
more relevant parameter, as it represents the threshold at which screw loosening starts,
which is the primary concern in maintaining the stability of the fixation. Understanding
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this distinction helps to focus on the factors that affect initial loosening, which is critical
for ensuring successful outcomes in bone fixation procedures.

The controlled variable were the bone density (10 PCF, Sawbones), the pull-out ve-
locity (3.5 mm/min), and the radius and length of the complaint anchor (radius: 15 mm,
length: 70 mm). These variables remained constant throughout the experiment.

3.4.3. EXPERIMENTAL FACILITY

The experimental facility is illustrated in Figure 3.7. The facility allows for controlled ex-
traction of the anchor from the bone phantom while continuously measuring the pull-
out force using a force sensor (Futek, LCM300, 4448 N). The initial and maximum pull-
out forces were measured using this mechanical experimental facility that simulated the
in-vitro conditions for pedicle screw fixation. For the pull-out experiment, the bone
phantom containing the pedicle screws, with and without the curved compliant anchors
was positioned within the container, with the proximal end of the anchor connected to
the slider. The extraction of the anchor from the bone phantom was facilitated by an
electric motor (Modelcraft, RB 35, 1:600) equipped with a gear transmission (9:1), result-
ing in a translation speed of the slider of 3.5 mm/min. Subsequently, the screws were
subjected to a continuous axial pull-out load at this constant displacement rate. Addi-
tionally, to determine the force required to initiate the extraction of the anchor, the fa-
cility was used to measure the relative displacement of the anchor with respect to bone
using a linear potentiometer (Althen, 13FLP12A). The initial pull-out force was defined
as the load corresponding to the initial relative displacement of the anchor with respect
to the bone phantom. The maximum pull-out force was defined as the highest recorded
force just before failure, characterised by a sudden drop in resistance or displacement of
the screw.

3.4.4. EXPERIMENTAL PROTOCOL

Bone phantoms (20 mm x 60 mm x 60 mm) were prepared with a bandsaw, after which
a cylindrical hole (� 3 mm, length: 30 mm) was created using a drill press. The bone
phantoms were composed of material with a compressive strength of 10 PCF, represent-
ing osteoporotic bone. The rigid cannulated anchor was inserted into the bone phantom
using the same method as employed in the Anchor Placement Experiment. A linear stage
was utilised to advance the curved complaint anchor through the rigid cannulated an-
chor into the bone phantom at a velocity of 1 mm/s. Following the placement of the
curved compliant anchor in the bone phantom, the curved compliant anchor was se-
cured to the rigid cannulated anchor using a bolt (M 0.9). The bone phantom with the
anchors was then positioned in the container of the experimental facility. The rigid can-
nulated anchor was connected to the slider using two bolts (M 2.5). The slider was then
moved by the electric motor such that the linear potentiometer was fully retracted and
in contact with the container and the shaft. The collected data were analysed using Mat-
lab R2019b. To ensure consistency in data interpretation, the data were normalised such
that the anchors started moving at t=0.
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Figure 3.7: Experimental facility Anchor Fixation Validation including the actuation that pulls the anchor via
the slider out of the bone that is placed within the container. The pull-force and displacement of the anchor
with respect to the bone is measured by the force sensor and the linear potentiometer.

3.4.5. ANCHOR FIXATION RESULTS

The pull-out force of curved compliant anchor with the non-threaded rigid cannulated
anchor, the stand-alone threaded rigid cannulated anchor, and the curved compliant
anchor with the threaded rigid cannulated anchor is presented in Figure 3.8a. Figure
3.8b presents a boxplot representing the initial and maximum pull-out force of each an-
chor type. The mean initial pull-out force for the curved compliant anchor with the
non-threaded rigid cannulated anchor, the stand-alone threaded rigid cannulated an-
chor, and the curved compliant anchor with the threaded rigid cannulated anchor is
20 N, 148 N and 157 N respectively. Additionally, the mean maximum pull-out force
for the curved compliant anchor with the non-threaded rigid cannulated anchor, the
stand-alone threaded rigid cannulated anchor, and the curved compliant anchor with
the threaded rigid cannulated anchor is 30 N, 254 N, and 290 N respectively. The addi-
tion of a curved compliant anchor to the pedicle screw resulted in an average increase
of 6% in initial pull-out resistance and a 14% increase in maximal pull-out force as com-
pared to the stand-alone pedicle screw. Note that due to the low number of repetitions,
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no formal statistical tests were performed. The purpose of these initial experiments was
to provide a preliminary evaluation of the potential impact, in terms of pull-out force, of
the curved compliant anchor.

3.5. DISCUSSION

3.5.1. MAIN FINDINGS

This study presents a novel design for a curved compliant bone anchor for use in con-
junction with conventional cannulated pedicle screws. The anchor consists of a pre-
curved compliant nitinol rod (� 1.25 mm) with a radius of curvature of 15 mm and
a length of 70 mm that is advanced through a rigid cannulated and threaded anchor.
Placement of the combined compliant and threaded rigid cannulated anchor into the
vertebra is similar to the placement of the conventional pedicle screw, with the addition
of advancing the curved compliant anchor through the cannulated pedicle screw into
the vertebral body after pedicle screw placement. Similarity in placement enables easy
integration in the current practice of spinal fusion surgery.

Two experiments were performed to determine whether the curved compliant an-
chor allows for accurate placement and increases the pull-out force of current pedicle
screws. In the Anchor Placement Experiment, the ability of the anchor to follow a prede-
termined path through cancellous bone was investigated. The radius of the complaint
anchor’s path was 22 mm in a severe osteoporotic bone phantom and 36 mm in a healthy
bone phantom. It was found that although the path of the curved compliant anchor is
dependent on the bone density, the anchor path showed a low variability (<1 mm) be-
tween samples with the same bone density. The use of pre-operative measurement of
bone density, such as a Computed Tomography (CT)-scan or Dual-energy X-ray absorp-
tiometry (DXA) [3] could be used to account for the influence of bone density of the ra-
dius of the curved compliant anchor’s path. Alternatively, real-time sensing techniques
such as Diffuse Reflectance Spectroscopy (DRS), could provide feedback to alert the clin-
ician of potential cortical breaches during placement [5].

In the second experiment, the effect of the curved compliant anchor on the pull-
out resistance was investigated. The curved compliant anchor in conjunction with the
threaded rigid cannulated anchor fixation strength increased by up to 14% (maximum
pull-out force: 290 N) compared to the threaded rigid cannulated anchor without the
curved compliant anchor. Furthermore, it was seen that the initial pull-out force was
increased with 6%, which can prevent early screw loosening. The wider range of ini-
tial pull-out force in the threaded rigid anchor group may be attributed to variations in
the material properties of the phantom, such as density or composition, which impact
the anchor’s grip. These variations can lead to less consistent force measurements and
instances where the initial pull-out force is higher without the compliant anchor.

In comparing the additional pull-out strength provided by the compliant anchor to
that achieved with cement augmentation, it is important to note that while the increase
(6% in initial pull-out resistance and 14% in maximum pull-out force) is modest, it repre-
sents a potentially meaningful improvement in scenarios where cement augmentation
is not feasible or desired. This initial data suggests that the technology holds promise,
but further refinements may be necessary to enhance its efficacy to levels that could
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(a)

(b)

Figure 3.8: Pull-out force of the compliant anchor with the non-threaded rigid cannulated anchor, the stand-
alone threaded rigid cannulated anchor, and the compliant anchor with the threaded rigid cannulated anchor.
(a) Measured pull-out force of the different anchor types. Maximum pull-out force is indicated with an ‘X’. (b)
Boxplot showing the maximum pull-out force of the different anchor types. The mean pull-out force for each
of the anchor types is indicated with the black ‘X’
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justify broader clinical adoption. Additionally, the potential benefits of using multiple
compliant anchors should be considered, as incorporating several anchors could lead
to a cumulative increase in pull-out resistance, potentially making the technology more
competitive with existing solutions. Thus, while the current form of the compliant an-
chor shows potential, further development and evaluation are needed to determine its
optimal use and effectiveness in clinical practice.

3.5.2. LIMITATIONS AND FUTURE RESEARCH

The validated curved compliant anchor is constructed from a super elastic nitinol with
a diameter of 1.25 mm. A curved compliant anchor with a larger diameter is likely to
increase the pull-out resistance further as this would increase the stiffness of the curved
compliant anchor. However, plastic deformation of the curved compliant anchor when
feeding it through the straight lumen of the rigid cannulated anchor must be avoided.
This result in a maximum nitinol rod diameter of 2.2 mm using Equation 2 with an allow-
able strain of 0.08, and a curve radius of 15 mm. Using a larger rod diameter or a smaller
curve radius also implies that a higher force is required to deform the curved compliant
anchor such that is can be placed within the straight lumen of the rigid cannulated an-
chor and possibly that more force is required to advance the curved compliant anchor
through the rigid cannulated anchor. Future research into the effects of rod diameter
and curve radius on pull-out resistance seems an interesting step.

The curved compliant anchor allows for various placement orientations, potentially
increasing fixation strength by expanding contact with the vertebra (Figure 3.9). While
our findings indicate low variability in the radius of the anchor’s path within samples of
the same bone density, we acknowledge that the actual direction of this path remains
unpredictable, which presents several clinical challenges. A potential concern with the
use of curved compliant anchors is the risk of migration into the ventral prevertebral
space, which could result in injury to surrounding tissue including nervous tissue and
vascular tissue. To address these challenges, a redesign of the screw head could allow
for precise control of the anchor’s insertion direction and depth. Pre-operative selection
of the anchor path, considering both bone density and vertebral size, will be essential.
Furthermore, the use of advanced surgical navigation systems and real-time monitoring
during anchor deployment could provide continuous feedback to the surgeon, helping
to avoid unintended anchor migration.

Not all vertebrae may accommodate the current anchor paths, and smaller radii
should be explored to enable use in a broader range of vertebrae. Relocating the anchor’s
exit point midway along the pedicle screw body could also allow for bicortical purchase,
as well as offer higher versatility in anchor placement, potentially increasing pull-out
strength. Nonetheless, the potential for the anchor to traverse the disc space or exit the
vertebral body raises significant safety concerns, as these scenarios could cause damage
to adjacent segments, interfere with interbody fusion procedures, or even result in injury
to surrounding structures. While the outer cortical bone may limit the anchor’s path, fur-
ther investigation is needed to ensure this assumption is valid and that the technology
can be safely implemented.

While this study focused on pull-out resistance as a measure of fixation strength,
future research should explore the impact of curved anchors on alternative load cases
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(a)
(b)

Figure 3.9: Alternative anchor designs using a compliant pre-curved anchor. (a) The use of multiple pre-curved
anchors could further increase the fixation strength. (b) Anchor paths through the cortical bone layer allows
for a fixation that spans multiple vertebrae The use of multiple pre-curved anchors could further increase the
fixation strength.

as well as cyclic load cases that may result in toggling of the anchor. Toggling resistance
is crucial in preventing pedicle screw loosening as the pivoting motion of bone anchors
is known to compromise the fixations strength [14]. Investigating alternative and cyclic
load cases would provide a more comprehensive understanding of the anchor’s stability
and resistance to loosening under various loading conditions.

The presented curved compliant anchor was designed as a spinal bone anchor in
conjunction with a cannulated pedicle screw. We acknowledge that the integration of the
nitinol anchor with the standard pedicle screw head does not allow for rod placement
in its current form. To address this, the screw head needs to be redesigned to accom-
modate the nitinol anchor deeper inside the pedicle screw, which will ensure sufficient
space for rod placement. This adjustment will facilitate easy integration of the anchor
into the current practice of spinal fusion surgery, making it a viable option for clinical
use. Additionally, the curved compliant anchor bears resemblance to the K-wires used in
orthopaedic procedures for fixating bone fragments. Curved compliant anchors could,
therefore, potential be used as an alternative for K-wires for increased fixation strength.
Besides increased fixation, curved compliant K-wires could also be used to follow the
shape of more organically shaped bones, such as the pelvis, to prevent protrusion out of
the bone such that damage to surrounding tissue is limited.

The experiments performed in this study were conducted using SawBones Solid
Foam bone phantom material with mechanical properties similar to human bone [23].
However, its homogeneity and closed cell structure may not fully replicate the complex-
ity of real human bone, potentially influencing anchor behaviour. We acknowledge that
bone density is likely to influence the performance of the curved anchors, with more
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osteoporotic bone potentially reducing the pull-out force, and recommend further ex-
periments using bone phantoms with varying densities to better understand this effect.
Furthermore, solely the interaction of the curved anchor within cancellous bone were
investigated, neglecting the impact of the cortical bone layer. Future research should
consider investigating the influence of the cortical bone layer on anchor performance.
Therefore, further ex-vivo and in-vivo experiments are warranted to validate the per-
formance of the curved anchor in more realistic bone environments. Additionally, we
recognise that future studies will require a larger sample size and appropriate statisti-
cal analysis to determine the statistical significance of these findings and to validate the
observed trends.

3.6. CONCLUSION
The curved compliant spinal bone anchor introduced in this study featured a compli-
ant nitinol curved rod capable of being advanced through a cannulated pedicle screw.
The trajectory of the curved compliant anchor proved highly predictable, even though
the path is dependent on the bone density. When utilized independently, the curved
compliant anchor exhibited a pull-out resistance of 30 N. Using the curved compliant
anchor combined with a threaded rigid cannulated anchor, the mean pull-out resis-
tance increased substantially to 290 N, marking a 14% enhancement in pull-out resis-
tance compared to the threaded rigid cannulated anchor without the curved compliant
anchor. Employing multiple curved compliant anchors and exploring alternative paths
could further augment the pull-out resistance of pedicle screws. The curved compliant
bone anchor evaluated in the present study represents a first step towards enhancing the
fixation strength of bone screws in a variety of orthopaedic procedures, including spinal
fusion surgery.
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4
DESIGN OF A TOGGLING RESISTANT

BONE ANCHOR

Loosening of pedicle screws after spinal fusion surgery can prevent the desired fusion be-
tween vertebrae and may be a reason for revision surgery. Especially in osteoporotic bone,
toggling of pedicle screws is a common problem that compromises the fixation strength of
these screws and can lead to loosening or axial pull-out of the screw. In this study, we ex-
plore the use of an in-pedicle expandable anchor that shapes to the pedicle to increase the
toggling resistance of the anchor by increasing the contact area between the anchor and the
dense cortical bone of the pedicle. A scaled-up, two-dimensional prototype was designed.
The prototype consists of a bolt and ten stainless steel wedges that expand by tensioning
the bolt. During the expansion, the wedges are required to compress the cancellous bone.
Based on the first preliminary experiment, it was found that the expansion of the wedges
resulted in successful compression of 5 PCF cancellous bone phantom (Sawbones). This
preliminary study shows that an expandable in-pedicle anchor could be a feasible option
to increase the toggling resistance of spinal bone anchors, especially in osteoporotic bone.

This chapter is published as:
de Kater, E. P., Weststeijn, C. F., Sakes, A., & Breedveld, P. (2022, July). A toggling resistant in-pedicle expandable
anchor: A preliminary study. In 2022 44th Annual International Conference of the IEEE Engineering in Medicine
& Biology Society (EMBC) (pp. 3313-3317). IEEE.
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4.1. INTRODUCTION

4.1.1. PEDICLE SCREW FIXATION

Spinal fusion surgery is commonly performed to restore stability to the spine in case of
deformity, fractures or pain. During spinal fusion surgery, two or more adjacent verte-
brae are fused by eliminating all motion between the vertebrae using pedicle screws and
rods. The strength of the construct and thus the success rate of spinal fusion surgery
relies on the purchase of the screw in the vertebra [14]. Vertebrae have a shell of dense
cortical bone that surrounds the porous cancellous bone. Each vertebra has two pedi-
cles that connect the vertebral arch to the vertebral body (Figure 4.1). The pedicle has
an hourglass shape with a smaller cross-section in the middle of the pedicle and a larger
cross-section more anterior and posterior.

Pedicle screws are placed through the pedicle into the vertebral body. A larger screw
diameter increases the fixation strength as it increases the contact surface between the
screw and the dense cortical bone. The pedicle is surrounded by delicate anatomical
structures such as the spinal cord and spinal nerve roots [10]. To avoid damage to these
structures, it is advised to use a screw with a diameter of 80% of the diameter of the pedi-
cle at the most narrow location [7]. The limited diameter of the screw and the hourglass
shape of the pedicle result in limited contact between the screw and the dense cortical
bone layer. This contact is even more limited due to the oval cross-section of the pedicle.

The fixation strength of pedicle screws is often indicated by the screw’s pull-out
strength which is the force necessary to axially pull the screw from the vertebra. The
pull-out strength relies for 60% on the fixation of the screw in the pedicle as this is the
location where the screw has purchase in the dense cortical bone layer [14, 10]. The pull-
out strength can be compromised due to small rotations of the screw around the pivoting
point, which is known as toggling [1]. Toggling is caused by a cyclic loading that is ex-
erted on the screw, for instance during walking or bending of the back, and is especially a
problem in caudocephalad (from tail to head) direction, due to the oval cross-section of
the pedicle. A toggling force Ftog g l i ng of 200 N applied on a single pedicle screw placed
in a vertebra that is not connected to a rod, can result in a large toggling displacement of
8 mm [4]. During toggling the cancellous bone that surrounds the screw is compressed
which compromises the fixation strength of the screw [14, 4].

Due to the ageing of the population, more patients undergoing spinal fusion surgery
suffer from osteoporosis. Osteoporosis is characterized by the resorption of mainly the
porous cancellous bone. This decrease in bone density of the cancellous bone decreases
the provided resistance to toggling and compromises the fixation strength [14, 11].

4.1.2. STATE-OF-THE-ART: SPINAL BONE ANCHORS

The success rate of spinal fusion surgery could be improved by using spinal bone an-
chors that have an improved fixation strength compared to the conventional pedicle
screw, especially in osteoporotic bone. Different methods have been developed to im-
prove the fixation strength of pedicle screws in osteoporotic bone. The use of cement
augmented screws can almost double the pull-out strength [14] but has as a drawback
the heat generation during curing of the cement which can result in bone necrosis [8].
Furthermore, leaking of cement out of the vertebral body, via veins or cortical defects,
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Figure 4.1: Schematic representation of pedicle screw toggling. The toggling force (Ftog g l i ng ), results in a
pivoting motion of the screw around the pivoting point causing compression of the cancellous bone and com-
promising the fixation strength. The oval cross sections of the pedicle show the hourglass shape of the pedicle.
The red dots indicate the contact points between the pedicle screw and the cortical bone layer of the pedicle.

often occurs and can, in rare cases, result in serious complications such as pulmonary
embolisms [13]. Lastly, cement augmented anchors are difficult to remove which can be
required during revision surgery. During removal of the cement augmented anchor, the
vertebra is often damaged [14].

A second means to increase the fixation of spinal bone anchors is the use of a bone
ingrowth inducing coating such as hydroxyapatite. Such a coating can successfully in-
crease the fixation strength but as a drawback, also makes it more challenging to remove
the anchor in case of a revision surgery [2, 6].

In patent and scientific literature, expandable anchors are also proposed as a so-
lution to increase the fixation strength of bone anchors. The anchors often have an ex-
pandable distal tip that anchors inside the vertebral body by creating a shape-lock which
significantly increases the fixation strength [12, 9]. This explored method to increase the
fixation strength of spinal bone anchors relies on increasing the fixation within the can-
cellous bone of the vertebral body. Although the contact area between the screw and
the cortical bone layer is slim due to the cylinder shape of the screw and the oval and
hourglass shape of the pedicle, the pedicle accounts for 60% of the pull-out resistance
and 80% of the toggling resistance [3]. The increase in the contact area between the cor-
tical bone and the bone anchor in the pedicle could, therefore, be more beneficial than
an expandable section within the cancellous bone of the vertebral body. In osteoporotic
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Figure 4.2: Schematic visualisation of the working principle of the in-pedicle expandable anchor. The first step
is to make a tunnel through the pedicle (step 1) after which the anchor is placed in the collapsed state (step
2). After correct placement. The anchor can expand (step 3). The expansion results in multiple contact points
between the anchor and the cortical bone layer (indicated with red dots).

patients, the advantage of increasing the fixation strength by increasing the contact area
with the cortical bone could be even greater, as the cortical bone layer is often less com-
promised than the cancellous bone [11].

4.1.3. RESEARCH GOAL

To ensure a long-term fixation of the screw within the vertebra, toggling of spinal bone
anchors should be avoided. The goal of this study is to design an in-pedicle expandable
anchor to increase the toggling resistance by increasing the contact area between the
anchor and the cortical bone layer of the pedicle.

4.2. METHOD

4.2.1. DESIGN DIRECTION

The in-pedicle anchor should deform to the pedicle to increase the toggling resistance,
which will be achieved by expansion. The current bone anchors use screw thread for fix-
ation in the vertebra. This requires the anchors to have a circular cross-section in order
to screw the anchor into the vertebra. Since the proposed in-pedicle anchor uses expan-
sion to fixate within the vertebra, the screw thread is not required and thus is the anchor
not limited to having a circular cross-section. Designing the anchor with an oval cross-
section, similar to the cross-section of the pedicle, increases the contact between the
anchor and the cortical bone layer. This in combination with expansion in the caudo-
cephalad direction could make the anchor more resistant to toggling as toggling is most
severe in this direction.

We expect that, in clinical use, a tunnel is made through the pedicle before the in-
pedicle bone anchor is placed. The anchor is placed in the collapsed state and once in
the correct position, the anchor can expand to deform to the cortical bone layer of the
pedicle (Figure 4.2).
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(a) (b)

Figure 4.3: Wedge principle. (a) A compressive force Fcompr ess results in expansion of the wedges. (b) Free
body diagram of the forces acting on a single wedge during expansion. The compressive force results in a
normal force Fn which is dependent on the inclination angleα, and friction forces F f When the wedges expand
the wedge will compress the cancellous bone by overcoming Fbone .

The proposed in-pedicle bone anchor consists of ten wedges with one bolt through
the centre. Tightening the bolt presses the wedges together and, due to the slanted edges,
causes the wedges to expand (Figure 4.3a). The idea is that the resistance of the can-
cellous bone is slim and will thus not prevent the expansion of the wedges. The much
denser cortical bone wall is expected to prevent further expansion upon impact. This
way the anchor will deform to the cortical bone layer of the pedicle and increase the
number of contact points with the cortical bone layer, making the anchor more toggling
resistant compared to the conventional pedicle screw.

4.2.2. EXPANSION WORKING PRINCIPLE

Wedges have an inclined side that can be used to convert a force. In this design, a com-
pressive force will result in an angulated normal force which will cause the wedge to ex-
pand (Figure 4.3b). Besides the normal force that is generated, friction forces will be in-
duced. These friction forces will oppose the expansion and are highly dependent on the
friction coefficient between the two wedges. The wedges of the prototype are intended
to expand within the pedicle. This requires the wedges not only to overcome the fric-
tion force between the wedges but also to exert enough force to compress the cancellous
bone. Wedges with a larger inclination (larger angle α) require a smaller compression
force to obtain the desired expansion, which is advantageous. However, the larger the
inclination, the wider the wedges will become, and thus the more cancellous bone must
be compressed to allow the wedges to expand. This will increase the forces opposing
the expansion. Besides this, the pedicle has a limited length, thus an increasing width
of the wedges would also decrease the number of wedges that fit within the pedicle and
thus result in fewer contact points between the anchor and the cortical bone layer of the
pedicle. Therefore, a smaller inclination is beneficial as long as the inclination is large
enough to allow the wedges to expand when exerting a limited compressive force.
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(a) (b)

Figure 4.4: Prototype design. (a) Photograph of the prototype consisting of ten wedges, a bolt that runs through
the centre and two alignment pins. (b) Dimensions of the prototype in the collapsed and expanded state.

4.2.3. PROTOTYPE
To explore the idea of increasing the toggling resistance using an in-pedicle expandable
bone anchor, a two-dimensional (2D) prototype was designed. This 2D prototype should
be able to deform to a 2D cross-section of the pedicle.

The prototype comprises a stainless steel M8 bolt and ten stainless steel (316L)
wedges made by electrical discharge machining (EDM) (Figure 4.4a). The bolt is flat-
tened at the sides to avoid rotation of the wedges around the bolt during insertion and
expansion. To prevent the wedges from expanding before insertion, two alignment pins
are used. After placement of the anchor, these alignment pins are removed such that the
wedges can expand. The eight wedges in the middle have two slanted sides such that
from both sides compression will cause the wedge to move outwards. The first and last
wedges have one slanted side where the wedge is in contact with an adjacent wedge to
allow for expansion. The other side of the wedge, where it is in contact with the nut or the
head of the bolt, is straight to increase the contact area to avoid peak forces that could
damage the prototype. The anchor is scaled up (∼200%) to ease the fabrication and al-
low for visual observations during the validation process. The prototype has a width of
10.8 mm, a height of 20 mm and a length of 33.7 mm when in the collapsed state, and a
height of 30 mm and a length of 21.8 mm when in the expanded state (Figure 4.4b).

4.2.4. PRELIMINARY EXPERIMENT
The main function of this in-pedicle expandable prototype is that tightening of the
bolt must result in the expansion of the wedges which causes compression of the sur-
rounding cancellous bone. In this preliminary experiment, the expansion of the wedges
through the cancellous bone will be investigated.

For this experiment, the prototype will be placed between two plates of 5 Pound-
force per Cubic Foot (PCF) solid foam cancellous bone phantom (Sawbones) which has
similar mechanical properties as osteoporotic cancellous bone [5].

The bolt will be tightened to 7 Nm. The initial state of the wedges and the expanded
state after tightening the bolt up to 7 Nm will be captured by a camera (Sony A6000). This
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Figure 4.5: Expansion process when exerting a force of 7 Nm. The numbered wedges in the collapsed state
(red) and the expanded state (blue) with the expansion path indicated with the white arrow.

test will be repeated three times in a new block of 5 PCF cancellous bone phantom.
Photographs of the wedges were analysed using Matlab 2019b to determine the dis-

placement of each of the wedges in the x and y-direction.

4.3. RESULTS
Figure 4.5 shows the expansion of the wedges when tightening the bolt to 7 Nm. The red
indicated wedges show the collapsed position and the blue wedges show the expanded
position of the wedges. The white arrows indicate the expansion path of the wedges. Fig-
ure 4.6 shows the mean displacement and the standard deviation in the x and y-direction
for each of the wedges.

4.4. DISCUSSION

4.4.1. MAIN FINDINGS
This preliminary study presents the idea of using in-pedicle expansion to increase the
toggling resistance of spinal bone anchors. A prototype was developed consisting of ten
wedges with a bolt that runs through the centre of the wedges. Tightening of the bolt
results in expansion of the wedges. The first preliminary experiment showed that the
wedges were able to successfully expand within 5 PCF solid foam (Sawbones), which
corresponds to osteoporotic cancellous bone [5]. Due to the slanted sides of the wedges,
expansion of the anchor also leads to shortening of the anchor. It can be observed that
the wedges tend to contract to the centre of the anchor.

4.4.2. LIMITATIONS AND FUTURE RESEARCH
The preliminary experiment shows that the use of wedges to expand through cancellous
bone is a possible option to create an in-pedicle expandable anchor to prevent toggling.
In future research, the abilities of the anchor to deform to the pedicle must be investi-
gated as well as the toggling resistance of the in-pedicle expandable anchor.
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Figure 4.6: Displacement of the wedges during expansion in the x and y-direction. The mean is indicated with
the red arrow and the standard deviation is indicated with the grey triangle.

After validation of using in-pedicle expansion to increase the toggling resistance, fu-
ture research should be conducted such that the anchor can be used in a clinical set-
ting. The current prototype is scaled-up and made in 2D, as this allowed for better visual
observations during the preliminary validation. Future experiments will be carried out
such that they are closer to the clinical setting in which the anchor is intended to be used.
For these experiments, a new prototype must be designed that is scaled to the required
size and works in 3D. Furthermore, the current is made of stainless steel prototype, and
although stainless steel is listed as a biocompatible material, it is not used for long term
implants. For clinical use, the prototype should be redesigned in a material suitable for
long term implants such as titanium.

The tests presented in the study are performed using Sawbones 5 PCF solid foam and
although this is a good alternative to real bone as it has similar mechanical properties,
the phantom is very homogeneous while real bone has a more heterogeneous character
which could influence the expansion of the prototype. Furthermore, the pedicle shape is
different from person to person and from vertebra to vertebra. Both ex-vivo and in-vivo
tests will give more insight into the adaptability of the anchor for these different pedicle
shapes and bone characteristics. In this preliminary study in-pedicle expansion is inves-
tigated as a single means of anchoring. It would be interesting to look into combining
in-pedicle expansion with currently used spinal bone anchors, such as the conventional
pedicle screw. This preliminary study presents a first step in using in-pedicle expansion
to increase the toggling resistance and could in the future serve as a means to increase
the fixation strength of spinal bone anchors, especially in osteoporotic bone.
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4.5. CONCLUSION
The use of in-pedicle expansion to increase the toggling resistance of a spinal bone an-
chor is explored in this paper. A scaled-up prototype was manufactured consisting of
a bolt running through the centre of ten wedges. After placement of the anchor in a
premade cavity, the bolt can be tightened which will cause the wedges to expand. The
wedges were able to successfully compress a cancellous bone phantom during expan-
sion. The presented prototype is a promising step to explore the use of expandable
structures within the pedicle to increase the fixation strength and the toggling resistance
of spinal bone anchors.
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DESIGN OF AN L-SHAPED BONE

ANCHOR

The success rate of spinal fusion surgery is mainly determined by the fixation strength of
the spinal bone anchors. This study explores the use of an L-shaped spinal bone anchor
that is intended to establish a macro-shape lock with the posterior cortical layer of the
vertebral body, thereby increasing the pull-out resistance of the anchor. The performance
of this L-shaped anchor was evaluated in lumbar vertebra phantoms (L1-L5) across four
distinct perpendicular orientations (lateral, medial, superior, and inferior). During the
pull-out experiments, the pull-out force, and the displacement of the anchor with respect
to the vertebra was measured which allowed the determination of the maximal pull-out
force (mean: 123 N ± 25 N) and the initial pull-out force, the initial force required to
start motion of the anchor (mean: 23 N ± 16 N). Notably, the maximum pull-out force
was observed when the anchor engaged the cortical bone layer. The results demonstrate
the potential benefits of utilising a spinal bone anchor featuring a macro-shape lock with
the cortical bone layer to increase the pull-out force. Combining the macro shape-lock
fixation method with the conventional pedicle screw shows the potential to significantly
enhance the fixation strength of spinal bone anchors.

This chapter is published as:
de Kater, E.P., Blom, M. N., van Doorn, T. C., Tieu, Q. H., Jager, D. J., Sakes, A., & Breedveld, P. (2024). Enhancing
spinal bone anchor pull-out resistance with an L-shaped anchor. PLOS ONE, 19(5), e0302996.
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5.1. INTRODUCTION

5.1.1. SPINAL FUSION SURGERY

Spinal fusion surgery is an orthopaedic procedure that aims to fuse adjacent vertebrae
to enhance spinal stability, alleviate pain, and address spinal deformities [20]. The gold
standard to achieve spinal fusion entails the use of rods, firmly secured to the vertebrae
with pedicle screws inserted through the pedicles into the vertebral body (Figure 5.1a).
The overall success of spinal fusion surgery is highly dependent on the fixation strength
of these pedicle screws within the vertebra, as even the slightest micro-movement be-
tween the adjacent vertebrae can hamper the desired fusion [23].

Although pull-out of pedicle screws is a very unlikely cause of implant failure, the
fixation strength of pedicle screws is commonly quantified through the measurement of
pull-out force, which represents the axial force required to pull the screw from the verte-
bra [14]. This pull-out force is the result of the interaction of the pedicle screw with the
vertebra. Vertebrae comprise a thin compact layer of cortical bone that encapsulates the
porous cancellous bone. The cortical bone layer shows considerable resilience against
external forces due to its dense structure. While cortical bone possesses the potential to
offer great fixation strength for spinal bone anchors, the majority of the currently used
pedicle screws are embedded within the porous cancellous bone. Only the section of the
screw located within the pedicle is in contact with the cortical bone layer. Remarkably,
this relatively small section is responsible for 60% of the overall pull-out resistance [9,
22].

Correct placement of the pedicle screw is vital for the success of the spinal fusion
surgery. The spinal column comprises vertebrae separated by intervertebral disks pro-
viding both stability and mobility to the spine. Additionally, the vertebrae play an impor-
tant role in protecting the spinal cord, which runs through the spinal canal (Figure 5.1a,
Figure 5.1b). The spinal column is surrounded by delicate and vital structures such as the
spinal cord, vascular and nervous tissue. This presents a challenges in the placement
of pedicle screws, as a misalignment may result in damage to these critical anatomi-
cal structures or lead to suboptimal screw fixation [21, 18]. When striving to enhance
the fixation strength, a larger screw diameter appears advantageous, as it increases con-
tact with the cortical bone layer within the pedicle, consequently increasing the fixation
strength [1]. However, a larger screw diameter also elevates the risk of breaching the
cortical bone layer and potentially damaging the surrounding anatomy.

5.1.2. ANCHOR TRAJECTORY OPTIMISATION

The search for enhanced pedicle screw fixation has led to a variety of innovative strate-
gies, including various screw thread types and the use of cement-augmented screws [11,
6]. Another approach to enhance the fixation strength of spinal bone anchors entails
optimising the screw trajectory. For instance, in bi-cortical placement the pedicle screw
is inserted to ensure fixation of screw tip within the anterior cortex [23, 3] (Figure 5.1a,
Figure 5.1c). This screw trajectory offers increased fixation strength, even with an av-
erage cortical bone layer thickness of only 0.4 mm [23, 3, 4]. Another alternative screw
trajectory is the cortical bone trajectory for lumbar pedicle screw placement. This more
lateral and caudo-cranial trajectory engages more cortical bone, thereby enhancing the
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pull-out resistance by approximately 30% [15, 10] (Figure 5.1a, Figure 5.1c).

The posterior cortex of the vertebral body, with its perpendicular orientation to the
pedicle, presents an ideal opportunity for a spinal bone anchor to establish a macro-
shape lock, potentially enhancing pull-out resistance. However, the posterior cortex is
currently underutilised in terms of contributing to the fixation strength of pedicle screws
due to design and placement limitations that do not accommodate the required L-shape.
A number of patents feature spinal bone anchors with outward-curving sections aimed
at creating an L-shape macro shape-lock with the posterior cortex of the vertebral body
[8, 5]. However, to our knowledge, these designs have not undergone testing in a close
to clinical setting. Furthermore, there remains a limited understanding of the potential
fixation strength of a macro-shape lock with the posterior cortex of the vertebral body
and the optimal orientation for these types of L-shaped anchors. The anchor design
presented by Shae et al. [17] demonstrates the potential of an expanding lateral pin, em-
ploying a rotational motion for anchor deployment. However, the undesirable conse-
quence of this rotational motion of the lateral pin is the compression of the surrounding
cancellous bone, potentially compromising the fixation strength of the anchor.

5.1.3. GOAL OF THIS STUDY

The goal of this research is to investigate and optimise the use of L-shaped spinal bone
anchor designs that leverage the advantages of a macro-shape lock with the posterior
cortex of the vertebral body to enhance pull-out resistance. This study aims to assess
the fixation strength and potential benefits of these anchor designs, including their opti-
mal orientation. Additionally, we seek to expand our understanding of the safety impli-
cations associated with these anchor designs, particularly in unforeseen circumstances
that could lead to complete anchor pull-out from the vertebra. Our research aims to
contribute valuable insights into improving the effectiveness and safety of spinal fusion
procedures by enhancing the fixation strength of spinal bone anchors.

5.2. METHOD

5.2.1. ANCHOR DESIGN

The currently utilised pedicle screws are inserted through the pedicle of the vertebra into
the vertebral body to provide essential stability and fixation strength [9, 22]. Introduc-
ing a pedicle screw with a lateral pin resulting in an L-shaped anchor through the same
pedicular path allows for the same level of fixation strength as the currently used pedicle
screw with the added possibility to establish a robust macro-shape lock with the pos-
terior cortex of the vertebral body, thus enhancing the pull-out resistance. Figure 5.2a
presents our conceptual design of a pedicle screw with an integrated L-shaped rod de-
signed to create the desired macro-shape lock with the posterior cortex. The expansion
of the rod enables placement of the pedicle screw through a single entry hole, similar
to current pedicle screws. Furthermore, the expansion of the lateral pin is achieved by
a translational motion which does not result in the undesired compression of the sur-
rounding cancellous bone as a rotational expansion would. Besides placement, removal
of spinal bone anchors is of importance, as implant removal can be required due to non-
fusion, occurrence of infection or implant loosening [13]. The lateral pin of the L-shaped
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(a) (b)

(c)

Figure 5.1: Lumbar vertebrae anatomy and placement of pedicle screws (grey), bi-cortical pedicle screws
(blue), and cortical pedicle screws (purple). The contact area with the cortical layer using such screws is in-
dicated in red. (a) Lumbar vertebrae (L1-L5), intervertebral discs, spinal cord nerves and pedicle screw place-
ment (sagittal plane). (b) Lumbar vertebra (transverse plane). (c) pedicle screw placement (transverse plane).
Illustration adapted from Servier Medical Art by Servier, licensed under a Creative Commons Attribution 3.0
Unported License.
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anchor can be retracted by removing the expansion rod, and subsequently introducing
it such that it will result in retraction of the pin as illustrated in Figure 5.2a.

The primary research objective of this study is to investigate the potential additional
fixation strength of this macro-shape lock compared to the conventional pedicle screw,
and determine the optimal orientation of the L-shaped anchor for both strength and
safety. To achieve this, an L-shaped anchor without screw thread comprising a central
pin and a lateral pin at the tip has been developed (Figure 5.2b). This anchor is not ex-
pandable and is merely intended as a means of researching the potential of utilising a
macro-shape lock with the cortical bone layer. The length of the lateral pin of the L-
shaped anchor was designed to be equal to the diameter of the anchor as this is theo-
retically the maximum length that would allow for the anchor to be placed through a
single entry hole following the design presented in Figure 2a. In this research four ori-
entations of the L-shaped anchor each with a 90-degree rotation were considered (A-D,
Figure 5.2c).

5.2.2. EXPERIMENTAL GOAL

The primary aim of this research is to explore the effect of an L-shaped macro lock with
the proximal cortical bone layer on the fixation strength of spinal bone anchors. An ex-
periment was carried out to assess the influence of the anchor orientation across various
lumbar vertebra. The two most important factors in evaluating spinal bone anchors are
the fixation strength and safety. These two factors were investigated based on 1) pull-out
resistance of the anchor and 2) damage to the vertebra after complete pull-out of the
anchor. Both factors were compared to the conventional pedicle screw.

5.2.3. EXPERIMENTAL VARIABLES

The following independent variables were varied during the experiment:

• Anchor orientation: The pull-out experiment was conducted using the L-shaped
anchor in four orientations with the lateral pin pointing in the cranial direction,
caudal direction, medial direction, and lateral direction, respectively (Orientation
A-D, Figure 5.2c).

• Vertebra type: The pull-out experiment was conducted using lumbar vertebra
phantoms provided by Synbone® (Spine Vertebra L1-L5, LSS material). These ver-
tebra phantoms closely mimic real vertebrae, featuring a porous cancellous bone
structure [19].

• Anchor type: The pull-out experiment was conducted with the L-shaped anchor as
well as with a conventional pedicle screw as presented in Figure 5.2b. The pedicle
screw was only tested in a single orientation and only in the L2 vertebra.

The following variable was kept constant during the experiment:

• Pull-out velocity: The L-shaped anchor was pulled out of the vertebra at a constant
velocity of 0.5 mm/s.

The following dependent variables were measured during the experiment:
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(a) (b)

(c)

Figure 5.2: L-shaped spinal bone anchor design and placement. (a) Possible expansion mechanism that allows
placement of the L-shaped anchor through a single entry point as well as the removal of the anchor. (b) Pho-
tograph of the L-shaped spinal bone anchor without screw thread, and a reference pedicle screw. The L-shape
anchor comprises a central pin with a series of grooves that serve as indication of the insertion depth. (c) Four
orientations (A-D) of the L-shaped anchor that were evaluated in the experiment. The proximal cortex of the
vertebral body is indicated in red. Illustration adapted from Servier Medical Art by Servier licensed under a
Creative Commons Attribution 3.0 unported license.
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Figure 5.3: Vertebra preparation steps before placement of the L-shaped anchor.

• Pull-out force: The pull-out force of the anchor was measured continuously during
the experiment. This allows for the determination of the maximum pull-out force
(i.e., the maximum force required to pull the anchor from the vertebra) and the
initial pull-out force (i.e., the force required to initiate the pull-out of the anchor
from the vertebra).

• Pull-out distance: The relative displacement of the anchor with respect to the ver-
tebra was measured. This measurement, combined with the continuously mea-
sured pull-out force allows for the determination of the initial pull-out force.

• Pull-out damage: The damage to the vertebra after complete pull-out of the an-
chor was categorised as follows: 1) clean pull-out: no breach detected, 2) poste-
rior breach: breach at the entry point of the anchor, 3) pedicle breach: breach of
the cortical layer of the pedicle. Damage to the cortical bone layer could indicate
damage to the surrounding anatomy and is considered less safe.

5.2.4. VERTEBRA PREPARATION
To accommodate the central pin of the L-shaped bone anchor, a first � 5 mm tunnel
was drilled through the central axis of the pedicle of the vertebra phantom taking the
variations in angulation across different spinal levels (L1-L5) into account (Figure 5.3,
step 1). Subsequently, a perpendicular � 3 mm tunnel was drilled to accommodate the
lateral pin of the bone anchor (Figure 3, step 2). For this, a 3D printed guide was utilised
to guarantee both the perpendicularity of the two tunnels and their correct alignment
within the vertebral anatomy. The same procedure for drilling the first tunnel was used
to create a tunnel to accommodate the conventional pedicle screw.

To mitigate potential stress concentrations on the vertebrae’s processes during the
pull-out experiment, a portion of the processes was sawed off. The sawing was per-
formed perpendicular to the first tunnel and the inferior vertebral endplate (Figure 3,
step 3). After the completion of these preparatory steps, the anchor was securely po-
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sitioned. For the L-shaped anchor, the central pin was carefully inserted and oriented
such that the lateral pin could be introduced through the second tunnel and screwed
into the central pin.

5.2.5. EXPERIMENTAL FACILITY
For the experiment a dedicated test facility was designed that is shown in Figure 5.4. This
facility enables the controlled extraction of the anchor from the vertebra at a constant
velocity while simultaneously measuring the pull-out force and relative displacement of
the anchor with respect to the vertebra.

The vertebra, with the anchor securely positioned within it, was positioned within
the container (Figure 5.4, Purple). In turn, a force sensor (Futek, LCM300, 4448 N) was
connected to the container and the fixture, facilitating continuous force measurement
throughout the experiment. The anchor was connected to the slider (Figure 5.4, Orange)
through the anchor connection. The slider performs linear translations actuated by the
actuation mechanism (Figure 5.4, Blue) consisting of an electro-motor (Modelcraft, RB
35, 1:600) with a gear transmission (9:1). The linear motion of the slider, and conse-
quently the relative displacement between the anchor and the vertebra, was precisely
measured using a linear potentiometer (Althen, 13FLP12A).

5.2.6. EXPERIMENTAL PROTOCOL
The following steps were executed during the experiment. The vertebra, containing the
securely placed L-shaped anchor or pedicle screw, was positioned within the container
so that the sawing plane of the vertebra was in contact with the endplate of the con-
tainer. Subsequently, the proximal end of the anchor was connected to the slider. The
slider was carefully arranged to ensure contact between the vertebra and the endplate
of the container. The tip of the linear potentiometer was secured to the container using
an integrated magnet such that the displacement between the anchor and the vertebra
could be measured.

After completing these preliminary steps, the motor was activated to initiate linear
translation of the slider. This motion continued until the anchor was completely ex-
tracted from the vertebra at a constant velocity of 0.5 mm/s. Throughout this procedure,
the force sensor continuously measured the pull-out force, while the linear potentiome-
ter captured the linear displacement between the anchor and the vertebra such that the
initial pull-out force could be determined. As the used linear potentiometer has a 12 mm
range, the pull-out force was recorded over 12 mm.

5.2.7. DATA ANALYSIS
The force data were normalised by accounting for the force measured after complete
pull-out of the anchor, compensating for any forces potentially exerted by the initial po-
sitioning of the slider at the start of the experiment. Furthermore, the displacement data
were normalised such that the anchor starts moving at t=0. The measured pull-out force
at this point represents the initial pull-out force, as this is the force required to start the
pull-out of the anchor. All data analysis was performed in Matlab R2019b.

Following the complete pull-out of the anchor, the vertebra was visually inspected for
breaches in the cortical layer. Only the most severe breach was recorded. For instance,
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Figure 5.4: Experimental facility consisting of the actuator that pulls the slider and the anchor out of the ver-
tebra that is contained in the container. The force is measured using the force sensor and the displacement of
the L-shaped anchor with respect to the vertebra is measured using the linear potentiometer.
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Table 5.1: Pull-out test results for L-shaped anchor in four orientations and the pedicle screw.

Anchor Vertebra type
Initial

pull-out
force [N]

Maximal
pull-out
force [N]

Pull-out damage

L-shaped
anchor
Orientation A

L1 41 90 Pedicle breach
L2 34 109 Pedicle breach
L3 53 134 Pedicle breach
L4 10 129 Clean pull-out
L5 7 125 Clean pull-out

L-shaped
anchor
Orientation B

L1 12 122 Pedicle breach
L2 39 145 Pedicle breach
L3 53 124 Pedicle breach
L4 7 86 Clean pull-out
L5 14 122 Clean pull-out

L-shaped
anchor
Orientation C

L1 34 138 Posterior breach
L2 28 156 Pedicle breach
L3 18 86 Posterior breach
L4 3 130 Posterior breach
L5 20 135 Pedicle breach

L-shaped
anchor
Orientation D

L1 16 56 Posterior breach
L2 23 138 Posterior breach
L3 37 107 Posterior breach
L4 30 126 Pedicle breach
L5 48 180 Pedicle breach

Pedicle screw

L2 203 339 Pedicle breach
L2 40 348 Pedicle breach
L2 3 369 Pedicle breach
L2 142 426 Pedicle breach

if both a breach at the pedicle and posterior breach was present, only the pedicle breach
was recorded, as this type of breach holds more severe clinical implications.

5.3. RESULTS
The initial pull-out force, maximal pull-out force and damage to the vertebra after com-
plete pull-out of the pedicle screw and the L-shaped anchor in the four evaluated orien-
tations (A-D) is listed in Table 5.1. The measured pull-out force of the pedicle screw and
the L-shaped anchor in the different anchor orientations (A-D) is illustrated in Figure 5.
The close-up view also demonstrates how the initial pull-out force was determined.

Based on the measured pull-out force of the L-shaped anchor, three distinct force
profiles were identified: 1) a double force peak profile, 2) a single force peak profile and
3) no force peak profile. After inspecting the vertebrae cross-section, it was found that
the force peaks correlate to the presence of a cortical layer, as shown in Figure 5.6. A
double force peak profile indicates that the L-shaped anchor was pulled through two
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Figure 5.5: Pull-out force of the L-shaped anchor in different anchor orientations (A-D) for different vertebra
(L1-L5). The maximum pull-out force is indicated with an ‘X’. The close-up shows the determination of the
initial pull-out force indicated with an ‘o’

cortical bone layers, a single force peak profile indicates that the L-shaped anchor was
pulled through a single cortical layer and the lack of a clear force peak indicates that
the L-shaped anchor was pulled only through cancellous bone without encountering a
cortical bone layer.

The L-shaped anchor has a mean initial pull-out force of 23 N ± 16 N and a mean
maximum pull-out force of 123 N ± 25 N. The measured pull-out force of the pedicle
screw in an L2 vertebra phantom is presented in Figure 5.7.

In four of the twenty pull-out experiments (20%) with the L-shaped anchor, clean
pull-out (no breaches) was observed (L4A, L4B, L5A, L5B). In six cases (30%) breach of
the posterior cortex was observed and in the remaining ten cases (50%) cortical breach
of the pedicle was observed. Complete pull-out of the pedicle screw resulted to pedicle
breach in 100% of the performed experiments Figure 5.8 presents a boxplot with the
initial and maximal pull-out force of the L-shaped anchor for the identified damage to
the vertebra.

5.4. DISCUSSION

5.4.1. MAIN FINDINGS
This study aimed to explore the effectiveness of a macro-shape lock with posterior cor-
tex of the vertebral body to enhance the fixation strength of spinal bone anchors. An L-
shaped anchor was developed and evaluated in four perpendicular orientations to assess
the pull-out resistance and the safety in use. The pull-out force measurements showed
three distinct force profiles: 1) double force peak profile, 2) single force peak profile and
3) no force peak profile. The pull-out force peaks could be linked to the existence of a
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Figure 5.6: Pull-out force linked to the cross-section of the vertebra. Left: Double force peak profile linked to
Orientation A in the L2 vertebra, Middle: Single force peak profile linked to Orientation C for the L4 vertebra,
Right: No force peak profile linked to Orientation B in the L4 vertebra.

Figure 5.7: Pull-out force of the pedicle screw and L-shaped anchor in Orientation (A-D) each for four repeti-
tions in a L2 vertebra phantom. The maximum force is indicated with an ‘X’ and the initial pull-out force is
indicated with an ‘o’ in the close up.
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Figure 5.8: Boxplot presenting the initial (blue) and maximum pull-out force (orange) for the three identified
degrees of cortical bone damage: 1) clean pull-out, 2) posterior breach and 3) pedicle breach for the experi-
ments performed with the L-shaped anchor.

macro-shape grip with the L-shaped anchor and the cortical bone layer indicating that a
shape lock with the cortical bone layer increases the pull-out resistance of a spinal bone
anchor. The mean maximum pull-out force of the L-shaped anchor was 123 N ± 25 N
which is significantly lower than the maximum pull-out force of a pedicle screw (370 N
± 39 N) tested in the same bone phantoms and the pull-out force of pedicle screws re-
ported in literature (287 N) [15]. Although the fixation strength of the L-shaped anchor is
less than the conventional pedicle screw, utilising a macro-shape lock with the proximal
cortex as an add-on for the current pedicle screws could potentially increase the pull-out
strength with up to 33%, although further research is required.

Alternative means to increase the fixation strength of pedicle screw reported in lit-
erature include double threaded screws or bi-cortical fixation, both have resulted in an
increase fixation strength of 20% [23, 16]. These means for improved fixation can be in-
cluded for the pedicle screw that is equipped with the L-shaped anchor. The use of a
hydroxyapatite-coating to induce bone ingrowth can also increase the fixation strength
of spinal bone anchors by 50% [7] which is more than can be expected of the L-shaped
anchor. However, since the increased fixation of the hydroxyapatite-coating is estab-
lished due to the surrounding bone growth into the spinal bone anchor, it takes days to
weeks to establish this increased fixation, while the use of a macro-shape lock can be
loaded directly. Cement augmented pedicel screws can double the pull-out resistance
after placement [23]. However, removal of these screws remains a challenge without
damaging the vertebra. The removal of the L-shaped anchor can be achieved as illus-
trated in Figure 5.2a. Further research is required to investigate if the use a macro-shape
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Figure 5.9: Schematic representation of the varying shape of the L1-L5 pedicle cross-section, with the L-shaped
anchor in four orientations (Orientation A: blue, Orientation B: red, Orientation C: yellow, Orientation D: pur-
ple). Based om pedicle measures reported by Zindrick et al. [24].

fixation in combination with the pedicle screw can result in the required increase in fix-
ation strength and its ability for implant removal without damaging the vertebra.

The maximum pull-out force was found to be higher than the initial pull-out resis-
tance for all tests with the L-shaped anchor, which suggest that the L-shaped anchor did
not create a macro-shape lock in the initial position. To validate this hypothesis, a num-
ber of vertebrae were cut through such that the pull-out path of the L-shaped anchor
could be investigated (Figure 5.6). Pull-out of the L-shaped anchor initially resulted in
compression of cancellous bone. Upon contact with the cortical bone layer the maxi-
mum pull-out force was achieved resulting in the maximum pull-out force. This under-
scores the importance of correct initial anchor placement to establish an effective macro
shape-lock with the highest pull-out resistance from the start.

After complete pull-out of the L-shaped bone anchor, damage to the vertebra could
be observed in 80% of cases. In 50% of cases breach of the cortical layer at the pedicle
could be observed, which could be an indication of damage to surrounding anatomy
due to nerves and spinal cord located near the pedicle. Complete pull-out of the pedicle
screw resulted in significant damage to the pedicle in 100% of the pull-out experiments
with the pedicle screw. It is important to note that complete pull-out of a pedicle screw
is very unlikely. Nevertheless, literature reports that in 16.2% of the anchored pedicle
screws, partial pull-out of the screw is observed during rod connection in which the
pedicle screw is connected to the Harrington rod [12]. A higher initial pull-out resis-
tance of the L-shaped anchor was associated with more severe damage to the vertebra
phantom after complete anchor extraction, with the degree of damage varying depend-
ing on the anchor’s orientation. A possible explanation is the variety in pedicle shape
over the different vertebra as illustrated in Figure 5.9. Due to the ascending oval shape of
the L1-L3 pedicle cross-section, orientation A and B of the L-shaped anchor are expected
to create a more effective macro-shape lock with the cortical bone layer. However, the
flat oval cross-section of the L5 pedicle makes orientation C and D of the L-shaped an-
chor more likely to generate an effective macro-shape lock. The preferred orientation of
the L-shaped anchor is, therefore, dependent on the vertebra shape. Pre-operative im-
age analysis can help in determining the most optimal anchor orientation based on the
geometrical properties in the target vertebra.

Possibly, the initial pull-out resistance can be increased without increasing the risk
on damage to the vertebra by initially placing the L-shaped anchor in the position in
which the maximal pull-out resistance was achieved. This optimal placement of the L-
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Figure 5.10: Future vision of an L-shaped anchor to increase the pull-out resistance of spinal bone anchors
with the utilisation of multiple L-shaped anchors to create a larger contact area with the proximal cortex of the
vertebral body which could increase the pull-out resistance further. Illustration adapted from Servier Medical
Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported License.

shaped anchor right behind the cortical bone layer could be achieved in a safe man-
ner by implementing real-time feedback for instance by using Diffuse Reflectance Spec-
troscopy (DRS) to reliably detect the cortical bone layer [2].

5.4.2. LIMITATIONS AND FUTURE RESEARCH

The evaluation of the L-shaped anchor in this study was performed using vertebra mod-
els designed to mimic the mechanical properties of human vertebrae. Nevertheless,
these models exhibited variations, such as air pockets and regions with differing struc-
tural densities, potentially influencing the measurements. Future research should incor-
porate ex-vivo and in-vivo experiments to provide a more accurate representation of real
bone structures, helping to thoroughly assess potential fixation strength and damage to
the surrounding anatomy following complete anchor pull-out.

Means to enhance the fixation strength of and L-shaped add-on to the pedicle screw
deserves exploration. For instance, integrating the use of multiple laterally expanding
elements (Figure 5.10) could create an umbrella-like structure that expands behind the
pedicle, establishing a macro-shape lock with the proximal cortex of the vertebral body
and spreading the stress more evenly over a larger surface area. This has the potential to
further enhance the anchor’s fixation strength due to increased contact with the cortical
bone layer.

In this study, axial pull-out resistance of the anchor was considered. In future ex-
periments alternative load cases such as perpendicular loads and cyclic loading can be
investigated. Beyond increasing the pull-out resistance, the placement of the L-shaped
anchor is thought to enhance the toggling resistance of the spinal bone anchor. Toggling,
a pivoting motion of the pedicle screw around the contact point with the cortical bone
layer in the pedicle, compresses the cancellous bone surrounding the screw and dimin-
ishes the screw’s fixation strength. A correctly placed L-shaped anchor creates additional
contact with the cortical bone layer, preventing this toggling motion and thus increasing
the anchor’s fixation strength.
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5.5. CONCLUSION
The L-shaped anchor presented in this study can be used to create a shape-lock with the
proximal cortex of the vertebral body. The use of a macro-shape lock with the cortical
bone layer represents a promising innovation in spinal instrumentation with its poten-
tial to enhance pull-out resistance with a maximum pull-out force of 123 N ± 25 N in
bone phantoms. However, it is essential to acknowledge the challenges associated with
this technology, including the risk of cortical breach and the technical difficulty involved
in its precise placement. The presented L-shaped anchor presents the ability to increase
the pull-out resistance and hold the potential to be used in combination with the current
golden standard of the pedicle screw to increase the pull-out resistance. With further re-
search and development, the use of an L-shaped anchor that utilises a macro-shape lock
with the cortical bone layer could provide a significant increase in the fixation strength
of spinal bone anchors.
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6
STATE-OF-THE-ART IN STEERABLE

BONE DRILLS

Orthopaedic procedures often require drilling of tunnels through bone, for instance for
the introduction of implants. The currently used rigid bone drills make it challenging to
reach all target areas without damaging surrounding anatomy. Steerable bone drills are a
promising solution as they enable access to larger volumes and the creation of curved tun-
nels thereby reducing the risk of harm to surrounding anatomical structures. This review
provides a comprehensive overview of steerable bone drill designs identified in patent lit-
erature via the Espacenet database and in scientific literature accessed via the Scopus data
base. A Boolean search combined with pre-set inclusion criteria returned 78 literature ref-
erences describing a variety of drill designs. These drill designs could be categorised based
on how the drilling trajectory was defined. Three methods to influence the drilling tra-
jectory were identified: 1) the device (57% of the sources), 2) the environment (15% of the
sources): the path is defined based on the tissue interaction forces with the surrounding
bone or 3) the user defines the drilling trajectory (28% of the sources). The comprehensive
overview of steerable drilling methods provides insights in the possibilities in drill design
and may be used as a source of inspiration for the design of novel steerable drill designs.

This chapter is under review as:
de Kater, E. P., Breedveld, P., & Sakes, A. Drilling around the Corner: A Comprehensive Literature Review of
Steerable Bone Drills.
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6.1. INTRODUCTION

6.1.1. STEERABLE BONE DRILLING

Bone drilling is widely employed surgical technique in various medical procedures, play-
ing an important role in fracture fixation, implant placement, and facilitating access to
specific treatment sites (Figure 6.1) [48]. Bone drills are usually rigid devices contain-
ing an axially rotating cutting head. They are often used in conjunction with surgical
screws and plates to treat a wide variety of injuries and diseases. Although bone drills
are effective in open surgery, the strive for minimal invasive surgeries and optimal pa-
tient outcomes poses a challenge when using conventional rigid and straight bone drills
especially, when navigating through tight spaces, such as joints [68].

For instance, Anterior Cruciate Ligament (ACL) reconstruction aims to restore knee
function and eliminate pain and discomfort caused by a damaged or torn ACL [89]. Pre-
cision drilling is crucial to create the tunnels in the femur and tibia such that the dam-
aged or torn ligament can be reattached with a pin [18]. A reconstruction of the ACL that
more closely resembles the anatomical structure before injury is associated with an im-
proved biomechanical outcome [100]. However, drilling of the tunnels required for this
anatomical reconstruction with rigid drills is challenging [31].

Similarly, osteonecrosis treatment, particularly in the femoral head, involves drilling
to remove lesions areas to prevent collapse of the femoral head due to disrupted blood
supply [50]. Conventional rigid drills complicate the removal of the entire lesion area
without causing substantial damage to surrounding healthy tissue.

The integration of steerable bone drills in orthopaedic procedures offers the poten-
tial to remove entire lesions through a single entry point, as the steerability allows for
reaching specific locations within the bone, and drilling along preferred trajectories,
thus minimising damage to surrounding anatomy [59]. Furthermore, steerable drills
may enable alternative drilling trajectories to reach lesions, further minimising damage
to healthy surrounding tissue. The versatility of steerable bone drills presents a promis-
ing solution across various medical procedures, as the steerability potentially increases
the precision, reduces the complication rates improves patient outcomes.

Steerable bone drills, with enhanced manoeuvrability, offer potential benefits across
a spectrum of (orthopaedic) procedures. In procedures such as bone harvesting, where
complications such as pain, nerve injury, and fracture may occur [14], steerable bone
drills might provide a solution to minimise these risks. Especially in patients with com-
promised bone quality due to osteoporosis, fractures may occur if multiple grafts are
taken too close together in order to obtain sufficient graft material [47].

Despite their clear utility, only a limited number of these steerable bone drills are
currently available for clinical use. Achieving a balance between the required flexibility
for bending and steering while simultaneously accomplishing the required axial rigidity
to facilitate bone drilling is challenging.

Examples of commercially available bone drills are the Stryker MicroFX OCD [58] and
the Carevature Dreal [27]. These flexible drills are used in combination with a curved ex-
ternal guide, facilitating easier access to entry points without compromising surround-
ing anatomy. However, the drilling trajectory through the bone remains fixed, lacking
the flexibility for clinicians to adapt the trajectory during the procedure.
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Figure 6.1: Overview of (orthopaedic) procedures where the use of steerable bone drills can provide advan-
tages, including implant placement, ligament reconstruction, fracture fixation and bone harvesting. Illustra-
tion adapted from Servier Medical Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported
License.
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6.1.2. GOAL OF THIS STUDY

While commercially available steerable bone drills are still in their initial stages, a multi-
tude of innovative designs are documented in scientific and patent literature. Currently
available reviews on bone drilling focus on scientific literature [48, 41] describing the
parameters affecting the drilling performance and thermal reactions of rigid drills, with
limited attention given to the validation and practical application of steerable designs.
The review of Sendrowicz et al. [76] focuses on steerable bone drill designs presented in
patent literature, however the validation of these designs and the drilling performance
of these designs is limited. The current study expands its focus by incorporating both
scientific literature and patent literature as scientific literature provides information on
the current capabilities of steerable bone drills, while patent literature sheds a light on
potential future development areas.

This review aims to present a comprehensive overview of steerable bone drills, high-
lighting their ability to create curved tunnels for the treatment of challenging lesion ar-
eas, or to drill specific paths to reach specific target locations and improve the placement
of implants, amongst others. A comprehensive review of steerable bone drills is essen-
tial due to the significant potential these devices hold for advancing minimally invasive
surgical techniques and improving patient outcomes. Both scientific literature, present-
ing the current possibilities and patent literature highlighting future developments, are
included in this review. The goal is to provide a comprehensive insight into the current
state of the art and potential developments in steerable bone drill technologies. By do-
ing so, we highlight innovative design strategies, evaluate their clinical potential, and
identify areas for future development. This information is crucial for guiding further re-
search, informing clinical practices, and ultimately enhancing the safety and effective-
ness of orthopaedic surgeries.

6.2. METHOD

6.2.1. SEARCH METHOD

The identification of relevant literature commenced with a search in the Scopus
database to identify scientific literature providing insights into the current possibili-
ties in steerable bone drilling. Additionally, a literature search was conducted in the
Espacenet database to identify patent literature illustrating future developments in the
field of steerable bone drills.

The scientific literature search performed in the Scopus database facilitated Boolean
search queries. The search query in Scopus was categorised into three sections: (1)
Application area (bone, osteo*, orthop*), (2) Instrument type (drill*, burr*, ream*,
trep*, bore), and (3) Steering functionality (flex*, steer*, maneuv*, manouv*, deflect*,
curv*, articulat*, directional*, orient*, deviat*, bend). We did not apply a date range or
document type filter to our search query to ensure we encompassed all relevant studies
concerning steerable bone drills. The search was, however, limited to English literature
using the ‘LIMIT-TO’ function. The search query used was as follows:

TITLE (drill* OR burr* OR ream* OR trep* OR bore) AND TITLE-ABS ((bone OR osteo*
OR ortop*) AND (flex* OR steer* OR maneuv* OR manoeuv* OR deflect* OR curv* OR ar-
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ticulat* OR directional* OR orient* OR deviat* OR bend*)) AND (LIMIT-TO (LANGUAGE,
"English"))

The patent literature search was conducted in the Espacenet database, which allows
for Boolean searches combined with classification searches. A Boolean search was
performed within the class “A61B17/16”, that includes surgical instruments, devices or
methods for bone cutting, breaking or removal means other than saws. The Boolean
search was performed to find patent literature with the correct instrument type (drill*,
burr*, ream*, trep*, bore) and steering functionality (flex*, steer*, maneuv*, manouv*,
deflect*, curv*, articulat*, directional*, orient*, deviat*, bend). The application area was
not included in the Boolean search as it was already covered by the classification search.
This resulted in the following search query:

cpc = "A61B17/16/low" AND ((ta = "drill*" OR ta = "burr*" OR ta = "ream*" OR ta
= "trep*" OR ta = "bore") AND (ta = "flex*" OR ta = "steer*" OR ta = "maneuv*" OR ta =
"manoeuv*" OR ta = "deflect*" OR ta = "curv*" OR ta = "articulat*" OR ta = "directional*"
OR ta = "orient*" OR ta = "deviat*" OR ta = "bend*"))

Only WO (World) patent applications in English were considered, using the filter op-
tions in the Espacenet interface.

6.2.2. INCLUDED LITERATURE

The scientific and patent literature identified underwent screening to determine eligibil-
ity based on pre-set criteria. As this study aims to present an overview of steerable bone
drills it was decided to only include scientific and patent literature specifically outlining
the design of an instrument capable of creating a curved tunnel through bone. Liter-
ature records solely concentrating on aspects such as instrument handle design, path
planning, or tissue interaction forces were excluded from consideration. Initially, the ti-
tle and abstract of each record were screened to assess eligibility. For papers that could
not be excluded based on title and abstract alone, the full text was screened for eligibility

6.3. RESULTS

6.3.1. IDENTIFIED STEERABLE BONE DRILLS

The search in the Scopus and Espacenet database resulted in 337 identified articles and
339 identified patents (September 2023), respectively. After exclusion of inaccessible
records and duplicates, and evaluation based on the eligibility criteria, 19 references
from the scientific literature and 59 references from the patent literature were deemed
eligible, resulting in a total of 78 included records in this study.

6.3.2. CLASSIFICATION STEERABLE BONE DRILLS

Based on the identified scientific literature and patents on steerable bone drills, a
comprehensive classification was defined based on the method of steering employed,
namely: 1) Device-defined, 2) Environment-defined, and 3) User-defined steering (Fig-
ure 6.2). Device-defined steering utilises inherent mechanisms within the drill itself to
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(a) Device-defined steering

[13, 15, 85, 64, 16, 72, 71, 70, 26, 67, 36,
75, 44, 33, 19, 52, 87, 39, 2, 42, 74, 32,
46, 73, 21, 38, 83, 93, 96, 34, 49, 94, 84,
99, 55, 12, 29, 88, 54, 90, 11, 24, 91, 79,
80, 23, 95]

(b) Environment-defined steering

[23, 60, 92, 56, 62, 61, 63, 66, 69, 78, 45,
17]

(c) User-defined steering

[74, 95, 17, 97, 4, 3, 37, 86, 10, 6, 9, 8,
77, 25, 5, 81, 98, 51, 53, 7, 82, 43, 35]

Figure 6.2: Overview of the three identified steering methods utilised by steerable bone drills: 1) Device-
defined, 2) Environment-defined, and 3) User-defined steering.

control the drill path, often involving curved drills or integrated guides that determine
the drill’s path according to pre-programmed trajectories. Environment-defined steer-
ing relies on external factors, such as the interaction between the drill and the bone tis-
sue or other environmental cues, which guide the drill’s trajectory. Finally, user-defined
steering places the control of the drill path in the hands of the operator, allowing for
manual adjustment of the drill’s direction based on real-time observations and decisions
made during the procedure. In the upcoming sections, the identified drills per category
will be discussed in detail.

6.3.3. DEVICE-DEFINED STEERING

Forty-seven (47) references describe bone drills in which the device primarily deter-
mines the path drilled [13, 15, 85, 64, 16, 72, 71, 70, 26, 67, 36, 75, 44, 33, 19, 52, 87,
39, 2, 42, 74, 32, 46, 73, 21, 38, 83, 93, 96, 34, 49, 94, 84, 99, 55, 12, 29, 88, 54, 90, 11, 24, 91,
79, 80, 23, 95]. The instrument itself defines the pathway, either without (six references)
or with a guide (41 references), shaping the curve of the drilled tunnel.

In six references [13, 15, 85, 64, 16, 23], the insertion of a curved drill to create a
curved tunnel in bone is presented. These drills deviate from conventional axially rotat-
ing bone drills, and instead rely solely on a pushing force to advance the curved drill into
the bone, thus creating the desired curved tunnel. For instance, Blain and Kovach [13]
propose a tool that allows the surgeon to advance two curved arms with a flat, bevelled,
or stepped tip into the bone to create a circular tunnel (Figure 6.3a). Similar rigid curved
members are proposed to increase the fixation strength of bone anchors [15]. Sohn [85]
introduces a curved needle designed for insertion into the bone to create a curved tun-
nel for suture placement. The needle, constructed from an elastic material like nitinol,
possesses the capability to be straightened using a guide prior to ejection, facilitating
access to the suture site. Upon ejection, the needle disengages from the guide and re-



6.3. RESULTS

6

99

verts to its original curved shape, effectively creating the desired curve. Orbay et al. [64]
outline a similar principle for fixing bone fractures using curved nails and Brockman
and Vangemert [16] utilise the concept to create a curved void for spinal decompression.
In contrast, Coope [23] introduces a elastic but straight nail with only an angulated tip,
which results in the creation of a curved path due to the resultant forces of the tip and
the angulation of the tip when hammering the nail in the bone.

An axially rotating drill, utilising a rigid guide, can create a tunnel along a pre-defined
curve [72, 71, 70, 26]. These types of drills consist of a drill tip actuated with a flexible
drive shaft, loosely connected to the rigid guide. Advancing the drill with the curved
guide into the bone results in the drilling of a curved tunnel. An example of a drill utilis-
ing this principle uses disposable cartridges, each including two individual drill bits (�
2 mm) working together to form one curved tunnel with a diameter of approximately 8
mm (Figure 6.3b) [26]. The drill tip operates at a speed up to 700 rpm, and each cartridge
is capable of drilling three to five tunnels [70, 26].

The use of an external guide in combination with a flexible drill allows the surgeon
to access certain entry points without risking damage to surrounding tissue, as the guide
steers the drill in the desired direction while shielding the surrounding tissue from the
rotating drill bit [67, 36, 75, 44, 33, 19, 52, 87, 39, 2, 42, 74, 32, 46, 73, 21, 38, 83, 93].
Saw et al. [74] describe a drill design comprising a drill bit actuated by a drive shaft with
increased flexibility due to laser-cut slots (Figure 6.3c). The driveshaft is fed through a
curved external guide, ensuring the drill tip is oriented in the desired direction to reach
the entry point. A serrated edge on the distal end of the guide can be added to engage
with the bone, preventing slipping of the drill tip [52, 87].

Besides curving the drill to reach the desired entry points and shielding the sur-
rounding tissue from damage, an external guide can also be used to create a curved
tunnel in bone (Figure 6.3d) [32, 46, 73, 21, 38]. Siegal et al. [83] propose the use of a
segmented guide that, once extended from the rigid and straight outer sleeve, curves in
a pre-determined manner based on the tensioning element and the shape of the seg-
ments that may interlock. This way, the flexible driveshaft and drill tip is oriented to drill
a curved tunnel. A flexible drive shaft used in combination with an external guide can
be achieved by employing a flexible material such as nitinol [19, 52, 39], incorporating
(laser) cut notches or a spiral pattern [75, 52, 74], using interlocking rigid segments [52],
implementing a reduction in diameter [44, 19, 87] or employing a drive cable [33, 2, 42,
46, 21, 38].

Alternatively, instead of using an external guide, an internal guide can be employed
to direct the drilling trajectory of a bone drill [96, 34, 49, 94, 84, 99, 55, 12, 29, 95]. These
drills comprise a cannulated drill bit actuated with a flexible driveshaft featuring a cen-
tral lumen. The drill can be advanced over a pre-placed guide that defines the drilling
trajectory. The drill design proposed by Walker [96] introduces a drill tip (≥ � 4.5 mm)
and a flexible drive shaft with a central lumen, enabling advancement of the drill over a
pre-placed guide wire (Figure 6.3e). The flexibility of the drive shaft is achieved through
the use of a flexible material [99], hinged rigid parts, a hollow torsion cable [49, 94], or
the use of interlocking segments [96, 34, 84, 55, 12]. Billon et al. [12] also propose a
cannulated drill that can be advanced over an internal guide. However, in this design
a set of guide pins with varying radii is introduced, allowing the surgeon to choose the



6

100 6. STATE-OF-THE-ART IN STEERABLE BONE DRILLS

(a) (b) (c)

(d) (e) (f)

Figure 6.3: Steerable bone drills in which the drilling trajectory is defined by the device comprising a drill bit
(yellow), a drive shaft (blue), an outer shaft (green) and a means to steer the drill bit (red). (a) Drill proposed
by Blain and Kovach [13] comprising two curved arms (red) with a drill tip (yellow) to create a curved tunnel.
(b) Drill proposed by Romano [72] comprising two individual drill bits to create a curved tunnel. (c) Drill
proposed by Saw et al. [74] with an external guide (red) that bends the drill bit, actuated with a flexible drive
shaft (blue), to reach a desired entry point. (d) Drill proposed by Hoigne and Nolte [38] using an external guide
(red) to create curved tunnels. (e) Drill proposed by Walker [96] using an internal guide wire (red) over which
the tubular flexible drill (blue and yellow) is advanced. (f) Drill proposed by Cragg and Kegan [24] comprising
two concentric tubes that can be rotated and translated with respect to each other such that the curved inner
tube (red) can be used to steer the drill.
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appropriate guide to arrive at the desired location. For drills that curve due to the use of
a guide, the friction between the flexible drive shaft and a rigid outer tube can be min-
imised by incorporating a low-friction coating such as PolyTetraFluoroEthylene (PTFE)
[12] or electroplating nickel to create a precise finish [88].

Lv et al. [54] propose using a nitinol guide over which the flexible cannulated drill
can be advanced. The super-elastic nitinol internal guide allows drilling straight tunnels
by retracting the drill with the internal guide within the straight rigid sleeve. After drilling
the straight tunnel, the internal guide can be advanced to drill a curved tunnel. Teitel-
baum et al. [90] describe using two concentric guides through which a flexible drive shaft
runs, actuating the drill bit at the distal end. The outer guide is rigid and straight while
the second tubular guide is made of a more flexible material and has a curvature. This
drill can create straight holes when the second guide is completely withdrawn within the
straight outer guide. After reaching the desired length of the straight tunnel, the flexible
drill with the flexible guide can be advanced to drill a circular arch (Figure 6.3f). A similar
working principle is described in the patents by Amadio et al. [11] and Cragg and Kegan
[24] and scientific papers [91, 79, 80]. For example, Sharma et al. [79] propose using a
flexible torque coil to actuate the drill tip, a curved nitinol guide, and a surrounding rigid
stainless steel guide. The achieved radius of the drill was 35.7 mm with a � 6.7 mm drill
bit. Deviations in the drill path caused by deformations of the nitinol guide due to the
interaction forces with the bone could be decreased by increasing the rotational speed
of the drill tip and decreasing the insertion speed of the drill [79].

6.3.4. ENVIRONMENT-DEFINED STEERING

Twelve (12) bone drills create a curved pathway, where the interaction with the environ-
ment is the major determinant of the drilled path [23, 60, 92, 56, 62, 61, 63, 66, 69, 78, 45,
17]. The interaction forces with the bone can be used to deflect the drill and influence
the drilling trajectory as proposed by Tornier et al. [92]. The proposed drill consists of a
single tube with a flexible section created by a cut spiral pattern with interlocking teeth.
These teeth allow for the transmission of the oscillatory actuation of the drill tip, and the
shape of the teeth also defines the radius of curvature of the drill.

Other references describe the utilisation of the difference in resistance between the
compact cortical outer layer and the softer porous cancellous bone on the inside of bone
to steer the bone drill [56, 62, 61, 63, 66, 69, 78, 45, 17]. These variations in tissue interac-
tion forces cause the drill to deflect, taking the path of the least resistance and creating
a curved tunnel. These bone drills include flexible drive shafts that actuate the drill tip
and steers passively based on the tissue interaction forces. The design by McManus [56]
employs an eccentric drill tip connection to aid the deflection of the drill to create a tun-
nel along the cortical wall for improved intermedullary nail fixation (Figure 6.4a). The
flexible drill by Ohashi et al. [62] is designed for bone graft harvesting and comprises
a flexible stainless-steel rod to transmit a rotating motion to the drill tip. The drill in-
cludes a flexible outer cannula with an outer diameter of 3.5 mm and a length of 250
mm through which the graft material is harvested [62, 61, 63]. The drill design described
by Papenfuss [66] is also intended for bone marrow collection and features a drive shaft
used to actuate the drill tip at the distal end while allowing for bone marrow collection
through the lumen (Figure 6.4b). The flexible hollow drive shaft consists of rigid inter-
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(a)

(b)

(c)

Figure 6.4: Steerable bone drills in which the drilling trajectory is defined by the environment comprising a
drill bit (yellow) and a flexible drive shaft (blue). (a) Bone drill proposed by McManus [56] with an eccentric
drill bit aiding bending of the drill. (b) Bone drill proposed by Papenfuss [66] with a flexible drill shaft (blue)
comprising interlocking teeth. (c) Drill developed by de Kater et al. [45] comprising two stacked leaf springs
(blue) that allow for planar bending of the drill bit (yellow).

locking segments [66, 69, 17].

Where all environment-defined steering drills described thus far utilise an axially ro-
tating motion of the drill bit, the drill by de Kater et al. [45] employs an oscillating rota-
tion perpendicular to the drilling direction using and abrasive wheel (Figure 6.4c). This
unique drill tip is actuated by two stacked leaf springs, allowing the drill to deflect in a
single plane and follow the cortical bone layer.

6.3.5. USER-DEFINED STEERING

Twenty-three (23) bone drills create a curved tunnel in which the user is the major de-
terminant of the drilling trajectory [74, 95, 17, 97, 4, 3, 37, 86, 10, 6, 9, 8, 77, 25, 5, 81,
98, 51, 53, 7, 82, 43, 35]. The user can actively articulate the drill tip, enabling the user
to steer the drill along the desired trajectory during the procedure. This steering motion
is often facilitated by cables running through the drill, attached at the distal end of the
drill. Pulling on one of these cables introduces a specific direction of bending in the drill,
giving the user control over the drilling trajectory.

Five found drill designs [17, 97, 4, 3, 37] consist of a discrete number of rigid seg-
ments connected by joints that can be bent by the user. The drill presented by Wang
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et al. [97] has a tip segment that is able to make sharp curves due to the geared rolling
joint connecting the segment to the rigid shaft (� 4.5 mm). The articulation of the drill
tip is achieved by steering wires, and the drill tip is actuated with a U-joint transmission
through the central lumen of the drill. Similar designs are proposed in the scientific lit-
erature, comprising three jointed segments that can be articulated with steering wires,
allowing the drill to drill curved tunnels [4, 3]. The drill tip is actuated by a flexible drive
shaft located in the centre of the segments, allowing a rotational speed of up to 3000
rpm. The drill bit can also be actuated by a sleeve of interlocking segments as presented
by Bromer (Figure 6.5a) [17]. This drill design can drill curved tunnels based on the in-
teraction forces with the surrounding bone tissue, but the drill tip can also be articulated
by the user by either tensioning or loosening one of the two spines that runs through the
centre of the drill, causing the drill tip to deflect.

Eleven drill designs [74, 86, 10, 6, 9, 8, 77, 25, 5, 81, 35] describe the use of a cen-
tral flexible drive shaft for actuation of the drill tip. This drive shaft is surrounded by a
notched cannula which establishes a flexible outer sleeve due to compliant hinges. The
advantage is that these compliant hinges are easier to manufacture at a small scale com-
pared to regular joints, making miniaturisation of these drills more feasible (Figure 6.5b).
The drill of Solzbacher et al. [86] comprises a notched outer sleeve (� 8 mm) of nitinol,
allowing the drill to make a 90o curve in one plane while generating high stiffness in the
perpendicular plane. Steering cables run through the outer sleeve and are connected to
the distal end to bend the drill bit in the desired direction. An alternative to the notched
outer sleeve is a helical spring-like structure that can be used to create a flexible outer
sleeve [98, 51, 53] (Figure 6.5c). Watanabe et al. [98] propose the use of an outer sleeve
in a drill design that comprises a number of springs. Deflection of the drill tip is aided
by incorporating springs with a lower stiffness closer to the drill tip, while the springs at
the base of the drill are stiffer to ensure that input via the steering cables have a minimal
effect on the drill shaft.

Steering the drill by changing the drill tip configuration or orientation is also pro-
posed to allow the user to influence the drilling trajectory [95, 7, 82]. The drill design
presented by Voor et al. [95] comprises a flexible outer shaft with a bevelled end through
which the drive shaft for the drill bit with a conical end runs (Figure 6.5d). Pulling the
drill tip in the flexible shaft results in a change in the orientation of the drill tip and thus a
change in the drilling trajectory. The drill design presented by Alambeigi and Liu [7] pro-
poses an alternative drill design that comprises two flexible concentric tubes, of which
the inner tube has an eccentric hole through which the flexible drive shaft runs (Figure
6.5e). Translating and rotating the inner tube relative to the outer tube changes the exit
angle of the drill bit, allowing the user to change the drilling trajectory. A similar princi-
ple is proposed by Siccardi et al. [82].

Ju [43] presents a drill that does not use axial rotation but employs an electrode to re-
move material surrounding the drill bit by bringing the tissue in a gaseous state through
the creation of a high energy electric field. This design minimises the forces acting on the
drill, allowing the use of a catheter tube containing the electrodes and steering cables to
influence the drilling trajectory.
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(a) (b)

(c) (d)

(e)

Figure 6.5: Steerable bone drills in which the drilling trajectory is defined by the user comprising a drill bit (yel-
low), a drive shaft (blue), an outer shaft (green) and a means of steering (red).(a) Steerable bone drill proposed
by Bromer [17] comprising two spines that allow articulation of the drill bit to steer the drill in the desired
drilling trajectory. (b) Steerable drill proposed by Alambeigi et al. [6] using a steering cable (red) that can be
pulled to steer the drill in the desired direction. (c) Drill proposed by Liu et al. [51] with a drill tip comprising
a helical spring-like outer shaft (green) that can be bend by tensioning the steering cable (red). (d) Bone drill
proposed by Voor et al. [95] using an internal guide (red) as well as a drive shaft (blue) with a conical end (red)
that can be tensioned to change the drill tip orientation. (e) Steerable bone drill design proposed by Alambeigi
and Liu [7] comprising two concentric flexible tubes that can be translated and rotated with respect to each
other to articulate the drill tip through the eccentric drive shaft (blue).
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6.4. DISCUSSION

6.4.1. COMPARATIVE ANALYSIS
The objective of this study was to provide a comprehensive overview of steerable bone
drills as documented in both scientific and patent literature. The steering methods
utilised by these bone drills were categorised in three groups: 1) device-defined, 2)
environment-defined and 3) user-defined steering. Notably, more than half (57%) of the
steerable drill designs utilises a steering method in which the device plays a major role
in determining the drill path, resulting in predefined drill paths.

The majority of drill designs discussed in this review originate from patent literature
(76%). While these designs exhibit potential, a validation via proof-of-principle exper-
iments is not required before patent publication. Consequently, the feasibility of these
drill designs in a clinical setting remains uncertain. Even with the proof-of-principle
experiments found in the scientific literature, not all critical aspects are thoroughly ex-
plored. For instance, prolonged heat generation during drilling can lead to bone necrosis
[65], but is not specifically explored in the drill designs presented in the included litera-
ture, leaving these effects unknown.

The three primary steering methods for steerable bone drills — device-defined,
environment-defined, and user-defined steering — each come with distinct advantages
and disadvantages that influence their clinical application. Device-defined steering
offers predefined drill paths through integrated mechanisms, inhibiting active adjust-
ment of the drill path, but operating at increased precision over environment- and user-
defined steering methods. As of now, device-defined steering drills are the only commer-
cially available option and include examples like the Carevature Dreal [27], the Stryker
MicroFX OCD [58], the Lenkbar FlexMetric ® [1], the Zimmer Biomet Precision Flexible
Reaming system [57] and the DePuy Synthes Cavity Creation Instrument [22]. In contrast,
environment-defined steering adapts to changes in the material properties of the sur-
rounding bone, offering a more responsive and adaptive approach. This method, how-
ever, relies on passive steering mechanisms sensitive to individual variations in bone
density, posing safety concerns due to unpredictable drill paths. Despite their straight-
forward design and potential advantages, these drills have not yet reached commercial
markets, possibly due to concerns about the risk of cortical bone breach, especially in
patients with conditions like osteoporosis. User-defined steering provides surgeons with
direct control over the drill’s trajectory, allowing for immediate adjustments and flexi-
bility during procedures. While this method can enhance surgical precision, it is more
prone to user error and requires complex, user-friendly interfaces to provide precise in-
formation about the drill tip’s location and orientation. The need for advanced naviga-
tion systems may explain why user-defined drills remain in the pre-clinical phase. Each
steering method presents a unique balance of control, adaptability, and reliance on ei-
ther technology or user skill. To address these challenges, the development of hybrid
drilling systems that incorporate elements from all three steering methods —combining
device-defined precision, environment-defined adaptability, and user-defined flexibil-
ity— could provide greater efficacy and safety in complex surgical scenarios, paving the
way for future advancements in orthopaedic surgery.

The primary application areas of the drills presented in the included literature is for
spine surgery procedures (33%), see Figure 6.6a. These procedures range from fracture
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fixation and vertebra decompression to reaching specific target sites such as the inter-
vertebral disk, lesion areas or tumours. Another substantial application area involves
steerable drilling through joints. In this application field, the scientific and patent liter-
ature records propose steerable bone drills for ligament reconstructions, arthroplasty to
restore the function of a joint by resurfacing the bone, or placement of an artificial joint.
Ten records (13%), all of which are patents, do not clearly specify an application area for
the proposed steerable drill design.

From the temporal distribution of the included literature, it becomes evident that
the development of steerable bone drills is relatively recent, arising from 1990 onwards
(Figure 6.6b). Since then, the number of steerable bone drills described in literature
has been steadily increasing over the years. The development of drills that use a user-
defined steering method is more recent, with literature published from 2000 onwards.
This trend may be attributed to the need for a user-friendly interface to steer the drill in
the desired direction, which may increase the design complexity. Furthermore, effective
use of a user-defined steerable bone drill demands real-time and accurate information
of the drill’s location allowing the user to steer the drill in the desired path to avoid dam-
age to the surrounding tissue. While fluoroscopy is currently employed in spine surgery
for real-time 2D navigation, this method exposes both the patient and clinicians to radi-
ation [40]. Alternative navigation possibilities, such as Diffuse Reflectance Spectroscopy
(DRS), could be explored in order to real-time detect cortical breaches to prevent dam-
age to surrounding anatomy [20].

6.4.2. LIMITATIONS AND FUTURE RESEARCH

This review offers a comprehensive overview of steerable bone drills described in both
patent and scientific literature. The majority of the drills included in this review employ
a conventional axial rotating drill bit. For future research, exploring alternative drilling
methods and their implications on steerable bone drill development would be insightful.
Alternative drilling methods, such as water jet drilling or piezoelectric drilling, are asso-
ciated with higher quality of the cuts and less thermal damage to the surrounding bone
[28, 30]. Furthermore, waterjet drilling is presented as an alternative drilling method that
could potentially ease the development of a steerable bone drill by using flexible tubing
[28]. However, these alternative drilling methods have not been utilised in the included
steerable bone drills, making them an interesting topic for future research.

The broader clinical adoption of steerable bone drills faces several technological
challenges that must be addressed to enhance their effectiveness and integration into
surgical practices, see Table 6.1. One primary limitation is the precision and reliabil-
ity of current steering mechanisms. Although, the included literature presents various
validation experiments were generally limited to phantom studies, which usually entail
homogenous materials, indicating that there are still steps to be taken before steerable
bone drills can be applied in a clinical setting.

Comparing the various steering methods of steerable bone drills with traditional
straight-path drilling in quantitative terms reveals significant advantages in terms of sur-
gical precision. Additionally, these advanced steering technologies have the potential to
decrease the operative time by allowing more precise targeting of the lesion and improv-
ing patient outcomes. However, another factor that needs to be considered is the poten-
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(a)

(b)

Figure 6.6: Overview of the included literature. (a) Application area of the steerable bone drills described in
the included scientific and patent literature. (b) Temporal distribution of the publication date of the included
literature.
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Table 6.1: Comparison of Steering Methods of Steerable Bone Drills.

Steering
Method

Device-defined
Steering

Environment-
defined Steering

User-defined
Steering

Versatility Low versatility,
due to prede-
termined drill
path defined by
the device. Path
adjustments im-
possible during
the procedure.

Medium versa-
tility, potential
path adjustments
based on the in-
teraction forces
with the envi-
ronment and
potential to drill
a path along the
cortical bone
layer.

High versatility,
adjustment to the
path during the
procedure possi-
ble by inputs of
the user.

Precision High precision
due to predeter-
mined drill paths
using rigid guides.

Precision depen-
dent on the bone
quality and thus
interaction forces.

Precision depen-
dent on the user.
Potential high
precision with
proper feedback
systems.

Reliability Very reliable due
to the use of rigid
guides.

Reliable, but fail-
ure possible when
encountering
excessive interac-
tion forces.

Reliable, but fail-
ure possible due
to flexible moving
drill elements.

Safety High, depen-
dent on proper
pre-operative
planning.

Medium, depen-
dent on bone
quality. Potential
of cortical breach
with low bone
quality.

Medium, depen-
dent on the skill
of the operator.
Prone to user er-
ror.

tial increased risk of complications due to user-error. Further research should, therefore,
be executed to determine the advantages of using non-straight drill paths on the long-
term success rates of orthopaedic procedures.

Another aspect that is partly overlooked, but necessary to enable steerable bone
drilling in a clinical setting, is the navigation of the drill. Using a steerable bone drill in
clinical practice requires extensive real-time knowledge of the drill’s location and the pa-
tient’s anatomy. Particularly, drills intended for actively steering by the user necessitate
real-time awareness of the drill’s location within the patient’s anatomy, allowing the sur-
geon to guide the drill in the preferred direction during the procedure and can be used as
a means of safeguarding patient safety. Unfortunately, the integration of advanced sen-
sors and feedback systems to improve steering precision remains a technical challenge
due to the dimensional constraints. Especially in environment-defined steering inte-
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grating feedback systems is challenging, as these systems need to be highly responsive
and adaptive to dynamic changes in bone morphology and density during procedures.
Incorporating real-time navigation techniques for steerable bone drills would be crucial
for advancing their development.

The integration of steerable bone drills with robotic systems presents a promising
avenue for overcoming these challenges. Robotics can enhance the precision and re-
peatability of steerable drills by incorporating advanced algorithms for path planning
and real-time adjustments of the drill path. Robotic systems can also integrate sophis-
ticated imaging or shape sensing technologies, such as Computed Tomography (CT) or
optical fibers containing Fiber Bragg Gratings (FBGs), to provide continuous feedback
and improve the accuracy of the different steering methods. Future research should fo-
cus on developing robotic platforms that can be integrated with steerable drills and allow
for easy integration into the orthopaedic procedures.

6.5. CONCLUSION
Steerable bone drills have potential to significantly benefit a range of (orthopaedic) pro-
cedures by enhancing manoeuvrability, facilitating access to target areas, and minimis-
ing damage to surrounding anatomy. This study offers a comprehensive overview of
steerable bone drill designs as documented in both patent and scientific literature. The
search query, coupled with pre-defined inclusion and exclusion criteria, resulted in the
inclusion of 59 patent and 19 scientific literature references. Based on the included refer-
ences, it was found that the drilling trajectory could be defined by: (1) the device, (2) the
environment, or (3) the user. In the first category, the drilling trajectory is integrated into
the bone drill and is thus predetermined before the procedure. In the second category,
the drilling trajectory is defined during the procedure based on the tissue interaction
forces between the drill and the surrounding tissue. The drills in the third category en-
able the user to adapt the drilling trajectory during the procedure. This comprehensive
overview aims to provide insights into the current and future development of steerable
bone drills, serving as a valuable source of inspiration for the development of innovative
steerable bone drill designs.
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7
DESIGN OF A FLEXIBLE BONE

DRILL

Orthopaedic surgery relies on bone drills to create tunnels for fracture fixation, bone fu-
sion, or tendon repair. Traditional rigid and straight bone drills often pose challenges in
accessing the desired entry points without risking damage to the surrounding anatom-
ical structures, especially in minimal invasive procedures. In this study, we explore the
use of hydraulic pressure waves in a flexible bone drill design. The HydroFlex Drill in-
cludes a handle for generating a hydraulic pressure wave in the flexible, fluid-filled shaft
to transmit an impulse to the hammer tip, enabling bone drilling. We evaluated seven dif-
ferent hammer tip shapes to determine their impact on drilling efficiency. Subsequently,
the most promising tip was implemented in the HydroFlex Drill. The HydroFlex Drill Val-
idation demonstrated the drill’s ability to successfully transfer the impulse generated in
the handle to the hammer tip, with the shaft in different curves. This combined with the
drill’s ability to create indentations in bone phantom material is a promising first step to-
wards the development of a flexible or even steerable bone drill. With ongoing research
to enhance the drilling efficiency, the HydroFlex Drill opens possibilities for a range of or-
thopaedic surgical procedures where minimally invasive drilling is essential.

This chapter is under review as:
de Kater, E.P., Kaptijn, T.G., Breedveld, P., & Sakes, A. Development of a Novel Flexible Bone Drill integrating
Hydraulic Pressure Wave Technology.
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7.1. INTRODUCTION

7.1.1. CHALLENGES IN ORTHOPAEDIC SURGERY

Orthopaedic surgery with its focus on the musculoskeletal system, confronts persistent
challenges in procedures such as drilling through bone for fracture fixation, bone fu-
sion, or tendon repair [4]. While conventional rigid and straight bone drills have proven
user-friendly, reaching all desired locations with these drills poses challenges due to their
limited manoeuvrability, especially in minimally invasive procedures. The introduction
of flexible and steerable bone drills holds promise in overcoming these limitations, of-
fering enhanced reachability in challenging areas, minimising damage to surrounding
tissue, and creating superior tunnels for fixation of tendons and bone anchors. As an
example, steerable bone drills allow for the integration of curved tunnels and innovative
bone anchors which has the potential to enhance the fixation strength of the currently
used spinal bone anchors [1].

7.1.2. STEERABLE BONE DRILLS: STATE-OF-THE-ART

Despite a variety of steerable bone drills presented in patent literature, there are cur-
rently no commercial bone drills available that allow real-time trajectory adjustment
during surgery [9]. Although steerable bone drills are not commercially available, there
are bone drills that allow for drilling of slightly more complex tunnels. These drills com-
prise a flexible drive shaft connected to a rotating drill tip creating a flexible drill that
can be advanced through a curved guide [2], or, in case of a tubular drill, can be ad-
vanced over a pre-placed guide wire [5]. With the aid of a guide slightly curved or slightly
angulated tunnels can be created. Several steerable bone drill designs are presented in
scientific literature. These drills also comprise a flexible drive shaft that actuates a ro-
tating drill tip that can be angulated by the use of steering cables [12, 10]. Although the
presented designs are promising the design of a steerable bone drill that uses an axi-
ally rotating drill tip to advance through the bone tissue presents a challenge as the re-
quired flexibility for creating a curved tunnel compromises the drill’s buckling resistance
needed to advance through hard materials like bone. Furthermore, heat generation dur-
ing drilling can result in bone necrosis. Although there is a lot of research describing
the factors influencing heat generation, such as drill speed, drill diameter and the use
of coolant, heat generation remains a problem when using an axially rotating bone drill
[4]. In the case of a steerable drill, the heat generation might even be a larger problem as
heat generation is more severe when using a guide as the added friction between the ro-
tating drill and the guide further increases the drills temperature [3]. Alternative drilling
methods such as ultrasonic drilling or hammering offer potential advantages over rotat-
ing drilling as hammering generates less heat compared to traditional drilling, reducing
the risk of bone necrosis [13]. However, the challenge lies in applying an impulse to bone
tissue through a flexible shaft.

Addressing this challenge, Sakes et al. [6] introduced a flexible catheter filled with a
fluid capable of transferring an impulse with the aim to hammer through calcifications
in blood vessels. The transfer of the impulse through the flexible catheter is achieved by
utilisation of a hydraulic pressure wave. A hydraulic pressure wave is a standing wave
that comprises of high-pressure regions and low-pressure regions that can propagate
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through a fluid filled tube. While the catheter by Sakes et al. has a smaller diameter
(1.4 mm) than a bone drill (∼4 mm) and calcifications in blood vessels differ in material
properties from bone, the use of a hydraulic pressure wave holds promise in the design
of a flexible bone drill. The use of a hydraulic pressure wave allows for the transfer of an
impulse while facilitating the necessary bending for drilling curved tunnels without the
risk of buckling.

This study proposes the application of a hydraulic pressure wave to transfer an im-
pulse through a flexible fluid-filled bone drill, thereby facilitating the development of the
HydroFlex Drill. The HydroFlex Drill comprises a handle in which the pressure wave is
generated that propagates through the flexible shaft. At the distal end, the pressure wave
is transferred to the hammer tip where a hammer stroke, and thus impact, is generated
onto the bone (Figure 7.1).

7.1.3. GOAL OF THIS STUDY

The goal of this study was to design and evaluate a flexible bone drill incorporating the
use of a hydraulic pressure wave for the drilling of curved tunnels through bone. A con-
cept design and prototype of the HydroFlex Drill was created and validated. The initial
validation involved the evaluation of seven hammer tip shapes based on their penetra-
tion rate through bone phantom material. Subsequently, the optimal tip shape, deter-
mined through this evaluation, was integrated into the HydroFlex Drill prototype. The
drill’s performance was then assessed in both straight and curved configurations, pro-
viding valuable insights into its potential clinical application and broader implications
for orthopaedic surgery.

7.2. HYDROFLEX DRILL DESIGN

7.2.1. CONCEPT DESIGN

The primary function of the handle is to allow the user to generate a hydraulic pressure
wave. The handle incorporates a spring, which is tensioned by pulling the knob back-
wards (Figure 7.2a). Upon loosening the knob, the spring releases and forces a mass
forward striking an impulse delivery plunger at the proximal side of the flexible shaft.
The generated impulse is transferred from the impulse delivery plunger located within
the flexible, fluid-filled shaft to the fluid, minimising losses due to wave reflection.

In the shaft, efficient transfer of the impulse from the handle to the hammer tip by
a hydraulic pressure wave is crucial. Consequently, the shaft is designed as a radially
incompressible hollow tube with a smooth inner surface to limit losses during impulse
transfer. Additionally, the shaft’s flexibility allows for potential future adaptation into a
steerable drill. Besides the shaft design, the fluid medium used to transfer the impulse
influences the efficiency of the impulse transfer [7]. As the drill is intended for clinical
use and the risks related to leaking of the fluid must be minimised, saline solution would
be preferred as fluid to transfer the impulse.

The momentum of the hydraulic pressure wave is effectively transferred to the bone
material through the hammer tip. This tip comprises a pin fitting within the drill shaft,
facilitating the transfer of the pressure wave’s momentum to the surrounding bone. An
internal spring within the hammer tip ensures its return to the initial position after each
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Figure 7.1: Proposed flexible bone drill with hydraulic pressure wave technology including 1) a handle where
the pressure wave is generated, 2) a flexible shaft through which the pressure wave propagates and 3) a hammer
tip that the hammer stroke on the surrounding bone. Illustration adapted from Servier Medical Art by Servier,
licensed under a Creative Commons Attribution 3.0 Unported License.
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(a)

(b)

Figure 7.2: HydroFlex Drill prototype. (a) Model of the HydroFlex Drill including a handle to generate a hy-
draulic pressure wave that propagates through the flexible shaft where up on contact with the hammer tip, the
hydraulic pressure wave is transferred via the hammer tip to the bone material. (b) Photo of the HydroFlex
Drill prototype.

stroke, enabling repetitive hammering (Figure 7.2a). The optimal tip shape to trans-
fer the impulse to the bone material will be investigate. Only rotational symmetric tip
shapes will be considered as rotational symmetric tip shapes have proven to be effective
in the transfer of an impulse to brittle material [8].

7.2.2. PROTOTYPE

The assembled prototype, illustrated in Figure 7.2b, was manufactured using a combi-
nation of 3D printed parts (Envision TEC R5) and off-the-shelf components such as the
spring in the handle (�: 24.4 mm, k: 0.78 N/mm) and the spring in the hammer tip (Am-
atec, �: 2.5 mm, k: 1.4 N/mm). The selected tube for the flexible drill shaft is a Nylon
PA12 Tube (Advanced Fluid Solutions, UK, �outer : 4 mm, �i nner : 2.5 mm, length: 40
mm). Although in clinical use saline would be preferred, in this prototype the shaft will
be filled with water as the properties of saline and water are negligible [7]. To minimise
leakage during the impulse transfer from the handle to the flexible shaft, the distal end
of the handle and the hammer tip were precision-milled from stainless steel.
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(a) (b)

Figure 7.3: The effect of tip shape on performance. (a) Differently shaped hammer tips. (b) Experimental
facility used in the Hammer Tip Shape Validation

7.3. MATERIALS AND METHODS

7.3.1. EXPERIMENTAL GOAL
Given the unconventional use of impulse hammering to drill through bone, a thorough
investigation of this method is vital. The initial focus was on determining the optimal
hammer tip shape for bone drilling, which will then be integrated into the HydroFlex
Drill prototype. Subsequently, the drilling performance of this novel design was vali-
dated with the flexible shaft in various configuration. Two distinct experimented were
preformed: 1) Hammer Tip Shape Validation, exploring the impact of different tip shapes
on drilling performance, and 2) HydroFlex Drill Validation, assessing drilling perfor-
mance of the HydroFlex Drill with its flexible shaft in straight and curved configurations
using the identified optimal hammer tip.

7.3.2. HAMMER TIP SHAPE VALIDATION

EXPERIMENTAL VARIABLES

The first independent variable in this study was the hammer tip shape. Seven rational
symmetric tip shapes (conical, hemispherical, and cylindrical), all with a 4 mm diameter,
were developed and validated (Figure 7.3a). The second independent variable was the
compression distance of the spring, influencing the generated force used to hammer
the tip into the bone phantom material. Two compression distances, 10 mm and 20
mm were evaluated resulting in a spring force of 7.8 N and 11.7 N being executed on
the system, respectively. The dependent variable was the penetration rate [mm/stroke]
through the cancellous bone phantom.
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EXPERIMENTAL FACILITY AND PROTOCOL

The experimental setup, depicted schematically in Figure 7.3b, comprised a hammer
unit capable of generating impulses through a spring-loaded mechanism, similar to the
one used in the handle of the HydroFlex drill. The impulse was generated by a spring
(�: 24.4 mm, k: 0.78 N/mm) and transmitted through various hammer tips to the can-
cellous bone phantom (polyurethane foam). By adjusting the compression distance of
the spring, the force used to hammer the drill tip could be varied. The hammer tip was
driven into the bone phantom material five times. If no visible penetration occurred,
an additional five hammer strokes were performed. The penetration rate [mm/stroke]
was determined by dividing the measured penetration depth by the number of a ham-
mer strokes performed, allowing for a comprehensive evaluation of drilling efficiency.
Each hammer tip was tested three times. The data analysis used to determine the mean
penetration rate and the standard deviation was performed in MATLAB.

EXPERIMENTAL RESULTS

The penetration rates for the seven distinct hammer tip shapes and two different spring
compression distances are illustrated in Figure 7.4. Notably, an increase in spring com-
pression corresponds to an increased penetration rate, aligning with expectations. The
tip shape showed a limited effect on the penetration rate. However, it was found that
the hammer tips with a flatter tip shape (6, 7) showed accumulation of densely packed
bone at the tip, potentially impeding drilling efficiency over prolonged use. Further-
more, given the application of the drill in orthopaedic surgery, where safeguarding sur-
rounding anatomy is crucial, the desirability of a sharp tip (1, 2, 3) is diminished due to
the increased risk of damage to surrounding soft tissues such as nerves and blood ves-
sels. Consequently, Hammer Tip 4 was selected for incorporation into the final design.
This tip demonstrated a relatively high penetration rate with a small variability while
featuring a blunt tip, thereby minimising the likelihood of causing harm to surrounding
tissues.

7.3.3. HYDROFLEX DRILL PERFORMANCE VALIDATION

EXPERIMENTAL VARIABLES

The independent variable of this experiment was the HydroFlex Drill shaft configuration
(straight, 45o curve, 90o curve). The dependent variable was the generated maximum
hammer force by the hammer tip to evaluate the drilling performance of the HydroFlex
Drill.

EXPERIMENTAL FACILITY AND PROTOCOL

The experimental setup is illustrated in Figure 7.5. The HydroFlex Drill handle was se-
curely fixed, and the flexible shaft was positioned to reflect three configurations: 1)
straight, 2) curved with a 45o angle, and 3) curved with a 90o angle. A compression
distance of 40 mm of the spring within the handle was imposed, resulting in an input
spring force of 31.2 N. The maximum generated output force by the hammer tip was
measured using a load cell (PST, S-type, 150 kg). In each shaft configuration, 10 hammer
tip strokes were measured using the force sensor. The measured output force ensures a
comprehensive understanding of the HydroFlex Drill performance under varying shaft
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Figure 7.4: Penetration rate for different tip shapes and different compression distances of the impulse gener-
ating spring. The crosses indicate the mean value while the boxes indicate the standard deviation.

configurations. The data analysis used to generate a box plot of the maximum hammer
force was performed in MATLAB.

EXPERIMENTAL RESULTS

The outcomes of the HydroFlex Drill Validation are depicted in Figure 7.6. The measured
output force was 11.1 ±1.3 N with the shaft in straight configuration, 5.7 ±1.6 Ns with the
shaft in a 45o curved configuration and 4.1 ±1.2 Ns with the shaft in a 90o curved config-
uration. It can be observed that the force transferred from the drill tip decreases when
a stronger curve is introduced in the flexible shaft. These findings suggest that the pres-
ence of a curve in the flexible shaft has significant impact on the transferred impulse,
with approximately a 60% decrease from straight to the 90o curved configuration. Test-
ing the HydroFlex Drill on bone phantom material (SawBones) showed that the drill was
able to create an indentation after repetitive hammering, thought the penetration rate
was low compared to the penetration rate that was achieved in the Hammer Tip Shape
Validation.

7.4. DISCUSSION
This study marks a first exploration into the development of a steerable bone drill util-
ising a hydraulic pressure wave to hammer through bone. The influence of tip shape
on penetration rate was found to be limited, but concerns arise regarding the accumu-
lation of densely packed bone when using blunt tips and the imposed risks to damage
surrounding tissue when using sharp tips. It is therefore recommended to employ hemi-
spherical tip shapes, which help prevent the issue of packing without causing harm to
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Figure 7.5: Experimental setup with the HydroFlex Drill with the flexible shaft in straight, 45o and 90o curve
and a loadcell measuring the force.

surrounding tissue. In this study only rotational symmetric hammer tips were consid-
ered, however other tip shapes such as a diamond or trocar shape that is currently used
in Kirschner-wires as these tip shapes are designed to propagate through bone.

Implementing this drill tip in the HydroFlex Drill prototype showed that it is possible
to transfer high-force impulses with the flexible shaft both in straight and curved config-
urations. It was found that efficiency of impulse transfer decreases with shaft curvature,
possibly due to changes in the cross section of the flexible shaft that result in more losses
during the propagation of the hydraulic pressure wave. For efficient wave propagation
the shaft must be both axial and radial stiff while maintaining a low bending stiffness.
Alternative shaft designs with incorporated braiding or a multi-layer construction could
be investigated to minimise the energy loss when bending the shaft. Another source of
energy loss could be the dissolved gas within the fluid which could be further minimised.

Validation of the HydroFlex Drill on bone phantom material showed clear decrease
in efficiency compared to using a direct impact as was the case in the Hammer Tip Shape
Validation. These losses in efficiency are attributed partly to leakage of the fluid resulting
in small air bubbles in the shaft which can lower the efficiency considerately due their
compressibility. Leakage could be limited through minimising play between the moving
hammer tip and the tube or by integrating O-rings, however this is likely to increase
the friction between the moving parts and as a result the efficiency will decrease. An
alternative solution is to use the drill while ensuring the hammer tip is submerged in
fluid such that the fluid that leaks during a hammer stroke will be replaced once the drill
tip moves back to the initial position.

Another source of efficiency loss is caused by the energy dissipation by the compres-
sion spring in the hammer tip. To address this, future research could focus on redesign-
ing the hammer tip to eliminate the need for a spring in the hammer tip, minimise leak-
age and integrating steering cables in the flexible shaft to allow for steering to control the
drilling direction.

In a clinical setting, the HydroFlex Drill is intended to hammer repetitively in order
to drill a tunnel through bone. The drilling speed of the HydroFlex Drill can be adapted
by changing the generated input impulse as well as the hammer frequency in order to
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Figure 7.6: Box plot indicating the measured impulse with the flexible drill shaft in a straight configuration and
a 45o and 90o curve.

achieve conventional drilling speeds of 6.53 m/min [11]. A larger input impulse will
result in a larger output impulse and thus a higher penetration rate, but this will also
limit the control of the surgeon on the path and the drilling depth. Possibly an adapt-
able input impulse would allow a surgeon to change between faster and slower drilling.
The drill speed can also be increased by increasing the hammer frequency, however it
is important to ensure that the hydraulic pressure waves do not interact such that the
efficiency does not decrease due to interaction of the waves.

The current HydroFlex Drill, utilising a hydraulic pressure wave for bone drilling, ex-
hibits promising initial results and represents a foundational step towards the realisation
of a steerable bone drill.

7.5. CONCLUSION
This study introduces the HydroFlex Drill with a flexible shaft (�: 4 mm, length: 40 mm)
employing a hydraulic pressure wave for bone drilling. The HydroFlex Drill successfully
transmitted impulses through the drill shaft in both straight and curved (45o , 90o) con-
figuration. These findings underscore the potential of a hydraulic pressure wave in facili-
tating efficient bone drilling with a flexible shaft, marking a first step in the development
of a steerable bone drill.
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8
DESIGN OF A STEERABLE BONE

DRILL

The fixation strength of pedicle screws could be increased by fixating along the much
stronger cortical bone layer, which is not possible with the current rigid and straight bone
drills. Inspired by the tsetse fly, a single-plane steerable bone drill was developed. The
drill has a flexible transmission using two stacked leaf springs such that the drill is flex-
ible in one plane and can drill along the cortical bone layer utilising wall guidance. A
proof-of-principle experiment was performed which showed that the Tsetse Drill was able
to successfully drill through 5, 10 and 15 PCF cancellous bone phantom which has similar
mechanical properties to severe osteoporotic, osteoporotic and healthy cancellous bone.
Furthermore, the Tsetse Drill was able to successfully steer and drill along the cortical wall
utilising wall guidance for an insertion angle of 5o , 10o and 15o . The experiments con-
clude that the tsetse fly-inspired drilling method is successful and even allows the drilling
along the cortical bone layer. The Tsetse Drill can create curved tunnels utilising wall guid-
ance which could increase the fixation strength of bone anchors and limit the risk of cor-
tical breach and damage to surrounding anatomy.

This chapter is published as:
de Kater, E. P., Müller, R., Sakes, A., & Breedveld, P. (2023). Tsetse fly inspired steerable bone drill—a proof of
concept. Frontiers in Bioengineering and Biotechnology, 11, 1197940.
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8.1. INTRODUCTION

8.1.1. BONE DRILLING

Orthopaedic surgery concentrates on the fusion, fixation and reshaping of bones using
bone drills, saws and screws. An example of orthopaedic surgery is spinal fusion (Fig-
ure 8.1a). This surgical procedure accounted for 14,1 billion dollars in aggregate costs in
2018 in the US alone, which is more than any other procedure that year in the US [20]. In
spinal fusion surgery, adjacent vertebrae are fused in the correct position using pedicle
screws and rods. Fusion is achieved by creating a tunnel that runs through the pedicles
into the vertebra body using an awl. A pedicle screw is placed in this pre-made tunnel to
provide the required fixation (Figure 8.1b). The success rate of the spinal fusion greatly
depends on the fixation strength of the pedicle screws within the bone. Insufficient fixa-
tion of the pedicle screw can result in screw loosening, which prevents the desired fusion
[32].

The study conducted by Wu et al. [30] reported screw loosening in 4.7% of the placed
pedicle screws in spinal fusion surgery. A major cause of screw loosening is related to
vertebral anatomy. Vertebrae consist of a thin but compact and strong outer layer of
cortical bone, which encloses the much softer and porous cancellous bone. The fixa-
tion strength of pedicle screws mainly results from contact with the compact cortical
bone inside the pedicle. However, the majority of the pedicle screw is surrounded by the
softer cancellous bone. Especially for patients suffering from osteoporosis, the fixation
strength of pedicle screws is limited due to the decrease of bone density of the cancellous
bone [6].

The fixation strength of pedicle screws can be increased using bi-cortical screw fixa-
tion in which the insertion path is chosen such that the distal end of the pedicle screw is
placed in the cortical bone at the anterior side of the vertebral body (Figure 8.1b). As a
result, the pedicle screw has contact with the cortical bone layer in the pedicle and at the
distal end of the pedicle screw, which increases the pull-out strength [32, 8]. Following
this principle, a curved tunnel along the cortical wall through which the bone anchor
can be placed could further increase the fixation strength of the bone anchor due to the
increased contact with the cortical bone layer (Figure 8.1b). In addition to the enhanced
fixation strength achieved by drilling along the cortical bone layer, the curved path itself
can further increase the fixation strength of spinal bone anchors by utilising this macro-
shape grip with the bone. However, in order to create a curved tunnel along the cortical
bone layer, a steerable bone drill is required. Unfortunately, as of today, there is no steer-
able bone drill clinically available [25].

8.1.2. STATE-OF-THE-ART: STEERABLE BONE DRILLING

The development of a steerable bone drill is challenging due to the interplay between the
need for low bending stiffness to follow a curved trajectory with the need for high axial
stiffness that is necessary to drill through bone. Furthermore, the drilled tunnel should
remain fully within the cortical bone layer to avoid damage to the surrounding anatomy,
which is challenging due to the lack of imaging modalities that can visualise the drill
path in real-time. Additionally, the relatively small diameter of the pedicles restricts the
outer diameter of the drill to 4 mm, as this is the smallest pedicle diameter measured,
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(a) (b)

Figure 8.1: Spinal Fusion Surgery. (a) Cross-section of a lumbar vertebra. (b) During spinal fusion surgery pedi-
cle screws are placed through the pedicles (left). The fixation strength of the pedicle screw can be increased
using bi-cortical fixation in which the distal tip of the pedicle screw is embedded in the anterior cortical bone
layer (left). Drilling of a curved tunnel along the cortical bone layer could further increase the fixation strength
of spinal bone anchors (right).

which complicates manufacturing [25].
Currently, there are no commercially available bone drills that can drill curved tun-

nels through bone and allow for real-time path adaptation. However, flexible reamers
in Anterior Cruciate Ligament (ACL) reconstruction in the knee, are commercially avail-
able. These devices are utilised to create a pre-determined curved tunnel in the femur,
through which a ligament graft can be passed to reconstruct the ACL [10]. Flexible ream-
ers use a bendable but torsion-stiff structure to axially rotate the tip while still allowing
for bending motions. Although the reamers can be bent, they do not allow for real-time
path adaptation as they are used in combination with an internal or external pre-curved
guide (Figures 8.2a, 8.2b) [27, 22, 1, 21]. Drilling along the cortical bone layer in vertebrae
with these types of instruments would thus require patient-specific guides that can be
used inside the vertebra and need to be manufactured pre-operatively.

The scientific literature describes a variety of steerable bone drill designs that are ac-
tively steerable. The proposed drills share many similarities with commercially available
reamers, as most drills also use a flexible drive shaft to rotate the drill tip while allow-
ing for the bending of the drill [29, 4, 3, 19, 28]. Wang et al. [28] describe a rigid bone
drill containing a tip that can deflect using a tendon-driven joint (Figure 8.2c) to target
a larger lesion area through a single entry point. However, the drill is not able to drill
a curved tunnel due to the rigid design of the shaft. Ahmad Faud et al. [3] describe a
flexible bone drill that consists of multiple interconnected rigid segments. The drill is
intended for use in total hip arthroplasty to create a curved cavity in the femur. Alam-
beigi et al. [4] and Ma et al. [19] both describe a steerable bone drill that comprises a
bendable but axially stiff structure, utilising compliant joints. The drill tip can deflect
by tensioning internal steering cables. Although these drills can in principle drill curved
tunnels by selectively pulling the steering cables, the required steering forces are rela-
tively high due to the interaction forces with the surrounding bone when deflecting the
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(a) (b) (c) (d)

Figure 8.2: Overview of steering techniques for bone drills. Within the category “Active steering” a distinction
between “Pre-determined steering” and “Adjustable steering” is made. (a) Use of an internal guide to actively
bend the drill. (b) Use of an external guide to actively bend the drill. (c) Adjustable steering methods including
the use of tendons. (d) Use of passive steering to passively bend the drill using the environment.
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tip of the drill. Watanabe et al. [29] try to reduce the required tension forces by making
the bendable section more compliant at the tip of the drill. Using this steering principle
leads to cable tensioning forces of over 30 N required to generate a drill tip deflection of
20o .

Besides the drill designs presented in scientific literature, the review of Sendrowicz
et al. [25] shows that in the patent literature, many designs for steerable bone drills are
proposed. One thing that must be noted is that the majority of these patents (78%) de-
scribe drills that are only able to make pre-defined curved tunnels (Figures 8.2a, 8.2b).
The path can thus not be changed during the intervention. As a result, exact information
on the patient’s anatomy is required to define the path pre-operatively and the drill path
cannot be adapted to deformation or displacements that may occur during the proce-
dure. In the overview of Sendrowicz et al. [25], only the patent of Bonutti [5] describes a
drill design that can drill a multi-curved path that is adjustable during insertion (Figure
8.2c). The patent describes a drill containing inflatable elements in its shaft that allow for
deflection of the tip. However, to our knowledge, the design has not been manufactured
or tested in a close to clinical setting.

8.1.3. CHALLENGES IN STEERABLE BONE DRILLING

Conventional drills use an axially rotational motion to advance through the target ma-
terial. To make such a drill flexible, the drill must be flexible in two orthogonal bend-
ing planes due to the rotational motion of the shaft. However, for drilling a continuous
tunnel along the cortical bone layer of the vertebral body, planar bending in a single
plane would in theory be sufficient, as indicated in Figure 8.1. The drill would only need
to be flexible in one bending plane while it could be completely rigid in the orthogo-
nal plane, which would eliminate buckling in this plane and could increase the buck-
ling resistance of the drill overall. Furthermore, such a planar bending drill would open
pathways for the application of non-rotational drilling methods such as hammering or
milling, to achieve the curved pathway in the vertebra.

Steering of a drill can be achieved using internal forces applied on the drill that are
initiated by the user, as explained in Section 8.1.2. This includes using steering cables or
the use of a pre-curved internal or external guide (Figures 8.2a, 8.2b, 8.2c). The internal
forces that are required to bend a drill tip enclosed in bone tissue are often rather high
due to the material properties of cancellous bone. This puts high strains on the drill
and could in extreme cases cause mechanical failure. An alternative to active steering
of the drill would be to passively steer the drill using external forces that are exerted on
the drill by the environment (Figure 8.2d). Cortical bone is compact and much stronger
than porous cancellous bone. Therefore, drilling through the cortical bone will result in
higher cutting forces. These cutting forces could in theory be used to deflect the drill tip
such that the drill will take the path of the least resistance and steer along the cortical
bone layer. We will refer to this type of steering as “wall guidance”.

Wall guidance is based on the drill taking the path of least resistance. When drilling
through the softer and porous cancellous bone, the cutting force induced by the cancel-
lous bone (FC cancel lous ) is axial and will not cause a deflection, except when the cutting
force exceeds the buckling strength of the drill (Figure 8.3). The cutting force will drasti-
cally increase when the drill tip comes into contact with the much stronger cortical bone
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Figure 8.3: Schematic representation of wall guidance steering. Wall guidance allows the drill to passively
steer along the cortical bone layer. When the drill is surrounded by cancellous bone, an axial cutting force
(FC :cancel lous ) acts on the drill tip. When the drill tip is in contact with the significantly harder cortical bone
the cutting force (FC :cor t i cal ) increases. The orientation of the cutting force depends on the impact angle α

between the drill and the cortical bone layer.

(FC cor ti cal ). Depending on the impact angle (α) between the drill and the cortical bone,
a lateral force (FC l at ) will be introduced, which can be used to deflect the drill (Figure
8.3). This way wall guidance can be used to drill along the cortical bone wall without
the need for active steering by the user. However, it should be noted that in vertebrae
there is no clear transition point from cancellous to cortical bone. Rather there is an ap-
proximately 2 mm thick transition zone where the porous cancellous bone converges in
the compact cortical bone [31]. This gradual change in bone density and thus in drilling
resistance might complicate steering by wall guidance. Even so, we expect only a small
effect due to the low thickness of the transition zone in most vertebrae.

8.1.4. GOAL OF THIS STUDY
The goal of this study is to develop a planar steerable bone drill for use in spinal fusion
surgery that can drill along the cortical bone layer to increase the fixation strength of
a spinal bone anchor. We explore wall guidance as a method to drill along the cortical
bone layer without the need for active steering by the user.

8.2. DEVELOPMENT OF THE TSETSE DRILL

8.2.1. BIO-INSPIRATION: TSETSE FLY PROBOSCIS
Insects can drill through relatively hard materials with their slender ovipositors or
mouthpieces. These ovipositors or mouthpieces are often flexible or even steerable dur-
ing insertion [7]. This makes insects an interesting inspiration source for the design of a
novel, steerable bone drill. Especially the drilling method utilised by the tsetse fly to cut
through the host’s skin is of interest as the rotational motion that is used to cut the skin,
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Figure 8.4: Anatomy of the tsetse fly proboscis and the rasping motion of the proboscis during feeding.

occurs around an axis perpendicular to the linear advancement of the proboscis. This
makes the drilling mechanism bendable in one plane and thus an interesting inspiration
for the development of a planar steerable drill.

The tsetse fly proboscis, a tubular organ used to suck blood, consists of two mouth
parts; the labrum and the labium which form the food canal through which the blood is
transported (Figure 8.4). The labium is located ventrally from the hypopharynx, a tubu-
lar organ through which saliva is transported. The thicker tip of the labium, which is
known as the labella, surrounds both the hypopharynx and the labrum and is used to
cut through the skin of the host to subsequently feed on the blood of the host. For this
purpose, the labella are covered with sharp teeth. Normally the teeth are located within
the proboscis, but during feeding, the teeth are repeatedly everted and inverted using a
combination of muscle forces and haemostatic pressure to create a rasping motion to cut
through the skin [18, 14]. As a result, the proboscis is repetitively pulled into and pushed
out of the tissue. A pulling force on the distal tip, to pull the proboscis deeper into the
substrate, has a major advantage over pushing the proboscis forward at the proximal
end, as it limits the risk of buckling of the proboscis.

8.2.2. DRILL TIP DESIGN

The drilling method of the tsetse fly proboscis shows potential for use in an planar flex-
ible bone drill. However, the large number of independently moving and flexible parts
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(a) (b) (c) (d)

Figure 8.5: Schematic representation of the proboscis of the tsetse fly and the transformation to the drill tip
design. (a) Schematic illustration of the tsetse fly proboscis. (b) Double wheel design of the bone drill. (c)
Single wheel design of the bone drill. (d) Final conceptual design of the bone drill. The motions of the parts
are indicated with arrows. The “walking” behaviour of the drill tip is indicated with the dotted arrow.

are difficult to manufacture with conventional machining techniques and to actuate re-
liably. The drilling method used by the tsetse fly is, therefore, simplified such that it can
be implemented in the design of the steerable bone drill (Figure 8.5a). The motion of
the labella during drilling could be simplified as an oscillating rotation of two wheels in
opposing directions (Figure 8.5b). The advantage of two oppositely oscillatory rotating
wheels is that the lateral forces acting during drilling are counteracted. As a result, the
proboscis is repetitively pulled into and pushed out of the substrate.

The drill should be able to fit through the narrow pedicle to prevent damage to the
surrounding tissues, resulting in design requirement for the size of the drill. The second
lumbar vertebra (L2) has on average the smallest pedicle of the lumbar vertebrae, with
an oval cross section of 8.9 mm (SD ± 2.2 mm) by 15 mm (SD ± 1.5 mm) [33]. Manu-
facturing the two oscillating wheels at this scale is a challenge as the drill diameter is at
least twice as large as the wheel diameter. By simplifying the labella motion even further
to a single oscillating wheel, the drill can be manufactured with a smaller cross-section
and could drill a narrower tunnel (Figure 8.5c). However, by eliminating a second, op-
posite rotating wheel, there is a chance that during drilling the lateral forces on the front
of the oscillating wheel will result in sideways “walking” of the drill tip. The effect can be
limited by making the transmission of the drill rigid in the plane of the wheel rotation to
avoid bending of the drill due to the lateral forces, but flexible in the orthogonal plane
such that the drill can be used for drilling curved tunnels (Figure 8.5d).

The oscillatory motion of the drill tip requires an abrasive surface that can cut in both
directions. This can be achieved by a cutting surface with symmetrical teeth. The rake
angle of the cutting teeth depends, amongst other characteristics, on the material being
cut. For bone saws, a negative rake angle of 10o was found most optimal to limit the
resultant forces, while still maintaining sawing efficiency [17]. Based on this, the drill tip
was designed with cutting teeth with a negative rake angle of 10o , a height of 0.5 mm and
a distance between the teeth tips of 0.4 mm (Figure 8.6). As only the frontal surface of
the drill tip will be used to cut through the bone, it was decided to cover only this frontal
surface with cutting teeth. To ensure effective drilling, an oscillation amplitude of 15o

for the drill tip was chosen, as with this amplitude, the travelled distance of one tooth is
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Figure 8.6: Tsetse Drill design. The actuator (not shown) is connected to an oscillation amplifier 1) to which
the two leaf springs 2) are connected via two screws 3). The guide 4) directs both leaf springs, which are inter-
connected using three transmission pins 5). The transmission pins enable the translation of the leaf springs to
activate the drill tip 6). The drill tip is attached to the leaf springs using two drill tip pins 7). The Rotation Point
(RP) and the Centre Point (CP) of the drill tip are indicated. The negative rake angle of the teeth is indicated
with α.

approximately four times the distance between the teeth. It was decided to cover 220o

of the drill tip with teeth so that, even in the most rotated orientation of the drill tip, the
frontal area of the drill tip would remain fully covered with teeth.

8.2.3. TRANSMISSION DESIGN

The transmission must transfer the oscillatory input from the actuator to the drill tip
and be flexible in one plane to allow for wall guidance while being rigid in the orthog-
onal plane to avoid the effect of ‘walking’. This can be achieved by using leaf springs
(Figure 8.6, #2, yellow), as leaf springs can easily bend in one plane, but are rigid in the
orthogonal plane. Furthermore, the thickness of the leaf springs can be chosen such that
the drill can withstand the axial drilling forces with a reduced risk of buckling. The risk of
buckling is limited even further by connecting the two leaf springs at distinct points us-
ing transmission pins (Figure 8.6, #5, green). The transmission pins are rigidly connected
to one of the leaf springs, while the other leaf spring is connected via a slot that acts as
a sliding joint. This way, the leaf springs are connected while permitting the required
translating motion.

The length of the transmission determines the length of the tunnel that can be
drilled. In order to drill a straight path along the longitudinal axis of the pedicle from
the posterior cortical bone layer to the anterior cortical bone layer is found to be max-
imum 62 mm [33]. However if the drilled path would follow the cortical bone layer the
required tunnel length will be longer. Therefore, the required transmission length should
be at least 100 mm.

When retracting the drill, the tip could get stuck when the drill tip (Figure 8.6, #6, red)
is exactly the same size as the tunnel that is cut. To avoid this, the drilled tunnel should
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Figure 8.7: Photograph of the actuator and the Tsetse Drill.

be slightly larger than the drill tip. By placing the drill tip pins (Figure 8.6, #7, orange)
that connect the drill tip to the leaf springs slightly closer to the actuator, the drill tip
will not rotate around its centre, but will rotate around the centre point between the two
pins. As a result, the drill tip will make a slight sweeping motion that ensures that the
drilled tunnel is slightly larger than the cross-section of the drill tip. This will ensure that
the drill can easily be removed from the drilled tunnel.

8.2.4. ACTUATOR AND PROTOTYPE

The actuation of the drill tip is achieved using an oscillating input provided by a multi-
function tool (Black and Decker MT300KA), see Figure 8.7. The multi-function tool has
an oscillatory output with an oscillation amplitude of 1.4o . The oscillation amplitude
of the actuator is increased to 15o amplitude of the drill tip using an oscillation ampli-
fier (Figure 8.6, #1, blue), that is placed between the actuator and the leaf spring. The
leaf springs (spring steel, thickness 0.3 mm, height 6 mm, length till guide 100 mm, laser
cut) are connected to the oscillation amplifier (aluminium, wire EDM and milling), via
a guide (Figure 8.6, #4, turquoise, PolyEthylene Terephthalate Glycol, 3D-printed, Ulti-
maker 2). The guide has two arc-shaped ridges through which the leaf springs run to
prevent buckling of the leaf springs during the actuation of the drill. The leaf springs
are connected to each other using three transmission pins (� 2 mm, tool-steel, turning
lathe). The distal end of each of the leaf springs is connected to the drill tip (hardened
steel, wire EDM) using a pin (� 1 mm, tool-steel, turning lathe).

8.3. MATERIALS AND METHODS

8.3.1. EXPERIMENTAL GOAL

The goal of the experiment was two-fold: 1) to evaluate the drilling performance of the
prototype through cancellous bone with different bone properties and 2) to investigate
the utilisation of wall guidance. Therefore, two different experiments were performed:
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1) Drilling Performance Experiment and 2) Wall Guidance Experiment.

8.3.2. DRILLING PERFORMANCE EXPERIMENT

EXPERIMENTAL VARIABLES

Independent Variables
The following variables were manipulated during the Drilling Performance Experiment.

• Tissue density: In order to determine the Tsetse Drill’s ability to drill through bone
with different mechanical properties, bone phantoms with different compressive
strengths were used. The experiment was performed in cancellous bone phantom
(Sawbones) with a compressive strength of 5, 10 and 15 Pounds per Cubic Foot
(PCF), which is comparable to severe osteoporotic, osteoporotic and healthy can-
cellous bone respectively [23].

• Feed-rate: The experiment was conducted with a linear advancement of the drill
(feed-rate) of 1 mm/s. This feed rate falls in the range of 0.5–1 mm/s that is com-
monly used in different bone drilling experiments [15, 24]. The experiment on the
15 PCF bone phantom was also conducted with a feed-rate of 0.5 mm/s to investi-
gate whether a lower feed-rate would decrease the axial cutting force.

Dependent Variables
The following variables were measured during the Drilling Performance Experiment.

• Axial drilling force: The axial drilling force was measured using a load cell (FUTEK,
25 lbs) that was placed below the bone phantom. Unsuccessful drilling of the drill
tip will prevent the drill tip from advancing further into the bone. As a result, the
axial drilling force is expected to increase.

• Success rate: The success rate is defined as the percentage of the experiments that
could be performed successfully, see Equation 8.1. The experiment was consid-
ered successful if the full drill path was completed without the need for external
intervention.

succesr ate = #exper i ment ssuccess f ul

#exper i ment stot al
·100% (8.1)

EXPERIMENTAL FACILITY

The experimental facility consisted of the prototype with the actuator mounted to a lin-
ear stage, which allowed both the feed-rate and the drill depth to be controlled indepen-
dently (Figure 8.8). The load cell was placed at the base plate of the linear stage. The
bone phantom was placed on top of the load cell such that the axial cutting forces could
be measured throughout the experiment. A 3D-printed guide was used to guide the drill
tip of the prototype during insertion into the bone phantom.

EXPERIMENTAL PROTOCOL

The linear stage was lowered until the drill tip was in close proximity to the bone phan-
tom surface, which was determined by eye. At this time, the guide was placed around
the drill. Subsequently, the drill was turned on with a cutting speed of 17,200 RPM, after
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Figure 8.8: Experimental facility Drilling Performance Experiment. The experimental facility consisted of the
prototype of the Tsetse Drill including the actuator connected to the linear stage. The drill tip was guided using
a 3D-printed guide. The bone phantom was placed on top of the load cell (Futek, 25 lbs) such that the axial
drilling forces could be measured throughout the experiment.

which the linear stage was turned on and started to move down with the predetermined
feed-rate and a drilling depth of 3 cm. The experiment was performed 5 times in the 5,
10 and 15 PCF bone phantoms with a feed-rate of 1 mm/s and 5 times in a 15 PCF bone
phantom with a feed-rate of 0.5 mm/s.

DATA ANALYSIS

The data analysis was performed in MATLAB R2019b. The acquired axial drilling force
data were corrected for any offset in the measured force based on the mean measured
force before the drilling started. Furthermore, the data were normalised such that the in-
sertion of the drill started at time point t = 0 [s] for each experiment. Statistical analysis
was conducted by performing ANOVA analysis to investigate the effect of the compres-
sive strength of the bone phantom on the measured axial drilling force.

8.3.3. WALL GUIDANCE EXPERIMENT

EXPERIMENTAL VARIABLES

Independent variables
The following variables were manipulated during the Wall Guidance Experiment.

• Insertion angle: The insertion angle was defined as the angle between the drill
path and the cortical bone phantom plate. The experiment was conducted with
an insertion angle of 5o , 10o and 15o . Successful deflection of the drill for different
insertion angles indicates the adaptability and passive steering capabilities of the
drill.
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• Tissue density: As the use of a steerable bone drill will mainly be of interest in
patients with compromised bone due to osteoporosis, the experiment was con-
ducted using 5 PCF rigid foam bone phantoms (Sawbones), which is comparable
to osteoporotic bone [23]. For the 10o insertion angle, the experiment was also
conducted using a 10 PCF rigid foam bone phantom (Sawbones), in order to in-
vestigate the effect of tissue density on the wall guidance ability.

Dependent Variables
The following variables were measured during the Wall Guidance Experiment.

• Success rate: Successful utilisation of wall guidance results drill deflection upon
contact with the cortical bone layer. If the deflection is successful, the drill tip con-
tinues drilling through the cancellous bone, following the path of least resistance.
However, if the deflection is unsuccessful, the drill tip continues its path through
the much harder cortical bone layer, resulting in a significantly higher cutting force
on the drill and, as a consequence, buckling of the drill. The experiment was con-
sidered successful if the full drill path (4 cm) was completed without the need for
external intervention to address drill buckling. The success rate is defined as the
percentage of the experiments that could be performed successfully, see Equation
8.1.

• Drill depth in cortical bone: The effectiveness of using wall guidance will be mea-
sured based on the drill depth in the cortical bone 1 cm after initial contact with
the cortical bone. The ability to deflect after initial contact with the cortical bone
phantom is indicated by the depth of the drill path through the cortical bone. The
drill depth in the cortical bone is measured using the depth-measuring blade of a
calliper.

EXPERIMENTAL FACILITY

The experimental facility is largely comparable to the experimental facility of the Drilling
Performance Experiment and consisted of the Tsetse Drill with the actuator mounted to
the same linear stage (Figure 8.9). The bone phantom consisted of a short fibre epoxy
plate (Sawbones) that mimics the cortical bone layer clamped to a rigid foam cancellous
bone phantom (Sawbones) of 5 PCF or 10 PCF. The bone phantom was angled using 3D-
printed Stances with an angle of 5o , 10o or 15o that were screwed to the baseplate of the
linear stage. The drill tip was placed in a guide that was corrected for the angulation of
the bone phantom as can be seen in Figure 8.9.

EXPERIMENTAL PROTOCOL

The bone phantom was placed on a stance with a 5o , 10o or 15o angle to affirm the in-
sertion angle of the drill with respect to the cortical bone layer. Subsequently, the Tsetse
Drill with the actuator was connected to the linear stage and levelled such that the drill
tip with the guide could be fixed to the bone phantom. After this, the linear stage was en-
gaged with a feed-rate of 0.5 mm/s and the drill would start a cycle in which a 4 cm deep
tunnel through the bone phantom was followed at a cutting speed of 17,200 RPM. The
experiment was repeated until three successful experiments were conducted for each
experimental condition.
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Figure 8.9: Experimental facility Wall Guidance Experiment. The experimental facility consisted of the proto-
type of the Tsetse Drill including the actuator connected to the linear stage. The drill tip was guided during
insertion into the bone phantom by a 3D-printed guide. The bone phantom consisted of cancellous bone and
a layer of cortical bone. The bone phantom was angled (0o , 5o , 10o or 15o ) using different stances.

8.3.4. DATA ANALYSIS

The data analysis was performed in MATLAB R2019b. An ANOVA analysis was conducted
for the statistical analysis of the effect of the insertion angle of the drill and the compres-
sive strength of the bone phantom on the drill depth in the cortical bone.

8.4. RESULTS

8.4.1. DRILLING PERFORMANCE EXPERIMENT

Figure 8.10 shows the axial drilling force versus time through the 5, 10 and 15 PCF bone
phantom material for the five repetitions of each experimental condition. The success
rate was 100% for the 5, and 10 PCF bone phantom with a feed-rate of 1 mm/s. The
success rate was also 100% for the 15 PCF bone phantom with a feed-rate of 0.5 mm/s.
For the 15 PCF bone phantom with a feed-rate of 1 mm/s the success rate was 80%.
The drill buckled during the first run, resulting in the abortion of the experiment. The
high axial forces that were measured during Run 2 and Run 4 suggest that the drill was
almost buckling during these two runs. However, the experiment was not aborted and
thus these two repetitions were considered successful.

Figure 8.11 shows a boxplot of the maximum axial drilling force for the five repeti-
tions of each experimental condition. The maximum drilling force was 0.61 N (SD ± 0.03
N), 0.92 N (SD ± 0.10 N), 7.59 N (SD ± 6.11 N), for 5 PCF, 10 PCF and 15 PCF bone phan-
tom respectively all with a feed-rate of 1 mm/s. The maximum drilling force was 1.31 N
(SD ± 0.62 N) for 15 PCF with a feed-rate of 0.5 mm/s. The buckling of the Tsetse Drill
during the first run in the 15 PCF bone phantom with a feed rate of 1 mm/s resulted in a
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Figure 8.10: Axial drilling force for each of the experimental conditions of the Drilling Performance Experiment.
The data of each run are presented.

great variance in the maximum axial drilling force measured. The one-way ANOVA test
indicated a statistically significant effect of the compressive strength of the bone phan-
tom material on the measured maximum drilling force (p=1.4 ·10−2). It should be noted
that a limited number of data points were used for this statistical analysis.

8.4.2. WALL GUIDANCE EXPERIMENT
Figure 8.12a shows the results of the wall guidance test. The success rate was 100% for
the experimental conditions with a 5o and a 10o insertion angle. Figure 8.12b presents
photographs of the drilled tunnels during the wall guidance experiment. The drill buck-
led once in the experiments with the 15o insertion angle, resulting in a success rate of
75%. This unsuccessful experiment was not included in the data in Figure 8.12a. The
drilling depth in the cortical bone phantom was 0.07 mm (SD ± 0.04 mm), 0.59 mm (SD
± 0.19 mm), 0.44 mm (SD ± 0.39 mm) for an insertion angle of 5o , 10o and 15o all in 5
PCF cancellous bone phantom. The drilling depth in the cortical bone layer with an im-
pact angle of 10o in a 10 PCF cancellous bone phantom was 0.82 mm (SD ± 0.09 mm).
The one-way ANOVA test indicated no statistically significant effect of the insertion an-
gle on the drill depth in the cortical bone layer (p=1.0 ·10−1). Furthermore, the one-way
ANOVA test indicated no statistically significant effect of the compressive strength of the
cancellous bone on the drill depth in the cortical bone layer (p=1.4·10−1).

8.5. DISCUSSION

8.5.1. MAIN RESULTS
The presented Tsetse Drill (outer dimensions: 4 mm × 7 mm, length: 100 mm) has
demonstrated successful drilling through bone phantom material and effective steer-



8

146 8. DESIGN OF A STEERABLE BONE DRILL

Figure 8.11: Results of the Drilling Performance Experiment. Boxplots of the maximum axial drilling force
measured when drilling through 5, 10 and 15 PCF cancellous bone phantoms at a feed rate of 1 mm/s and for
drilling though a 15 PCF cancellous bone phantom at a feed rate of 0.5 mm/s.

ing along the cortical bone layer using wall-guidance. Figure 8.13 illustrates a future vi-
sion of the Tsetse Drill’s application in spinal fusion surgery. In this scenario, the Tsetse
Drill is utilised to create a straight pilot hole through the pedicle. Upon impact with the
anterior cortical bone layer, the drill deflects and continues to drill along the cortical
bone layer using wall-guidance. After creating this curved tunnel, a spinal bone anchor
can be placed, such as a segmented screw capable of bending to follow the curved pre-
drilled tunnel. Aghayev et al. [2] and Glerum et al. [11] have described these spinal bone
anchor designs. The fixation path along the cortical bone layer offers the potential for
increased fixation of spinal bone anchors due to the large contact area with the strong
cortical bone layer and the macro-shape grip that is achieved through the curved drilling
path. The Tsetse Drill offers a multitude of potential applications beyond spinal fusion
surgery, for a range of orthopaedic interventions. For instance, the Tsetse Drill can be
utilised in revision surgeries or tendon repairs to access difficult anatomical sites and
minimise damage to surrounding anatomy.

The manufactured proof-of-principle prototype of the Tsetse Drill was able to suc-
cessfully drill through bone tissue phantoms with a compressive strength of 5 PCF, 10
PCF and 15 PCF representing osteoporotic and health cancellous bone. The axial drilling
force increased with increasing compressive strength of the bone phantom. One of the
five tests performed on the bone phantom with a 15 PCF compressive strength and a
feed-rate of 1 mm/s was unsuccessful due to buckling of the drill. Lowering the feed rate
can lower the axial drilling force and prevent buckling in bone with higher compressive
strength. A feed rate of 0.5 mm/s resulted in a 100% success rate when drilling through
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(a) (b)

Figure 8.12: Results of the Wall Guidance Experiment. (a) Boxplot of the drilling depth in cortical bone 1 cm
after initial contact for three insertion angles (5o , 10o and 15o ) in the 5 PCF and 10 PCF cancellous bone phan-
toms. (b) The drill path for three insertion angles (5o , 10o and 15o ) in the 5 PCF bone phantom and the damage
to the cortical bone phantom.

Figure 8.13: Future vision of using the Tsetse Drill in spinal fusion to increase the fixation strength of spinal
bone anchors by increase the contact are between the cortical bone layer and the anchor.
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15 PCF cancellous bone phantom. This feed rate is comparable to the feed rate used in
other studies [15, 26].

The proof-of-principle prototype was able to successfully drill along the cortical
bone phantom when inserted under an angle of 5o , 10o or 15o . For an insertion angle
of 5o , the average drill depth in the cortical bone was measured to be 0.07 mm (SD ±
0.04 mm) which is below the average vertebral cortical bone layer thickness of 0.4 mm
[9]. However, the drill depth in the cortical bone increased to 0.44 mm (SD ± 0.39 mm)
for an insertion angle of 15o . Drilling through the cortical bone is undesired as it could
result in a cortical breach and increases the forces acting on the drill. Redesign of the
abrasive surface of the drill tip, such as the teeth length, could decrease the cutting depth
in the cortical bone layer. Furthermore, it would be interesting to investigate the effect
of the drill tip shape on the drilling depth in the cortical bone layer.

An interesting characteristic of the Tsetse Drill is that the drilled tunnel has a rectan-
gular cross-section. Furthermore, the cross-sectional shape of the Tsetse Drill and thus
the cross-sectional shape of the drilled tunnel can be changed by redesigning the drill
tip. In spinal fusion surgery, a tunnel is created through the pedicle into the vertebral
body. Subsequently, a pedicle screw is placed through this tunnel. As of now, the fixa-
tion of the pedicle screw mainly relies on the contact between the pedicle screw and the
strong cortical bone layer. This contact is, however, limited due to the oval cross-section
of the pedicle and the round cross-section of the pedicle screw and tunnel. An oval drill
path would allow for novel anchors with an oval cross-section that can shape to the pedi-
cle, such as the one designed by de Kater et al. [16]. This way the contact area between
the anchor and the cortical bone layer in the pedicle could be increased considerably.
This would not only result in increased pull-out strength of the anchor, but it can also
increase the toggling resistance of the anchor due to the increased contact area with the
cortical bone in the caudal and cranial direction.

8.5.2. LIMITATIONS AND FUTURE RESEARCH

The presented Tsetse Drill was able to successfully deflect when encountering the harder
cortical bone with angles up to 15o . The achieved deflection is comparable to the deflec-
tion of the drill described by Watanabe et al. [29] without requiring active steering by
the user. Furthermore, the drill does not rely on steering cables that require high ten-
sion forces to facilitate the required tip deflection. Although this is a large advantage
over fully rigid drills, further research is necessary to investigate the ability to utilise wall
guidance for larger insertion angles. Additionally, future research could be conducted
into combining wall guidance with additional steering methods to increase the adapt-
ability of the drill. Furthermore, the large contact area between the quickly oscillating
drill tip and the surrounding bone may result in heat generation. In future research heat
generation should be investigated, as heating of bone tissue can result in bone necrosis
[13].

For the proof-of-principle experiments, the drill was tested in artificial bone phan-
tom material. Although the mechanical characteristics of this artificial bone are similar
to real bone, they are no replacement for actual bone. The pores in the bone phantom
are closed cells and smaller than cancellous bone. Furthermore, the pores in cancellous
bone are filled with bone marrow, a fatty liquid. The presence of fluids, such as blood
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and bone marrow, could slow down the disposal of the bone chips that are formed dur-
ing drilling. Furthermore, the transition zone between the cortical and cancellous bone
was not considered in the performed experiments and could influence the wall guidance
performance, as the transition from cancellous to cortical bone is less abrupt than in the
performed experiments.

The Tsetse Drill is currently designed for spinal fusion surgery. However, the Tsetse
Drill could also be of great advantage in ligament reconstructions. During this type of
surgery, a ligament is reconstructed by placing a ligament graft through the bone via a
pre-drilled tunnel. In these reconstructions, a longer tunnel is thought to increase the
fixation of the ligaments [12]. With the Tsetse Drill, a curved path could be created to
increase the tunnel length. Also in other orthopaedic surgeries, such as implant revision
surgeries and bone decompression, a steerable drill that can drill along the cortical bone
layer could be preferable over conventional bone drills [4, 3]. Therefore, in future re-
search, we will investigate the Tsetse Drill mechanism for use in a variety of orthopaedic
interventions.

8.6. CONCLUSION
This paper presents a novel passively steerable bone drill design inspired by the tsetse fly
proboscis. The Tsetse Drill comprises two stacked leaf springs that transmit the oscilla-
tion to the drill tip while allowing for bending of the drill. The drill tip of the Tsetse Drill
has an abrasive surface and rotates in an oscillatory fashion perpendicular to the drilling
direction. This drilling method allows for the utilisation of wall guidance to drill a curved
path along the cortical bone layer of the vertebra. The proof-of-principle prototype was
able to successfully drill through bone phantom material with a compressive strength of
5 PCF, 10 PCF and 15 PCF. Furthermore, the Tsetse Drill was able to passively steer util-
ising wall guidance with insertion angles of 5o , 10o and 15o . The presented Tsetse Drill
could be a first step in the direction of steerable bone drilling in a variety of orthopaedic
procedures, such as spinal fusion surgery.
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9
DESIGN OF A STEERABLE AND

SENSING BONE DRILL

Bone drilling plays an essential role in various medical procedures, enabling access to
challenging intervention sites within bone tissue and facilitating the creation of tunnels
for placement of implants such as spinal bone anchors. Conventional rigid and straight
bone drills often lack the manoeuvrability required in intricate procedures. Furthermore,
the straight tunnels created with conventional drills for bone anchors may result in loos-
ening of the anchor as the path is not optimised for the shape of, for instance, the verte-
bra. Especially in patients with compromise bone strength, such as osteoporosis, loosen-
ing of bone anchors has a high prevalence. This study proposes a novel steerable bone drill
design (� 2.75 mm, length: 130 mm) featuring a central lumen for interchangeable pre-
curved nitinol cores, enabling controlled steering of the drill trajectory. This design enables
the creation of multi-curved tunnels, enhancing manoeuvrability during drilling. Fur-
thermore, the drill tip is designed to incorporate Diffuse Reflectance Spectroscopy (DRS)
technology that is able to provide tissue feedback to alert the user for the risk of cortical
breach during the drilling procedure. The developed proof-of-concept prototype success-
fully demonstrated the drilling of a multi-curve tunnel including a straight and a subse-
quent curved section, marking a significant advancement compared to conventional bone
drills. This innovative steerable bone drill could enable the access to difficult-to-reach
locations deep within the bone and may enhance the fixation strength of bone anchors
through the utilisation of multi-curved tunnels.
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9.1. INTRODUCTION

9.1.1. BONE DRILLING

Bone drilling is essential in a wide range of medical procedures, facilitating access to spe-
cific intervention sites, enabling implant placement and aiding fracture fixation. How-
ever, conventional bone drills have a straight and rigid design, limiting drilling to straight
tunnels. This lack of manoeuvrability restricts the range of accessible locations, as well
as the inability to adjust the drill path during procedures, potentially resulting in signif-
icant damage to surrounding healthy tissue. The development of a steerable bone drill
capable of drilling curved tunnels could offer access to more challenging locations, while
minimising the risk of harm to surrounding anatomical structures.

Steerable bone drills could also aid the fixation strength of implants. In spinal fusion
surgery, for instance, adjacent vertebrae are fused using screws and rods to restore spinal
stability. The success of this procedure heavily relies on the fixation strength of the pedi-
cle screws within the vertebra [20]. Pedicle screws are primarily surrounded by porous
cancellous bone, with only a small section within the pedicle in contact with the dense
cortical bone layer, yet this section contributes the most to the overall fixation strength
of the screw [20, 19]. Especially in patients suffering from osteoporosis, where the bone
density is compromised, pedicle screw fixation may be insufficient, potentially resulting
in screw loosening [20]. Exploring alternative anchor paths along the cortical bone layer,
as presented in Figure 9.1, could potentially enhance the fixation strength and the suc-
cess rate of spinal fusion surgery by increasing the contact with the cortical bone layer.
However, drilling such multi-curved paths necessitates a steerable bone drill.

9.1.2. STEERABLE BONE DRILLING

Despite various designs of steerable bone drills presented in patent literature, commer-
cially available bone drills are scarce [16]. Existing drills, such as the Carevature Dreal [6]
and the Stryker MicroFX OCD [14], feature a flexible drive shaft to actuate a axially rotat-
ing drill tip, which is guided through a rigid tubular guide. While this design allows for
accessing challenging entry points without damaging surrounding tissue, using a rigid
guide restricts its ability to drill curved tunnels through bone. The Lenkbar FlexMetric®

[1] and the Zimmer Biomet Precision Flexible Reaming system [13] employ a drill tip with
a central lumen and a flexible tubular drive shaft, allowing advancement of the drill over
a pre-placed guide wire. Despite enabling drilling of curved tunnels, these drills rely on
the placement of a guide wire and are thus limited to gentle curves.

Currently available steerable bone drills fall short in enabling the drilling of multi-
curved tunnels that are adaptable during procedures. The patent by Bonutti [2] proposes
a steerable bone drill design allowing path adjustment during drilling, using multiple in-
flatable elements to steer the drill in the desired direction. However, to our knowledge,
this design has yet to undergo practical validation, and therefore, the question remains if
inflatable segments would allow for drilling the desired adaptable multi-curved tunnels.
The challenge of developing a steerable bone drill lies in achieving sufficient axial rigid-
ity required for bone penetration, whilst maintaining low bending stiffness for creating
curved tunnels. Conventional axially rotating drills face bending challenges, necessitat-
ing flexibility in two orthogonal planes, hindering the required axial rigidity. Alternative
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Figure 9.1: Alternative anchoring path aimed at increasing contact with the cortical bone layer to enhance the
fixation strength of spinal bone anchors.

drilling methods such as milling, hammering, or pushing may offer viable solutions for
the development of a steerable bone drill.

In order to create a multi-curved tunnel, the drill must manoeuvre through the bone
in a snake-like manner, with the drill tip defining the path while the remainder of the drill
follows the exact path of the drill tip. This can be achieved through complex mechanics
such as Follow-The-Leader (FTL) mechanisms, wherein the pose of the tip is stored and
conveyed to the following segments, ensuring the segments replicate the trajectory [4,
5]. FTL mechanisms are designed for minimally invasive procedures in soft tissues and
generally do not rely on interaction with the tissue to navigate. However, in bone drilling,
the surrounding bone tissue can in theory serve as a medium to retain the drill tip’s path,
enabling the drill to track the created tunnel effectively, resulting in the desired snake-
like navigation without the need for a complex FTL mechanism.

9.1.3. DRILLING SAFETY

To enable multi-curved drilling in a safe manner, the location of the drill inside the ver-
tebra needs to be precisely controlled and monitored. Vertebrae are surrounded by del-
icate anatomy, including nerves, blood vessels, muscles and ligaments and possess in-
tricate contours, characterised by curved surfaces that provide protection to the spinal
cord and allow for ligament attachment. Drilling through the vertebra, especially when
creating curved tunnels, carries a risk of breaching the cortical bone layer, potentially
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resulting in damage to the surrounding anatomy. Conventional safety measures such as
2D fluoroscopy or 3D navigation offer guidance, but expose both patients and surgical
staff to radiation [9].

Alternatively, integrating sensors into a steerable drill can enhance safety. Electro-
Magnetic Tracking (EMT) [8], Fiber Braggs Grating (FBG) sensors [10], and Diffuse Re-
flectance Spectroscopy (DRS) sensors [17] may provide viable options. The tracking ac-
curacy with EMT quickly degrades when electric and metallic instruments are present,
and the tracking volume is limited [8], making this undesirable for integration in a steer-
able drill. Optical fibers that are required for both FBG and DRS are compact and easily
integrated into medical devices, making both techniques promising for enhanced safety
in steerable drilling procedures [7]. FBG sensors utilise a grating structure within opti-
cal fibers to detect strain which can be used to determine the bending of the fiber and
this the instrument’s path [10]. Similarly DRS sensors employ optical fibers, that allows
for the differentiation between cortical and cancellous bone, alerting the user before
breaching the cortical bone layer [17, 3, 12].

9.1.4. GOAL OF THIS STUDY

The aim of this study is to explore a novel bone drill design engineered for the creation of
multi-curved tunnels through bone, with the ability to modify the drill path during the
procedure. The bone drill is designed to accommodate the integration of optical fibers
to enhance drilling safety through tissue differentiation and path determination.

9.2. DESIGN

9.2.1. WORKING PRINCIPLE

Creating multi-curved tunnels through the vertebra will enable alternative fixation
methods that can be explored, including macro-shape locks. A potential multi-curved
path that could be utilised is presented in Figure 9.2a, comprising a straight section fol-
lowed by a curved section (Curve A) and an oppositely curved section (Curve B). To drill
along this path, the procedure using the novel drill (Figure 9.2b) design unfolds as fol-
lows: Step 1 initiates with drilling a straight tunnel; Step 2 progresses by extending this
tunnel into Curve A; and Step 3 concludes with drilling Curve B (Figure 9.2c).

To achieve this multi-curved tunnel, we propose a system in which the path of the
drill tip is stored in the surrounding bone. The proposed design consists of interchange-
able super elastic nitinol pre-curved cores confined within a flexible sleeve. The pre-
curved cores are manufactured from super-elastic nitinol rods, providing them with abil-
ity to endure large deformations without resulting in plastic deformation of the rod. This
allows the cores to take on the shape of the multi-curved path drilled. The flexible sleeve,
comprising a sharp tip at its distal end, is designed to penetrate the cancellous bone and
create a tunnel by a pushing motion.

Upon introduction of a pre-curved nitinol core into the flexible sleeve, the sleeve
molds and conforms to the curve of the core. In Step 1, a straight nitinol core is inserted
into the flexible sleeve, resulting in a straight shape of the drill. As the sleeve and core
advance into the cancellous bone, a straight tunnel is created. At the end of the straight
tunnel, the core is withdrawn from the cancellous bone, while the sleeve remains within
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the bone.
In Step 2, a pre-curved core is introduced into the sleeve. The elastic properties of

the nitinol core, combined with the resistance of the cancellous bone surrounding the
flexible sleeve, cause the core to deflect and conform to the pre-drilled straight tunnel
when the core is introduced into the sleeve. As the core and sleeve are advanced further
into the cancellous bone, a curved tunnel (Curve A) is formed, facilitated by the pre-
curve of the nitinol core and the resulting force of the cancellous bone. After drilling
Curve A, the core is removed.

In Step 3, the previous step is repeated by introducing an oppositely pre-curved niti-
nol core into the flexible sleeve. Upon insertion of the core into the sleeve, the core
elastically conforms to the sleeve within the previously drilled tunnel. Advancement of
the core and sleeve through the bone drills the second curve (Curve B). By employing
cores with differently curved radii, the drilling of multi-curved tunnels with varying radii
in three-dimensional space is achievable.

9.2.2. CONCEPT DRILL DESIGN

The concept drill design comprises a flexible sleeve connected to a drill tip that facilitates
the integration of DRS technology and a lumen enabling the introduction of a variety of
pre-curved nitinol cores for drilling multi-curved tunnels. To prevent any bias in drilling
direction, a conical drill tip shape was chosen. Furthermore, to drill curved tunnels, the
drill tip must apply sufficient force to penetrate through cancellous bone. A sharp drill
tip offers advantages, as it minimises the required pushing force to advance the drill.
However, the drill tip must also allow for the integration of DRS technology. The drill tip
was designed to accommodate two optical fibers (�: 200 µm) with a fiber distance of 1.6
mm [12, 11]. This fiber distance is one to the determinants for the probing depth, the
depth at which the cortical bone layer can be detected using the DRS sensor. Another
determinant for the probing depth and the signal-to-noise ratio is the drill tip shape, as
investigate by Losch et al. [12]. A sharp conical tip significantly reduces the sensitivity
of the DRS sensor, but this effect is limited using a slight conical drill tip [12]. Therefore,
a conical tip with an angle of 120o was selected which will reduce the probing depth
compared to a blunt tip by 50%, but allows for penetration of cancellous bone (Figure
9.3) [12].

The sleeve that connects to the drill tip requires flexibility to conform to the shape
of the introduced nitinol core, combined with a smooth inner surface for introducing
the nitinol cores. Additionally, to safeguard the optical fibers integrated in the drill tip, a
double-walled sleeve is required with the optical fibers in between the two layers. This
also allows for the integration of additional optical fibers with fiber Bragg gratings to
allow for determination of the drill path real time. The inner sleeve, a highly flexible
Bowden cable sheath, offers a smooth inner surface. The outer sleeve, a heat-shrinking
tube, provides a smooth surface for the sleeve’s advancement into the cancellous bone.

The super elastic property of nitinol enables large deformations without risking plas-
tic deformation. To create multi-curved tunnels, the pre-curved cores must be able
to bend in the opposite direction to their initial pre-bend curve. The minimal radius
(r) [mm] for achieving this without risking plastic deformation can be calculated using
Equation 9.1, where d [m] represents the core diameter and ϵ [-] represents the allowable
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(a) (b)

(c)

Figure 9.2: Working principle of the proposed steerable drill design. (a) Desired multi-curved drill path, (b)
Components of the drill, including a flexible sleeve and multiple super elastic nitinol cores to guide the drill in
the desired direction. (c) Working principle to drill the desired drill path.
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Figure 9.3: Schematic representation of the drill design, featuring a conical drill tip (yellow) with two optical
fibers (orange) running through the flexible sleeve consisting of a Bowden cable (blue) and a heatshrinking
tube (green), along with a nitinol curve (pink)

strain which is equal to 0.08 for super elastic nitinol [18].

r = d

ϵ
+ d

2
(9.1)

From Equation 9.1 can be deducted that smaller core diameters allow for a smaller
allowable minimum radii. However, cores with a smaller diameter may not have suffi-
cient axial stiffness to effectively transmit the pushing force required to advance the drill
through the cancellous bone. Therefore, nitinol cores with diameters of 0.5 mm, 0.8 mm
and 1.0 mm were tested. These cores should theoretically allow for curvatures of r = 6.5
mm, 10.4 mm and 13 mm respectively.

PROOF-OF-CONCEPT PROTOTYPE

A proof-of-concept prototype was developed to validate the drilling and steering func-
tionality of the proposed steerable bone drill design. Since the DRS technology has al-
ready been validated [12] and the addition of the optical fibers is not expected to influ-
ence drilling performance, the proof-of-concept prototype was developed excluding the
optical fibers necessary for detecting cortical breach.

The developed proof-of-concept prototype consists of a stainless-steel drill tip man-
ufactured using conventional machining techniques, glued to a flexible shaft comprising
an inner sleeve made from an outer sheath of a Bowden cable (Schweizer Federtechnik
GmbH & Co., �i nner = 1.0 mm , �outer = 1.2 mm), and an outer sleeve comprising a heat-
shrinking tube (CellPack, � = 2.40 mm, shrink ratio = 2:1) (Figure 9.4a). The straight and
pre-curved cores utilised for steering the drill were fabricated from super elastic nitinol
rods (Titanium Shop: �= 0.5 mm, � = 0.8 mm & NDC: � = 1.0 mm), which were curved
in the desired curvature by placing them in a mould and heating them for at least 20
minutes at 500oC . The manufactured proof-of-concept drill has an outer diameter of
2.75 mm and a length of 130 mm (Figure 9.4b).
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(a) (b)

Figure 9.4: Proof-of-concept steerable drill prototype. (a) Close-up of the proof-of-concept prototype showing
the fully assembled prototype including the drill tip and the outer heat shrinking tube, as well as the Bowden
cable sheath forming the internal layer of the flexible sleeve and various straight nitinol cores. (b) Proof-of-
concept prototype within a hollow vertebra model with a close-up of the drill tip.

9.3. TEST
The proof-of-concept prototype drill was tested by drilling the first two steps of creat-
ing a multi-curved path, starting with a straight section followed by a curved section,
into bone phantom material (SawBones Solid Foam Block, 5 PCF), which possesses me-
chanical properties similar to female osteoporotic bone [15]. To enable visual inspection
of the drill path during the test, a clear PolyMethylMethAcrylaat (PMMA) plate was af-
fixed on top of the bone phantom material, allowing the drill to penetrate through the
bone phantom material along the PMMA plate. Both the bone phantom material and
the PMMA plate were secured with a vice (Figure 9.5).

In the initial step of the test (Step 1), the straight section of the tunnel was drilled us-
ing a straight core, pushing the drill into the bone phantom material at a constant speed
of 0.5 mm/s over a length of 3 cm using a linear stage. Subsequently (Step 2), the straight
core was replaced with the curved core (radius curved section: 25 mm) to drill the curved
section of the tunnel. Replacing just the core while the sleeve remained within the can-
cellous bone proved challenging, therefore, the drill and core were removed after drilling
the initial straight section of the tunnel. At the start of Step 2 the drill housing the curved
core was placed into the previously drilled tunnel by hand. Subsequently, the drill, hous-
ing the curved core, was advanced over a length of 3 cm into the bone phantom, drilling
the curved section of the path.

The proof-of-concept prototype was tested using 0.5 mm, 0.8 mm and 1.0 mm diam-
eter super elastic (pre-curved) nitinol cores. Straight drilling with the 0.5 mm core proved
unsuccessful, as the pushing force required to advance the drill reached the limit of the
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Figure 9.5: Experimental setup used in testing of the proof-of-concept prototype drill, featuring a linear stage
utilised to advance the drill through the guide into the bone phantom material for drilling a multi-curved
tunnel, starting with an initial straight tunnel followed by a curved tunnel.
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Figure 9.6: Testing of the drilling and steering performance of the proof-of-concept prototype drill. Step 1:
Drilling of the curved section of the multi-curved tunnel by advancing the drill housing a straight core. Step 2:
Drilling of the curved section of the multi-curved tunnel by advancing the drill housing a curved core.

linear stage, resulting in no progress through the bone phantom material. The 1.0 mm
core successfully drilled the straight section. However, subsequent drilling of the curved
section with a curved 1.0 mm core was unsuccessful due to the inability to deflect and
advance the nitinol core within the previously drilled straight tunnel. The 0.8 mm core,
on the other hand, combined the best of both worlds and successfully drilled both the
straight and the curved section of the tunnel, as depicted in Figure 9.6. Drilling of the
second opposed curved section (Step 3), however, proved challenging due to the diffi-
culty introducing the pre-curved nitinol core into the curved tunnel in the opposite di-
rection. The curved core tended to axially rotate in the same direction as the pre-drilled
curved tunnel, hindering the drilling of the third opposed curved section. Throughout
the drilling process of both the straight and curved tunnel, accumulation of bone phan-
tom material at the drill tip was observed, making it increasingly difficult to advance the
drill. After completing the drilling of the tunnel, the drill was removed, revealing the
drilled tunnel, which included a straight section followed by a curved section.

9.4. DISCUSSION

9.4.1. MAIN FINDINGS

The proposed steerable bone drill design, along with the manufactured proof-of-
concept prototype (�: 2.75 mm, length: 130 mm), demonstrated successful drilling
through osteoporotic bone phantom material, creating a tunnel comprising a straight
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and curved section. The prototype drill features a stainless-steel conical drill tip de-
signed for integrating DRS technology to enable cortical breach detection. This drill tip
is connected to a double-walled flexible sleeve which allows for incorporation of op-
tical fibers with FBG to determine the path of the drill real-time. Various pre-curved
cores manufactured from super elastic nitinol could be inserted into the flexible sleeve
to guide the drill in the desired direction while advancing through bone.

The drilling and steering performance of the proof-of-concept drill prototype was
tested in combination with different the super elastic nitinol cores (� 0.5 mm, � 0.8 mm
and � 1.0 mm). The 0.5 mm nitinol core was not able to advance the drill through the
bone phantom material, possibly due to buckling within the flexible sleeve of the proof-
of-concept prototype, caused by the space between the core and the interior of the flex-
ible sleeve and creating high friction. While the nitinol core with a 1.0 mm diameter was
able to successfully drill a straight tunnel through the bone phantom material, it was ob-
served that upon introducing the curved core, its stiffness hindered compliance with the
previously drilled straight tunnel. Consequently, drilling the curved section of the tun-
nel after successfully drilling the straight section was not possible. The 0.8 mm diameter
nitinol core achieved successful drilling of both the straight and the subsequently curved
section of the tunnel. Throughout the drilling process, accumulation of bone at the drill
tip was noticed, potentially increasing drilling resistance posing a risk to the drilling of
longer tunnels.

9.4.2. LIMITATIONS AND FUTURE RESEARCH

The presented proof-of-concept prototype successfully drilled a tunnel comprising a
straight section followed by a curved section, utilising a pre-curved super elastic nitinol
core. The impact of the core diameter on drilling performance was evident. Employing
a core with a small diameter (0.5 mm) or a large diameter (1.0 mm) did not yield in suc-
cessful drilling of multi-curved tunnels, either due to buckling in the case of the 0.5 mm
core or the inability to adapt to the pre-drilled path in case of the 1.0 mm core, hindering
successful drilling of a subsequent section of a multi-curved tunnel. Drilling of a multi-
curved tunnel including a straight section followed by two opposed curved sections as
presented in Figure 9.2a was not possible with the current design. Possibly a thinner,
more flexible core would allow for this, however, this would require redesign of the flexi-
ble sleeve of the drill to eliminate the space between the core and the sleeve to minimise
buckling.

The core diameter also significantly influenced the minimum achievable curve ra-
dius, thereby determining the diameter of the curved path that can be drilled. The 0.8
mm core, with a curve radius of 25 mm, proved effective in drilling a curved tunnel. Fur-
ther research into the effects of core diameter, length, and radius of the curved section of
the cores is desired. The drilling path may vary depending on the properties of the bone
through which the tunnel is created. While the test of the proof-of-concept prototype
was conducted in bone phantom material designed to mimic osteoporotic cancellous
bone, future ex-vivo and in-vivo experiments are required to understand the depen-
dency of inhomogeneous bone properties on the drilling and steering performance of
the designed steerable bone drill. Furthermore, the effect of pushing or hammering the
drill through bone could be investigated.
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Figure 9.7: Schematic representation of the multi-curved drill path using a single curved core that is axially
rotated 180o at certain intervals to drill straight and curved paths with varying radii. The coloured dotted lines
indicate the path along which the drill is advanced.

The current drill design requires multiple pre-curved cores with different radii to fa-
cilitate drilling of curved tunnels of varying radii. However, in a clinical setting, the util-
isation of multiple cores may be considered cumbersome and complex. To address this
issue, exploring the feasibility of employing a single curved core to drill multi-curved
tunnels could be of interest. By rotating the core axially by 180o each time the drill is ad-
vanced, it becomes feasible to drill a relatively straight path using a curved core (Figure
9.7, Straight path). While the curve of the core determines the smallest curve radius that
can be drilled (Figure 9.7, Curve A), it is possible to drill a curved section with a larger
diameter by periodically axially rotating the core 180o at specified intervals (Figure 9.7,
Curve B).

The drill tip of the presented proof-of-concept prototype was designed to include
DRS technology for cortical breach detection. However, the functionality of the DRS
technology was not validated in this study, and the interaction between the DRS tech-
nology and the user, and subsequently between the user and the drill, was beyond the
scope of this research.



9.5. CONCLUSION

9

167

9.5. CONCLUSION
This study introduces a novel steerable bone drill design and steering principle aimed
at drilling multi-curved tunnels through cancellous bone. The drill comprises a flex-
ible sleeve housing and a stainless-steel conical drill tip designed to incorporate DRS
technology to provide cortical breach detection. Various super elastic nitinol cores can
be inserted into the flexible sleeve to guide the drill in the desired direction during
the procedure. A proof-of-concept prototype was tested using bone phantom material.
Advancing the proof-of-concept prototype with a � 0.8 mm super elastic nitinol core
enabled drilling of a multi-curved tunnel comprising a straight section followed by a
curved section. This innovative drill design represents a first step in the development of
multi-curved steerable bone drilling, potentially expanding surgical capabilities in vari-
ous medical procedures including orthopaedic surgery.
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10
STATE-OF-THE-ART IN BONE

BIOPSY NEEDLES

Bone biopsies have great value for the diagnosis of, amongst others, haematologic diseases.
Although the bone biopsy procedure is mostly performed minimally invasive with the use
of a slender cannula, the patient may still experience discomfort, especially when the pro-
cedure has to be repeated due to an unsuccessful biopsy. This review presents a comprehen-
sive overview of bone biopsy devices presented in the patent literature. The patents were
obtained using a classification search combined with keywords in the Espacenet patent
database and were subsequently verified using pre-set eligibility criteria. This resulted in
62 unique patents included in this review. The included patents were categorised based on
the used strategies for the three steps that can be identified during a bone biopsy (1) biopsy
sampling, (2) biopsy severing and (3) biopsy harvesting. Most patents described strategies
for multiple steps. Insight into the used strategies and the comprehensive overview may
serve as a source of inspiration for the design of novel bone biopsy devices.

This chapter is published as:
de Kater, E. P., Boetzkes, J. A., Sakes, A., & Breedveld, P. (2023). Bone biopsy devices-a patent review. Expert
Review of Medical Devices, 20(11), 919-928.
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10.1. INTRODUCTION

10.1.1. BONE BIOPSIES
Bone biopsies and bone marrow aspirations have great diagnostic value and may be
performed in combination to diagnose and evaluate of haematologic diseases such
as leukaemia [51]. Bone biopsies are furthermore performed for the diagnosis of be-
nign and malignant bone tumours, including metastatic bone diseases, lymphoma, and
myeloma [45]. The bone biopsy procedure can be performed during open surgery in
which a relatively large incision is made to reach the bone but mostly the biopsy pro-
cedure is performed minimally invasive. Bones have a hard outer shell of cortical bone
which surrounds the porous cancellous bone. The pores of the cancellous bone are filled
with bone marrow, a semi-solid spongy tissue that is responsible for the production of
blood cells and plays a crucial role in the immune system. During a bone marrow aspi-
ration, only a sample of the bone marrow is aspirated for investigation. During a bone
biopsy, also called trephine or core biopsy, a section of the cancellous bone and the en-
capsulated bone marrow is taken from the patient. Where a bone marrow aspiration is
solely used to investigate the bone marrow cells, bone biopsies allow the investigation
of the structure of the bone marrow within the cancellous bone. Furthermore, a bone
biopsy may be performed to investigate a bone lesion. Bone biopsies and bone mar-
row aspirations may be performed in the same intervention. In these cases, the bone
marrow aspiration is usually performed first, after which, the bone biopsy is performed
through the same skin incision. It is advised to enter the bone at least 1 cm away from
the aspiration location to guarantee that the obtained bone biopsy is not affected by the
bone marrow aspiration [7]. This review focuses on technology specifically developed
for bone biopsy procedures, since performing a bone biopsy is more complex than a
bone marrow aspiration and is considered more painful for the patient [7].

A bone biopsy can be performed in different areas of the human body depending on
clinical requirements, but for suspected haematologic diseases often an area where bone
can be reached with minimal damage to surrounding soft tissues is chosen, for example,
the iliac crest (Figure 10.1) [51]. The bone biopsy procedure begins by creating an entry
hole through the skin. Subsequently, a hollow needle between 10 gauge (3.2 mm) and
8 gauge (4.1 mm), referred to as a cannula is introduced through the skin incision with
a twisting motion to create the entry hole to the target location within the cancellous
bone [51]. During this step, a stylet is placed inside the cannula to prevent soft tissue
and bone chips from entering the cannula and to avoid contamination of the biopsy
[12]. Furthermore, the sharp point of the stylet aids the penetration of the strong cortical
bone layer. Once the distal tip of the cannula has reached the target location, the stylet
is removed from the cannula and the cannula is advanced further into the cancellous
bone while applying slight pressure combined with a twisting motion [51]. During this
process, part of the cancellous bone and encapsulated bone marrow, the biopsy, will
enter the lumen of the cannula. When a biopsy sample of 1–3 cm long has been captured
in the cannula, the cannula is turned and tilted to sever the biopsy from the surrounding
bone [51] Subsequently, the cannula with bone biopsy sample is carefully retrieved from
the patient to harvest the biopsy. A slight suction might be used to prevent the biopsy
from slipping out of the cannula [51]. After the cannula is successfully retrieved, the
biopsy is removed from the cannula using a blunt-tipped stylet that is inserted via the
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Figure 10.1: Schematic representation of a bone biopsy procedure. Illustration adapted from Servier Medical
Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported License.

distal end of the cannula as to push the biopsy out of the cannula.

10.1.2. CHALLENGES IN BONE BIOPSY
Bone biopsies are generally safe procedures with very low complication rates [61]. Break-
ing of the needle is rare with an estimated occurrence of 0.01% found in a study by Bain
[8] but may have serious implications as the needle fragments might need to be removed
surgically resulting in a longer hospital stay. Haemorrhage is the most common compli-
cation but only accounts for an incident rate of 0.02% [7]. Nevertheless, a bone biopsy
procedure can cause significant pain and discomfort to patients [28]. The discomfort
may be caused by the heat generated by the friction between the cannula and the bone
during the insertion [1]. Furthermore, tilting the cannula to sever the biopsy can cause
discomfort due to the creation of micro-fractures and trauma to the surrounding bone
[6].

Although reports on serious long-term complications for bone biopsy procedures are
low, the number of unsuccessful biopsies is much higher. Cervi [13] states that often two
or three biopsies are performed to obtain a single useful biopsy sample. Multiple trials
may be necessary due to unsuccessful severing of the biopsy, which makes it impossible
to harvest the biopsy with the clinically available biopsy cannulas [51]. Furthermore, the
biopsy can slip out of the cannula during retrieval of the cannula [51, 68]. Additionally,
when the biopsy is successfully obtained, the biopsy might not be suitable for further
investigation due to insufficient size of the biopsy or crushing artefacts in the biopsy
that could be introduced during sampling or severing of the biopsy. The need to perform
multiple biopsies not only results in more discomfort to the patient but also increases in
costs, due to an increased procedure time and additional lab work [11].

10.1.3. GOAL OF THIS REVIEW
The goal of this review is to provide a comprehensive over-view of bone biopsy devices
in patent literature, as patent literature provides insights in the latest technical devel-
opments in this field. The bone biopsy devices described in the patent literature are
categorised based on the methods used in each of three steps that are performed in a
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bone biopsy procedure, namely (1) biopsy sampling, (2) biopsy severing, and (3) biopsy
harvesting (Figure 10.1).

10.2. METHOD

10.2.1. PATENT SEARCH METHOD
A classification search was conducted in the Espacenet patent database. For this search,
only patents with the Cooperative Patent Classification (CPC) of A61B10/025 or a sub-
category of this class were included as this class contains patents that describe biopsy
devices for bone, bone marrow, or cartilage biopsies. Patents that also had the CPC of
A61B10/0283 were excluded as this class includes devices that use vacuum aspiration
which is suitable for bone marrow biopsies but not for bone biopsies. Only WORLD
patents (WO*), European Patents (EP*), and United States patents (US*) were included
in this study.

10.2.2. ELIGIBILITY CRITERIA
The scope of this review is to create an overview of devices that can be used to obtain a
bone biopsy. Patents do not always specify the clinical application, hence the following
eligibility criteria were used to exclude non-relevant patents. Only patents that describe
a design for a device that is able to extract solid tissue such as bone, cartilage and/or
tumour tissue, neoplastic or pathological tissue within the bone, were included. Devices
that merely focus on bone marrow aspiration were excluded, as strategies used for bone
marrow aspiration are not applicable for bone biopsies due to substantial differences
between the procedures. Furthermore, the patent was required to describe the method
used to obtain the biopsy. Patents solely focusing on, for instance, handle designs were
excluded. Lastly, only patents that focus on the extraction of an intact piece of tissue
without damaging it were included. This means that devices that focus on the extraction
of fragmented bone, for instance to acquire bone grafts, were excluded as this would
make the device unfitting for the extraction of bone biopsies for diagnostic purposes.

10.2.3. GENERAL RESULTS
The search query resulted in the identification of 297 patents (January 2023). The
patents were screened for eligibility by inspecting the title, abstract, and drawings. The
description of the patent was screened for eligibility for all patents that were not ex-
cluded based on the inspection of the title, abstract and drawings. This resulted in a
total of 62 patents being included in this review. Patents that had the same authors and
described similar devices were regarded as duplicates although they might not be con-
sidered duplicates in the legal sense. In the case of ‘duplicates’, only the most recent
patent was included in this review.

10.2.4. CLASSIFICATION
The patents were classified based on the method used for (1) biopsy sampling, (2) biopsy
severing and (3) biopsy harvesting (Figure 10.2). In the methods used to sample the
biopsy, a clear distinction was made between (1.a) devices designed for use in a pre-
made hole, such that new bone is cultivated in the device over time, and (1.b) devices
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that create a self-made hole through the cancellous bone to sample a biopsy. The hole
is in those cases made by solely pushing the cannula into the bone, or by combining
the pushing with a twisting motion in one or both directions. Severing of the biopsy
sample from the surrounding bone can be achieved by (2.a) inducing shear forces by
tilting or rotating the cannula. Severing of the biopsy sample from the surrounding bone
can also be achieved by (2.b) tension forces or by (2.c) cutting the biopsy sample from
the surrounding bone. The biopsy must be harvested from the patient’s body when the
cannula is retrieved without the risk of the biopsy slipping out the cannula. This can
be achieved by (3.a) creating a shape lock between the biopsy and the cannula by either
using a threaded section or a gripper, by (3.b) inducing friction between the biopsy and
the cannula by a friction-inducing surface or by compressive forces on the biopsy or (3.c)
by using suction.

10.3. RESULTS

10.3.1. BIOPSY SAMPLING
To sample the biopsy, the first step is to penetrate the cortical bone. There are two bone
conditions in which bone biopsies are performed: 1) intact cortical bone and 2) weak-
ened or non-existent cortical bone. After penetrating the cortical bone layer, the bone
biopsy device is advanced into the cancellous bone sampling the targeted tissue such as
pathological, tumorous, or neoplastic tissue.

PRE-MADE HOLE

Two patents describe a bone biopsy device that is intended to be placed into a pre-made
hole in the bone [3, 21]. Over time the bone will grow within the hollow section of the
biopsy device and subsequently the newly cultivated bone can be removed to obtain the
bone biopsy. The process of the bone growing in the implant can span multiple weeks,
and over this time the device should remain fixated in the surrounding bone.

Fox [21] describes an implant comprising an outer collar that is secured in the sur-
rounding bone in which an inner structure with multiple slots is placed (Figure 10.3a).
These slots allow bone in growth into the device. Furthermore, the sloths have sharp-
ened edges that aid the severing of the biopsy during the removal of the inner structure.
The collar may remain within the bone during harvesting of the biopsy sample. After-
wards, the inner structure can be placed back into the collar to obtain another bone
biopsy if required.

The devices that use a pre-made hole are mainly intended for use in a research set-
ting, for instance to investigate the effects on bone growth while biopsy devices that cre-
ate a self-made hole are generally used for diagnostic purposes. This difference in appli-
cation area results in significantly different designs, therefore, the patents of Albrektsson
[3] and Fox [21], that describe a biopsy device using a pre-made hole will not be consid-
ered in the categorisation (2) biopsy severing and (3) biopsy harvesting.

SELF-MADE HOLE

Push The remaining patents all describe the use of a self-made hole to sample the
biopsy. All devices use an outer cannula that is advanced through the cancellous bone
to sample the bone biopsy. This cannula is often used in combination with a stylet to
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Figure 10.2: Overview of the methods used for (1) sampling the biopsy (2) severing the biopsy and (3) har-
vesting the biopsy in patent literature. The cannula is indicated in green, the biopsy in red and additional
structures in yellow. The arrows indicate the motions of the cannula.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i) (j)

Figure 10.3: Bone biopsy devices comprising an outer cannula (green) an additional (inner) structure (yellow)
and a sharp edge (blue) for biopsy (red) sampling and severing. (a) A bone biopsy device intended for implan-
tation in a pre-made hole, figure adapted from [21]. (b) A biopsy device with a wider cutting edge compared
to the cannula wall, figure adapted from [58]. (c) A bone biopsy device comprising two concentrically counter
rotating cannulas, figure adapted from [44]. (d) A bone biopsy device that severs the biopsy by rotating the
inner structure, figure adapted from [5]. (e) A bone biopsy device that severs the bone biopsy by pulling the
bulbous inner structure upwards, figure adapted from [9]. (f) A bone biopsy device that compresses the biopsy
and severs the biopsy by the sharp cutting edge, figure adapted from [47]. (g) A bone biopsy device with an
inner needle with a snare that severs the biopsy, figure adapted from [25]. (h) A bone biopsy device that cuts
the biopsy by plastic deformation of the inner structure, figure adapted from [46]. (i) A bone biopsy device
that cuts the the biopsy by advancement of the additional outer structure, figure adapted from [50]. (j) A bone
biopsy device that cuts the biopsy by rotating the inner structure, figure adapted from [57].
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penetrate the soft tissue surrounding the bone and the strong cortical bone layer. After
reaching the target location within the softer cancellous bone, the stylet is removed and
the outer cannula is advanced through the cancellous bone. During this step, the bone
biopsy material enters the lumen of the cannula.

Five patents describe the use of a linear pushing motion to advance the outer can-
nula through the cancellous bone [46, 37, 41, 55, 34]. The outer cannula of the devices
described in these patents have a sharpened edge to cut through the bone. Malagoli [41]
describes an outer cannula with a non-circular lumen and a sharpened distal end with
teeth to help push the cannula through the bone. The sampled biopsy will have a non-
cylindrical cross-section. Laughlin et al. [37] describe the use of an impact force instead
of continuous pushing force to advance the cannula through the cancellous bone.

Single Rotation Fourteen (14) patents describe the use of a single-sided rotation in
combination with linear advancement of the cannula into the cancellous bone [58, 10,
15, 17, 18, 19, 27, 30, 38, 40, 43, 63, 64, 70]. A rotation in a single direction may be pre-
ferred when there is a thread-cutting section at the distal end of the cannula, or because
the introduction of the cannula is motorised. Spranza [58] describes an outer cannula
with a cutting edge that is slightly wider than the wall thickness of the cannula wall, re-
sulting in a clearance between the outer cannula and the surrounding bone. This clear-
ance eliminates friction and thus the generation of heat between the rotating cannula
and bone (Figure 10.3b). Furthermore, the cutting edge has sections for the accumula-
tion of bone chips. Aakerfeldt et al. [1] also describe the use of a thicker cutting edge to
reduce heath generation, however the cannula is not introduced with a single rotation
but with an oscillating rotation.

Double Rotation Twenty-five (25) patents describe linear advancement of the cannula
combined with a rotational movement in both directions (oscillatory rotation) [12, 1, 6,
13, 68, 44, 5, 9, 50, 4, 14, 22, 26, 29, 31, 33, 32, 42, 48, 49, 59, 60, 65, 67, 69]. Marino
and Elbanna [42] describe the design of a cannula with a castellated teeth pattern at
its distal end to reduce the accumulation of bone particles between the teeth as this
would diminish the cutting ability. Matthews [44] describes a cannula that consists of
two concentric tubes with saw teeth (Figure 10.3c). These saw teeth are directionally
oriented such that the inner cannula should be rotated in the opposite direction of the
outer cannula.

Undefined Sixteen (16) patents describe a biopsy device that is able to create a self-
made hole to sample the biopsy, however the cannula motion that is used to advance
through the cortical bone is not defined [47, 25, 57, 2, 16, 20, 23, 24, 24, 25, 36, 35, 52, 53,
54, 56, 62, 66].

10.3.2. BIOPSY SEVERING

Once the biopsy is sampled by the cannula, the biopsy must be severed from the sur-
rounding bone such that the biopsy can be harvested from the patient.
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FRACTURE BY SHEAR

Tilting Severing of the biopsy can be achieved by inducing shear forces. Thirteen (13)
patents describe the use of a primarily tilting motion of the cannula to sever the biopsy
[12, 13, 37, 15, 17, 19, 30, 40, 64, 48, 49, 67, 16]. Tilting of the cannula induces shear
forces in the contact plane between the biopsy and the surrounding bone. The tilting of
the cannula in different directions may be combined with rotating the cannula to sever
the biopsy.

Shape Lock Fourteen (14) patents describe the use of a rotational movement of the
cannula to sever the biopsy from the surrounding bone [6, 68, 5, 41, 55, 34, 10, 4, 31,
33, 32, 42, 36, 35]. This eliminates the need to tilt the cannula. Severing by rotating
the cannula can only be successful if the biopsy rotates together with the cannula to
induce shear forces in the contact plane between the biopsy and the surrounding bone.
Four patents provide designs that avoid the biopsy from rotating within the cannula by
using a non-circular lumen [5, 41, 55, 34]. Malagoli [41], and Sachse and Sachse [55]
both describe a cannula with a non-circular lumen to allow the severing of the sample
by rotating the cannula. Joish [34] describes a cannula with an off-centre lumen in which
the biopsy is captured. Rotation of the cannula around its central axis will result in the
severing of the sample. Avaltroni [5] has a different approach as not the cannula itself is
rotated but rather a blade that is introduced into the cannula after sampling the biopsy
(Figure 10.3d). The blade cuts the biopsy in two halves and rotating the blade will sever
the biopsy.

Friction Lock Rotation of the biopsy with respect to the needle can also be avoided by
increasing the friction between the biopsy sample and the inner surface of the cannula
[6, 68, 10, 4, 31, 33, 32, 42, 36, 35]. For example, the use of a structure on the inside of the
cannula such as barbs or grooves may increase the friction between the biopsy and the
cannula [4, 35]. Another way to increase the friction between the biopsy and the inside of
the cannula is by compressing the biopsy against the cannula wall, for instance by using
a tapered tip [10], or a ridge at the distal end [6, 68, 31, 33, 32]. Due to the narrowing of the
lumen at the distal end of the cannula, the biopsy will be slightly compressed as it enters
the lumen due to the elasticity of the bone tissue. The increased friction induced by
compression prevents the rotation of the sample with respect to the cannula and eases
the severing. Krueger and Clark [36] and Marino and Elbanna [42] use the introduction of
an inner needle in the cannula to compress the biopsy such that the friction is increased.

FRACTURE BY TENSION

Four patents describe a biopsy severing method by inducing tensional forces on the
bone [9, 38, 63, 22]. Tensioning is only possible if the biopsy is well connected to the
cannula by a shape lock, for instance, due to a threaded section at the distal end of the
cannula [38, 63, 22]. Pulling the cannula, and thus the enclosed biopsy, out of the pa-
tient as to retrieve the cannula results in tensioning and finally fracturing of the biopsy
from the surrounding bone. Baldridge [9] does not use a threaded section but rather
proposes the use of an inner needle that has a bulbous end that extends from the outer
cannula and is slightly larger than the cannula lumen (Figure 10.3e). Once the target area
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is reached, the cannula with the inner needle is advanced through the cancellous bone
such that the lumen of the inner needle fills with the cancellous bone. After obtaining a
biopsy with the correct length, the inner needle is pulled into the outer cannula. Slits in
the bulbous end allow for radial compression such that the inner needle fits within the
outer cannula. This results in tensioning of the bone, and combined with the sharp edge
of the bulbous end, in severing of the bone biopsy.

FRACTURE BY CUTTING

Sixteen (16) patents describe a cannula that can sever the biopsy from the surrounding
bone by means of cutting [47, 24, 46, 50, 57, 27, 70, 60, 69, 2, 20, 24, 52, 53, 54, 66]. Five
patents describe the use of an inner needle that consists of two or more semi-circular
cutting blades that form a tweezers-like structure [47, 52, 53, 54, 66]. The inner needle is
located within the cannula during insertion into the bone. After the biopsy is enclosed,
the inner needle is moved deeper into the cannula, such that the tweezers is at the distal
end of the cannula. Since the cannula is slightly tapered, this will result in compression
of the distal tips of the tweezers and thus the cutting of the biopsy from the surrounding
bone (Figure 10.3f). Rubinstein [54] describes a slightly different approach to compress
the distal tips of the tweezers using a cannula with an oval lumen. In this design, the
tweezers tips can be compressed even further by rotating the tweezers with respect to
the oval lumen of outer cannula.

Goldenberg [24, 25] describes two cannula designs with a snare at the distal end that
can be constricted once the bone biopsy is enclosed such that the biopsy is cut loose
from the surrounding bone (Figure 10.3g). Zambelli [70, 69] and Miller and Ireland [46]
describe the use of an inner needle that plastically deforms such that the biopsy is cut
loose due to the tapered tip of the outer cannula (Figure 10.3h). Peliks et al. [50] describe
the use of a pre-bend cutting blade that is located at the outside of the cannula (Figure
10.3i). During the insertion of the cannula, the cutting blade is forced in a straight posi-
tion such that the cutting blade does not harm the advancement of the cannula through
the cancellous bone. Once a biopsy with the right length is obtained, the pre-bend cut-
ting blade is advanced through a slit at the distal end of the cannula such that the biopsy
is severed from the surrounding bone. Furthermore, two patents describe the rotation of
an inner needle as a means to cut the biopsy from the surrounding bone [57, 60] (Figure
10.3j).

10.3.3. BIOPSY HARVESTING
After the biopsy is sampled by the cannula and severed from the surrounding bone, the
cannula must be retrieved from the patient to harvest the biopsy. Harvesting the biopsy
may fail as the biopsy is not always well secured within the cannula and may slip out
when retrieving the cannula.

SHAPE LOCK

Thread Of the included patents, nineteen (19) describe the use of a shape lock to pre-
vent the biopsy from exiting the cannula such that the biopsy can successfully be har-
vested. Four (4) patents describe a cannula with a threaded section at the distal end [30,
38, 63, 22], (Figure 10.4a). The cannula is advanced with a single rotation and as a result,
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(a) (b) (c) (d)

(e) (f)

Figure 10.4: Bone biopsy devices comprising an outer cannula (green) an additional (inner) structure (yellow)
and additional characteristics (orange) to retain the biopsy. (a) A bone biopsy device with a threaded section
to create a shape lock between the biopsy and the cannula, figure adapted from [63]. (b) A biopsy device with a
corkscrew inner structure to create a shape lock to retain the biopsy, figure adapted from [22]. (c) A bone biopsy
device with a spring that can compress the biopsy to retain it figure adapted from [24]. (d) A bone biopsy device
with a tapered inner structure to compress the biopsy for successful retainment, figure adapted from [29]. (e) A
bone biopsy device that retains the biopsy by a sudden change in lumen diameter, figure adapted from [37]. (f)
A bone biopsy device that compresses the biopsy and allows for easy removal from the inner structure, figure
adapted from [17].

threads are cut in the bone biopsy. This creates a shape lock between the biopsy and
the threaded section such that the biopsy is securely fixated. Gillespie et al. [22] also
describe the use of a threaded section, but in the proposed design, an inner needle with
a corkscrew at the distal end is used to create a shape lock (Figure 10.4b). The biopsy can
be harvested by retrieving the cannula together with the inner needle without the risk of
losing the biopsy.

Gripper The other fifteen (15) patents describe the use of a gripper to create a shape
lock to secure the biopsy within the cannula when retrieving the cannula [25, 57, 27,
70, 60, 69, 2, 20, 24, 52, 53, 54, 66]. Goldenberg [24] describes an inner needle that is
connected to the distal end of the cannula with a spring (Figure 10.4c). Rotation of the
inner needle with respect to the cannula results in further coiling of the spring causing a
decrease in the inner diameter of the spring. This secures the biopsy within the cannula.
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FRICTION LOCK

Surface Friction between the biopsy and the inner wall of the cannula can be used to
prevent the biopsy from slipping out of the cannula during retrieval. Three patents use
a friction-inducing surface on the inside of the cannula to prevent the biopsy from slip-
ping out [13, 4, 36]. The inside of the lumen has groves or barbs to increase the friction
between the cannula and the biopsy. The same friction-inducing surface can be used to
sever the biopsy as described in Section 10.3.2.

Compression Eighteen (18) patents describe the use of compression of the biopsy to
increase the friction between the biopsy and the cannula via an increase in normal force
to prevent the biopsy sample from slipping out of the cannula during retrieval [1, 6, 68,
5, 9, 47, 57, 10, 17, 40, 29, 31, 33, 42, 49, 36]. An increase in friction by using compression
can be achieved by a tapered tip of the cannula [1, 10, 40, 48, 49]. The cannula lumen
is narrower at the distal end and as a result, the biopsy is slightly compressed at the
distal end which increases the normal force and thus the friction between the biopsy and
the cannula and secures the biopsy during retrieving of the cannula. Hirsch et al. [29]
describe a tapered tip with a slightly wider cutting edge at the distal end as compared to
the rest of the lumen (Figure 10.4d). The compression of the biopsy when it is pushed
into the lumen increases the friction between the cannula wall and the biopsy and thus
prevents the biopsy from slipping out.

Five patents describe a sudden change in lumen diameter at the distal end of the
cannula [68, 37, 31, 33, 32]. Although the working principle is similar to the cannulas
with a tapered tip, these patents do not have a gradual change in lumen diameter but
a sudden narrowing of the lumen at the distal end (Figure 10.4e). The tissue is cut and
compressed through the narrow section of the lumen, which increases the friction to
retain the biopsy. Furthermore, the biopsy can expand once it reaches the wider section
of the lumen, resulting in an additional shape lock to retain the biopsy.

Seven patents describe the use of an additional structure to increase the friction be-
tween the biopsy and the cannula [6, 5, 9, 47, 17, 42, 36]. Examples are inner needles
that are introduced within the cannula to compress the obtained biopsy. An example
is the inner needle which consists of two semi-circular structures that together form a
tweezers-like device described by Doppelt [17] (Figure 10.4f). Advancement of the in-
ner needle through the cannula results in compression of the two tweezers halves due
to the narrowing lumen at the distal end of the cannula. Compression of the tweezers
tips compresses the biopsy and prevents it from slipping out of the cannula. A similar
method is proposed by Mittermeier and Halbe [47].

SUCTION

Only one patent of Wiksell et al. [67] describes the use of suction to harvest the biopsy. In
this device a negative pressure differential (suction) is created within the cannula, which
prevents the biopsy from slipping out. Suction may also be used in combination with
the earlier-mentioned strategies to harvest the biopsy.

After the removal of the cannula from the patient, the biopsy material must be re-
moved from the cannula. Often a plunger with a blunt tip is used to push the biopsy out
of the lumen. The pushing force that is used to achieve this could also harm the biopsy.
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As an alternative to using a plunger to remove the bone biopsy from the cannula Doppelt
[17] proposes a design that captures the biopsy between two semi-cylindrical structures.
This would not only help to retain the biopsy during the removal of the needle. It also
makes it possible to easily remove the bone biopsy from the needle while maintaining
the structural integrity of the biopsy.

10.4. CONCLUSION
This review provides a comprehensive overview of the different bone biopsy devices de-
scribed in patent literature. The search query used in the Espacenet database returned
297 patents of which 62 were deemed eligible for inclusion in this review. The patents
were categorised based on the strategies used for the three major steps that are followed
during a bone biopsy procedure (1) biopsy sampling, (2) biopsy severing, and (3) biopsy
harvesting. The sampling of the biopsy may be achieved by creating a hole through the
bone or by cultivating new bone in a pre-made hole. The severing of the biopsy can
be achieved by tension forces, shear forces, or cutting. Harvesting the biopsy can be
achieved by using a shape lock, friction between the biopsy and the device, or suction.
It must be noted that the strategies used in one step of the biopsy procedure influences
the possible strategies that may be used in the other steps of the biopsy. The provided
overview may serve as a source of inspiration for the design of novel bone biopsy devices.

10.5. EXPERT OPINION

10.5.1. COMPARATIVE ANALYSIS
The goal of this review was to create a comprehensive overview of bone biopsy devices in
patent literature. The different designs were categorised based on the strategies used for
each of the three steps that are followed during a bone biopsy procedure (1) biopsy sam-
pling, (2) biopsy severing and (3) biopsy harvesting. Figure 10.5 shows the distribution of
the filed patents over the years for each of these identified steps. Between 1970 and 2010
there has been a steady increase in filed patents however, this growth dropped suddenly
between 2010 and 2020. It seems plausible that the growth in filed patents will recover
after 2020 based on the current amount of filed patents between 2020 and January 2023.

Sixty-six percent (66%) of the included patents described a method for both sam-
pling, severing and harvesting of the bone biopsy sample. Seventy-four percent (74%) of
the included patents clearly describe the introduction method of the cannula and thus
the sampling of the biopsy. However, for the remaining 26% only mention that the can-
nula was able to cut through the bone without specifying the specific sampling method
(e.g. push possibly combined with a rotating motion). Seventy-six percent (76%) of the
included patents describe a method for severing the biopsy and 66% of the patents de-
scribe a method to retain the biopsy when the cannula is retrieved.

The overview with the different methods to sample, sever and harvest the bone
biopsy indicated that certain methods are more frequently combined. For instance, the
biopsy devices that employ a shape lock to sever the biopsy sampled the biopsy by push-
ing the cannula through the cancellous bone. The shape lock was often created by a non-
rotational symmetric cross section of the cannula. Rotating the cannula during sampling
would results in a rotational symmetric biopsy, making the use of a shape-lock to sever
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the biopsy more challenging. Furthermore, biopsy devices that use a threaded section
are always introduced by a single rotating motion such that screw thread cuts in the
biopsy to achieve the desired shape lock. Devices that severe the biopsy by tensioning
or cutting use an additional structure, such as an inner needle, that is subsequently used
to create a shape lock in order to retain the biopsy when the cannula is retrieved from
the patient. Lastly, when friction is used to retain the biopsy during severing, the same
friction inducing strategy is also used to retain the biopsy when the cannula is removed.

All patents reviewed in this study describe innovative ideas for sampling, severing
and harvesting bone biopsies. While the suitability for clinical practice is often not dis-
cussed in depth in patent literature, we can evaluate the proposed biopsy device designs’
suitability for clinical practice based on the included information and current clinical
practice. First of all, biopsy devices should have a small outer diameter to minimise
trauma to the patient, while harvesting an as large as possible bone biopsy. It is, there-
fore, preferred that bone biopsy devices have a small wall thickness and thus a large
lumen. The bone biopsy devices described in Group 2.c ‘Fracture by cutting’ and Group
3.a ‘Shape lock’ require an additional structure to sever and harvest the biopsy. This ad-
ditional structure requires space and may increase the wall thickness and decrease the
obtained biopsy which would make these devices less desirable for clinical practice. Fur-
thermore, these structures might lack structural rigidity due to their small size, which
can result in mechanical failure and inability to downsize these devices in future. The
use of a friction lock, especially a friction inducing surface could, however, ease severing
and harvesting of the bone biopsy without requiring an increase in wall thickness. This
could increase the success-rate of bone biopsy procedures without adverse effect such
as a larger outer diameter of the biopsy device.

Besides striving for a biopsy device with a small outer diameter, the usability of the
biopsy device is of great importance for clinical application. Additional actions required
by the user to obtain the biopsy compared to conventional biopsy needles are undesired
as this will increase the procedure time and thus the associated costs [11]. Furthermore,
a more complex device that requires more actions might increase the workload of the
user, which is associated with a higher chance of complications [39]. Biopsy devices in
Group 2.c ‘Fracture by cutting’ and biopsy devices in Group 3.a ‘Shape lock’ that use a
gripper are expected to require an additional action to sever the biopsy with the inner
needle and are, therefore, less desirable. Other solutions presented in Group 2.a ‘Frac-
ture by shear’ do not require an addition action as compared to the current procedure
and are therefore easier to implement in the current workflow. Finally, bone biopsy de-
vices requiring implantation for bone ingrowth are only feasible if obtaining multiple
samples over a longer time frame is required. These devices could be of use in specific
applications but are not a substitute for the currently used biopsy needles.

10.5.2. LIMITATIONS AND FUTURE RESEARCH

This patent review focuses on the different mechanical solutions for the sampling, sever-
ing and harvesting of bone biopsies. Often a bone biopsy is combined with a bone mar-
row aspiration during one intervention with similar instrumentation. Even so, patents
focusing on bone marrow aspiration were excluded as this is a different procedure with
different challenges. Furthermore, this review only included patent literature and ex-
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Figure 10.5: Temporal distribution of the methods presented in the included patents for biopsy sampling,
severing and harvesting until January 2023.

cluded scientific literature, as patents are generally a good way to gain insight into the
future development of devices. It could be of interest for future research to extend this
patent review with a review of the scientific literature to emphasise the suitability for
clinical practice of different bone biopsy designs more extensively.

This review provides a comprehensive overview of bone biopsy devices which can
provide insights into the future development of the devices. The overview may also serve
as a source of inspiration for the development of novel bone biopsy devices.

10.5.3. FIVE-YEAR VIEW
Over the years there has been an increasing focus on the severing and harvesting of bone
biopsies. The successful severing of the biopsy and subsequently the harvesting will in-
crease the success rate of the biopsy procedure. Fewer trials are needed to obtain one
useful biopsy which will significantly decrease the discomfort to the patient. We expect
that this trend will continue in the coming years. Attention should be directed to the
discomfort that patients will experience with the use of these new devices that can sever
and harvest the biopsies successfully. The use of an additional inner needle or structure
in the cannula may result in a larger outer diameter of the cannula which may increase
the discomfort of the patient. Furthermore, the use of the bone biopsy devices in the
clinical workflow should not be forgotten. Ease of operation with a limited number of
steps is a necessity to ensure usability of newly designed bone biopsy devices in prac-
tice. It is expected that in the next five years more focus will be on easily obtaining bone
biopsies of high quality with as little discomfort to the patient as possible.
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11
DESIGN OF A SOFT TISSUE

TRANSPORTER

Tissue transport is a challenge during Minimally Invasive Surgery (MIS) with the current
suction-based instruments as the increasing length and miniaturisation of the outer di-
ameter requires a higher pressure. Inspired by the wasp ovipositor, a slender and bendable
organ through which eggs can be transported, a flexible transport mechanism for tissue
was developed that does not require a pressure gradient. The flexible shaft of the mech-
anism consists of ring magnets and cables that can translate in a similar manner as the
valves in the wasp ovipositor. The designed transport mechanism was able to transport
10 wt% gelatin tissue phantoms with the shaft in straight and curved positions and in
vertical orientation against gravity. The transport rate can be increased by increasing the
rotational velocity of the cam. A rotational velocity of 25 RPM resulted in a transport rate
of 0.8 mm/s and increasing the rotation velocity of the cam to 80 RPM increased the trans-
port rate to 2.3 mm/s though the stroke efficiency decreased by increasing the rotational
velocity of the cam. The transport performance of the flexible transport mechanism is
promising. This means of transportation could in the future be an alternative for tissue
transport during MIS.

This chapter is published as:
de Kater, E. P., Sakes, A., Bloemberg, J., Jager, D. J., & Breedveld, P. (2021). Design of a flexible wasp-inspired
tissue transport mechanism. Frontiers in Bioengineering and Biotechnology, 9, 782037.
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11.1. INTRODUCTION

11.1.1. TISSUE TRANSPORTATION DURING SURGERY

The transportation of gasses, liquids and solids in the human body is a key function that
needs to be fulfilled to support life. Disturbances to these processes can cause serious
symptoms and often require surgical treatment to resolve the issue. Treatment often in-
volves the removal and, therefore, transportation, of the disturbance, such as thrombus,
cancerous or infectious tissue, from the intervention site to outside the patient’s body
[25, 20]. The removal, and thus transportation, of liquids and solids from the body is
also of vital importance for diagnostic purposes [10]. Vice versa, the transportation of
substances, such as medicine [7] or radioactive particles [17], from outside the patients’
body towards a target area inside the body is essential for treatment purposes.

Whereas the removal of tissues is generally a relatively straightforward procedure in
open surgery, it is more challenging in Minimally Invasive Surgery (MIS). During open
surgery a relatively large incision is made, allowing for easier removal of the obstruction,
as the distance between the surgical opening and the intervention site is short and the
path is wide. Nowadays, more and more surgeries are performed minimally invasive, in
which one or multiple small (5–15 mm) incisions are made through which entry to the
body is obtained. MIS is associated with positive primary and secondary outcomes, such
as shorter hospital stays and less postoperative pain [12]. One major downside of MIS is,
however, that the transportation and subsequent removal of tissues is more challenging
due to the small incision size and a longer, sometimes curved, pathway between the
intervention site and the incision.

11.1.2. SUCTION-BASED INSTRUMENTS

Suction-based instruments are the current standard in MIS to transport a variety of sub-
stances from the operation area to outside the patient’s body. Transportation is achieved
by creating a pressure gradient in a tubular structure, such that substances in front of the
tube tip are sucked in and can, subsequently, be removed.

Although suction-based instruments function generally well, they become less effec-
tive with the ongoing trend of miniaturisation. Restrictions to the outer dimensions pose
a problem for suction-based instruments, as a smaller lumen diameter and a longer tube
require a higher pressure difference to achieve adequate transportation [11]. Another
often occurring problem during suction-based transport is clogging. Clogging is mainly
the result of friction between the transported tissue and the instrument’s wall [21] (Fig-
ure 11.1). Clogging makes further transportation impossible and requires removal of the
clogged tissue part, with an increase in the procedure time as a result. Therefore, a reli-
able alternative for suction-based transport that is not prone to clogging is needed.

11.1.3. BIOLOGICAL INSPIRATION: WASP OVIPOSITOR

An interesting biological example of reliable transport through a very slender tube can
be found in parasitic wasps. Parasitic wasps possess an ovipositor: a thin and flexible
tubular organ with which they can drill in a living host, to deposit their eggs inside this
host (Figure 11.2a). The egg transport through the ovipositor is not achieved by a pres-
sure gradient, such as in suction-based instruments, but by an oscillatory motion of the
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Figure 11.1: Schematic representation of suction-based transport. A suction force Fs acts on the tissue, result-
ing in transportation of the tissue. Clogging occurs when the piece of tissue is in contact with the walls of the
tube and the resulting friction forces F f . Clogging prevents any further transportation of the tissue part. are
larger than the suction force Fs

ovipositor valves that together form the tubular ovipositor [4, 6, 19].

The ovipositor generally consists of three independently translating valves: one dor-
sal valve and two ventral valves. The valves are enclosed by the ovipositor sheath and
can slide axially with respect to each other while being kept in place radially by a tongue-
and-groove connection, called olistheter [1]. The chitinous flaps of the ventral valves are
thought to provide a seal that prevents the egg from escaping the egg channel during
oviposition [1].

It is hypothesised that the egg transport relies on the friction between the egg and
the valves [4, 1]. The exact motion sequence that results in the transportation of the eggs
is, however, not fully known. One hypothesis is that the transportation of the egg and
the drilling occurs simultaneously. The sequence of valve movements would result in
drilling the ovipositor deeper into the substrate and simultaneously transport and depo-
sition of the eggs. A second hypothesis is that the wasp can transport eggs through the
ovipositor without drilling the ovipositor deeper into the substrate. In this scenario, the
transportation is thought to be achieved by small translations of the ovipositor valves in
a repeating sequence, see Figure 11.2b.

Following the second hypothesis, the egg transport sequence starts with all three
valves translating in the desired transport direction (Figure 11.2b, Step 1). The egg will
move along with the valves due to the friction between the egg and the valves. Subse-
quently one of the valves retracts while the other two valves remain stationary (Figure
11.2b, Step 2). It is important to note that the wasp’s eggs are somewhat flexible result-
ing in the friction force being dependent on the contact surface between the egg and the
valve. Therefore, the egg will remain stationary, as the combined friction with the two
stationary valves exceeds the friction with the single retracting valve, assuming that all
valves have the same contact surface with the egg. After the retraction of the first valve,
the second valve retracts, while the other two valves remain stationary (Figure 11.2b,
Step 3). Again, the egg will remain stationary. The final step in the sequence is the re-
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(a)

(b)

Figure 11.2: Schematic representation of a parasitic wasp that uses a needle-like organ called an ovipositor
to transport eggs into host material [4, 6, 19]. (a) The ovipositor generally consists of one dorsal valve and
two ventral valves that are held together by tongue-and-groove connections, called olistheters, that allow the
valves to slide with respect to each other. The chitinous flaps prevent the egg from escaping the egg channel
and the ovipositor is covered by the ovipositor sheath. (b) A possible motion sequence of the valves that results
in transport of the eggs along the ovipositor.
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(a) (b)

(c)

Figure 11.3: Simplification of the wasp ovipositor to three semi-circular blades that form a tube. (a) Forces act-
ing during friction-based transport. (b) Simplification process of the ovipositor. (c) Friction-based transport,
for explanation see text.

traction of the third valve while the others remain stationary (Figure 11.2b, Step 4). After
this step, all the valves are back in their initial position, while the egg has moved one
stroke length in the transport direction.

This cycle is repeated until the egg has been transported along the entire length of
the ovipositor. This transport method is called friction-based transport, as the friction
between the egg and the valve is what effectuates the transportation.

11.1.4. FRICTION-BASED TRANSPORT
In suction-based instruments, the friction between the transported tissue and the walls
of the instrument is a major cause of clogging. This problem does not occur in the wasp’s
ovipositor, as the friction between the transported egg and the valves is what effectuates
the transportation (Figure 11.3a). Friction-based transport could, therefore, be an inter-
esting alternative for suction-based transport.

To better understand how to apply the working principle of egg transport in the de-
sign of a tissue transport mechanism, the shape of the ovipositor was simplified as a
cylinder held together by the olistheters. Further simplification of the ovipositor valves
results in three semi-circular blades that form a circular lumen through which the tissue
can be transported (Figure 11.3b).

Transportation of the tissue is achieved once the resultant friction force on the tissue
is larger in the transport direction than in the opposite direction. The resultant friction



11

198 11. DESIGN OF A SOFT TISSUE TRANSPORTER

force
−→
F f r i ct i on [N] is the sum of the friction forces induced by each of the blades and

can be written as illustrated in Equation 11.1. Assuming that with relatively small pieces
of tissue the effect of gravity can be neglected, that the tissue is flexible such that the
generated friction is dependent on the contact surface, that the inner surface properties
and material of the blades are identical, and that the tissue has full contact with each of
the three blades, each blade results in the same absolute value of friction force (Equa-
tion 11.2). A possible motion sequence for the blades is depicted in Figure 11.3c. In this
motion sequence, two valves advance in the transport direction, while one valve simul-
taneously retracts. This results in a resultant friction force in the transport direction that
is twice as large as in the opposite direction (Equation 11.3). A system comprising of
more than three blades will also be able to transport the tissue in the desired direction
as long as Equation 11.3 holds.

−→
F f r i ct i on =−→

F f r i ct i on 1 +−→
F f r i ct i on 2 +−→

F f r i ct i on 3 (11.1)

|−→F f r i ct i on 1| = |−→F f r i ct i on 2| = |−→F f r i ct i on 3| (11.2)∑−→
F f r i ct i on ad vanci ng val ves >

∑−→
F f r i ct i on r etr acti ng val ves (11.3)

11.1.5. OVIPOSITOR INSPIRED INSTRUMENTS
The ovipositor has been a source of inspiration for a number of designs. Multiple self-
propelling needles have been developed [9, 15, 26], of which some are even steerable
[23, 24]. Furthermore, friction-based transport has been used in the development of a
rigid tissue transport mechanism described by Sakes et al. [22]. This mechanism can
transport tissue phantoms with a variety of material characteristics without the need
for a pressure differential. The instrument consists of six reciprocating semi-cylindrical
blades that mimic the valves of the ovipositor, similar to the system shown in Figure
11.3c.

11.1.6. GOAL OF THIS STUDY
Friction-based transport could be a viable alternative for the currently used suction-
based tissue transport mechanisms, but has till now only been used in rigid form. The
use of a flexible friction-based tissue transport mechanism increases the area that can
be reached as the instrument can bend to follow the patient’s anatomy, which could be
interesting for a wide variety of medical procedures, such as the removal of tissue in
gastro-intestinal interventions, Ear Nose Throat (ENT) or endo-nasal skull base surgery,
or in cardiovascular procedures, e.g., for the removal of occluded tissue from blood ves-
sels. The goal of this study is, therefore, to explore a novel design for a flexible friction-
based tissue transporter and to evaluate its use for future surgical applications.

11.2. PROPOSED DESIGN

11.2.1. FLEXIBLE VALVES
Following the ovipositor mechanism, the basis of the proposed design are valves that,
through small oscillatory translations, transport the tissue. In the design of Sakes et al.
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Figure 11.4: Schematic representation of the design process from the rigid transport mechanism described by
Sakes et al. to the flexible blades. For explanation, see text.

[22], the complex-shaped valves of the wasp are simplified to rigid semi-circular blades,
see Figure 11.4. These semi-circular blades are rigid but could be made out of flexi-
ble material in order to create a flexible transport mechanism. However, semi-circular
blades have a preferred axis of bending, allowing relatively easy bending around the x-
axis, see in Figure 11.4, but a strong resistance to bending around the y-axis. Together,
the blades form a tubular structure and bending this tube would always require multiple
blades to bend in their unpreferred direction. Therefore, an alternative must be found
for these semi-circular blades. Structures with a round cross-section do not have a pre-
ferred axis of bending, ensuring equal flexibility in both bending planes. It was therefore
chosen to use cylindrical blades that exhibit high flexibility, such as cables.

11.2.2. LUMEN FORMATION

The cables that mimic the ovipositor valves need to form a tubular structure with a con-
stant lumen diameter through which the tissue can be transported. It was decided to
create the shaft using eighteen 0.6 mm cables such that the tubular structure would have
an inner diameter of approximately 3.8 mm. The tongue-and-groove interlocking mech-
anism in wasp ovipositors is nearly impossible to manufacture in combination with ca-
bles. A number of alternative solutions that prevent radial movement of the cables while
allowing the cables to translate in the longitudinal direction are presented in Figure 11.5.
To ensure uninterrupted contact between the cables and the to be transported tissues,
the solution should not contain elements that protrude inside the lumen. Using rings
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(a)

(b)

(c)

Figure 11.5: Different options to create an open lumen while still allowing the cables to translate. (a) rings with
holes, (b) woven structures, (c) ring magnets.

with holes (Figure 11.5a) or thin structures that are woven through the cables (Figure
11.5b) are, therefore, undesired. After careful consideration, it was chosen to use exter-
nal ring magnets to prevent radial movement of the cables. Ring magnets that surround
the cables, will attract the cables and thus create a tubular structure and lumen without
protruding structures at the inside, providing that the cables are made of a ferromagnetic
material, such as steel (Figure 11.5c).

The ring magnets must be located at a certain distance from each other. A large dis-
tance will increase the risk of collapse of the cable structure during bending of the tube.
There is, however, a trade-off, as more magnets will increase the magnetic normal force
acting on the cables, increasing the friction between the cables and the ring magnets,
which in turn will increase the force needed to translate the cables. The maximum dis-
tance between the ring magnets that would still avoid lumen collapse even in a curved
position was determined empirically. To keep the magnets at a certain distance while
also allowing flexibility, we decided to use compression springs as distance holders. The
entire shaft was covered by a heat shrink tube in order to prevent tissue escaping from
the shaft during transportation.

11.2.3. ACTUATION
The handle must allow for easy actuation of the transport mechanism and thus the ca-
bles. It was decided to design the handle such that the system can be actuated manually,
as this limits the number of required parts for this prototype. In a future version, the use
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of motorised actuation might be desired as it could result in faster and a more constant
transport rate. In the study of Sakes et al. [22], reliable tissue transport was achieved with
the sequence of five blades moving in the desired transport direction, with the remain-
ing 6th blade moving in the opposite direction (5:1). Following this design, it was chosen
to divide the eighteen cables in six groups of three cables each.

Each cable group is glued to an aluminium slider, such that the entire cable group
can be actuated simultaneously by translating the slider. In the previously developed
prototype by Sakes et al. [22], a barrel cam, consisting of a cylindrical part with a groove
in which the pin of a slider fits, was used to actuate the blades (Figure 11.6a). The groove
was designed in such a way that five sliders are moving in the desired direction while one
slider moves in the opposite direction, resulting in the 5:1 sequence with a stroke length
of 5.2 mm. A similar design was used for cable actuation in the flexible prototype, with
one major difference: in the flexible prototype, translational movements of the sliders
in the desired sequence (5:1) are achieved by a new inside-out barrel cam design. The
inside-out barrel cam is hollow and surrounds the sliders, allowing the tissue to be trans-
ported through the cam and handle such that it can easily be removed (Figure 11.6b). In
the prototype, the outside of the barrel cam has a star-shaped knob to allow for precise
manual actuation of the transport mechanism (Figure 11.6c). Furthermore, a crank was
connected to the cam to allow for faster and easier actuation of the cam. Depending
on the clockwise or counter clockwise rotation of the cam, the transport direction will
reverse, making the same system usable to transport substances from and to the target
location.

Figure 11.7 shows the final prototype. The flexible tissue transport mechanism con-
sists of eighteen galvanised steel cables (Engelmann, 1 × 7, � 0.6 mm) arranged in six
groups of three cables, that form a tubular structure due to the eight neodymium ring
magnets (Conrad Components Permanent magnet Ring N35M, �outer 10mm, �i nner 5
mm, length 2 mm) that are placed around the cables. In between two ring magnets, a
compression spring (�i nner 6.5 mm, � wire 0.6 mm, free length 12 mm) is placed. The
shaft with a length of 115 mm was partly covered by a heat shrink tube (� 9.5 mm) leav-
ing 15 mm of cables uncovered at the tip. The cables can translate in the longitudinal
direction by sliding through the ring magnets. Three cables are glued to each of the slid-
ers (manufactured using electrical discharge machining). These three cables will thus
be simultaneously actuated by the inside-out cam (manufactured using a Perfactory 4
Standard 3D-printer by EnvisionTec).

A photo of the prototype is shown in Figure 11.8. After the fabrication and as-
sembly of the prototype, the transport mechanism was tested. Tissue phantoms were
placed inside the lumen at the tip of the transport mechanism. By manually actuat-
ing the system, the phantoms were transported through the flexible shaft and the han-
dle. Figure 11.9 shows one of the tissue phantoms exiting the handle after being trans-
ported through the mechanism. A video showing the working principle of the flexi-
ble wasp-inspired tissue transport mechanism can be found in the research data sup-
porting the findings described in this thesis available at:https://doi.org/10.4121/
e718db33-3cf4-4738-adbe-1209a130d0c7.v1.

https://doi.org/10.4121/e718db33-3cf4-4738-adbe-1209a130d0c7.v1
https://doi.org/10.4121/e718db33-3cf4-4738-adbe-1209a130d0c7.v1
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(a) (b)

(c)

Figure 11.6: Representation of the cam design. (a) The effect of the groove on the motion sequence of the
sliders. (b) Schematic drawing of the inside-out barrel cam. (c) The cam (orange) and sliders (yellow) of the
transport mechanism prototype.

11.3. PROOF-OF-PRINCIPLE EXPERIMENT

11.3.1. EXPERIMENT GOAL

The performance of the transport mechanism was evaluated during a proof-of-principle
experiment. The goal of this proof-of-principle experiment was threefold: 1) to deter-
mine the effect of the shaft curvature on the performance of the friction-based transport
mechanism, 2) to evaluate the effect of shaft orientation (horizontal vs vertical) on the
transport performance, and 3) to determine the effect of the rotational velocity of the
cam on the transport performance.

11.3.2. EXPERIMENTAL FACILITY

EXPERIMENT SET-UP

Figure 11.10 shows the experimental set-up. The transport mechanism was initially de-
signed as a handheld manually-actuated prototype. However, for testing purposes, an
electric motor (Igarashi 33GN2738-132-GV-5 12.0V with a 75:1 gearbox) and a voltage
source were connected to the mechanism, such that the rotational velocity of the cam
could be precisely controlled and adjusted. The transport mechanism was mounted in
an aluminium experimental base to ensure correct shaft orientation. When testing the
transport mechanism in the vertical position, the standard was rotated 90o , such that
the shaft was in vertical orientation. 3D-printed straight and curved tubes that could
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Figure 11.7: Schematic representation of the flexible transport mechanism consisting of 1) flexible shaft, 2) tip,
3) slider house, 4) hand grip, 5) sliders, 6) cam, 7) crank. The flexible shaft consists of a) cables that form a
lumen due to their attraction to the b) ring magnets. The ring magnets are kept in place by c) compression
springs, and all is enclosed by a d) heat shrink tube.

be placed in a base plate were used to ensure correct curvature of the shaft. A camera
(Nikon Coolpix P500) was used to film the experiment and to later identify the number
of cam rotations needed to transport the gelatin through the transport mechanism.

GELATIN TISSUE PHANTOMS

The transport performance was tested by transporting gelatin tissue phantoms. gelatin
is a widely used substance for soft tissue phantoms, as it is easy to handle and can pro-
duce phantoms with similar Young’s moduli as real tissue [8, 18]. A phantom with 10
wt% of dry gelatin powder results in a phantom with a Young’s modulus around 70 KPa
[14]. This corresponds to the Young’s modulus of tendons [3], glandular breast tissue
and prostate tissue [16]. The gelatin tissue phantoms were made by mixing dry gelatin
powder (dr. Oetker) with tap water of approximately 90oC . The mixture was stirred until
the gelatin was completely dissolved. Subsequently, the gelatin mixture was poured into
a gelatin tray (Figure 11.10) to create a gelatin layer with a thickness of 20 mm and was
left to cool for 24 h at approximately 7oC . The gelatin tray was removed from the fridge
an hour before the experiments, to allow the tissue samples to reach room temperature.
A 3D-printed gelatin cutter was used to cut gelatin cylinders with a 5 mm diameter and
20 mm height. The cutter was, subsequently, used to place the tissue sample into the
lumen of the transport mechanism.

11.3.3. EXPERIMENT VARIABLES

INDEPENDENT VARIABLES

The following variables were manipulated during the experiment:

• Shaft curvature: The shaft was tested in straight position, as well as in two circular
curves: Curve 1 with an angle of 30o over a length of 8 cm and Curve 2 with an
angle of 60o over a length of 8 cm.
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Figure 11.8: Photo of the flexible ovipositor-inspired tissue transport mechanism with an extra ring magnet
around the tip of the shaft to elucidate the working principle.

• Shaft orientation: During MIS, the transport mechanism will be used in different
orientations relative to gravity. The transport mechanism was therefore tested in
two extreme scenarios: 1) in a horizontal orientation in which the gravity is per-
pendicular to the transport direction and 2) in a vertical orientation in which grav-
ity is opposite to the transport direction.

• Rotational velocity: To determine the effect of the rotational velocity of the cam on
the transport performance, the experiments were carried out with three rotational
velocities: 25, 53, and 80 RPM.

DEPENDENT VARIABLES

The following variables were measured during the experiment:

• Transport rate: Visual analysis of video recordings were used to determine the
transport time. The transport rate [mm/s] was calculated by subdividing the dis-
tance over which the tissue phantom was transported dtr anspor t [mm] by the
transport time ttr anspor t [s] needed to achieve this, see Equation 11.4. The trans-
port distance dtr anspor t is 163 mm, which is equal to the length of the shaft sur-
rounded by heat shrink tube plus the length of the handle, minus the length of the
tissue phantom.

tr anspor t r ate = dtr anspor t

ttr anspor t
(11.4)
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Figure 11.9: Photo of the tissue leaving at the end of the tissue transport mechanism using manual actuation.
The photos were taken one actuation cycle apart.

Figure 11.10: Experimental facility. The experimental facility consisted of an electromotor connected to a volt-
age source and the handle of the transport mechanism through a gear mechanism, the transport mechanisms
placed inside an aluminium frame, a camera to record the experiments, a based plate containing 3D-printed
tubes for the shaft curvature experiment, and a gelatin tray with cutter for the manufacturing of the tissue
phantoms.
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Figure 11.11: Photo showing the flexible shaft of the transport mechanism placed inside the 10o curved tube.

• Stroke efficiency: In order to determine the efficiency of the tissue transport, the
amount of slip between the cables and the tissue phantom was measured. The
stroke efficiency stroke [%] was calculated by dividing the measured transport dis-
tance per stroke dmeasur ed [mm/stroke], by the theoretical maximum transport
distance per stroke dtheor eti cal [mm/stroke], multiplied by 100% (Equation 11.5).
The measured transport distance per stroke dmeasur ed can be found by dividing
the total transport distance dtr anspor t [mm] by the required number of strokes,
nstr okes [-], which is equal to the number of cam rotations. The number of cam ro-
tations was determined by visual analysis of the video recordings. The theoretical
maximum transport distance dtheor eti cal depends on the motion sequence (5:1)
and the stroke length of the sliders (5.2 mm). The theoretical transport distance
per stroke is equal to 65 ·5.2 mm = 6.24 mm in this prototype.

stor ke e f f i ci enc y = dmeasur ed

dtheor eti cal
·100% (11.5)

11.3.4. EXPERIMENT PROTOCOL

The proof-of-principle experiment was divided in three sub-experiments.

1. Curvature Test: In order to test the effect of the shaft curve on the transport perfor-
mance, the mechanism was tested with the shaft in the straight position and in the
two curved positions. Figure 11.11 shows the flexible shaft in the curved position.

2. Orientation Test: In order to test the effect of the shaft orientation on the transport
performance, the mechanism was tested in the horizontal and the vertical orien-
tation with the transport direction opposing gravity.

3. Rotational Velocity Test: In order to test the effect of the rotational velocity on the
transport performance, both the Curvature Test and the Orientation Test were per-
formed at the three rotational velocities.
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Table 11.1: Overview of the transport rate [mm/s] of the friction-based transport mechanism for different shaft
orientations, curvatures and rotational velocities.

Transport rate [mm/s] Test condition
rotational
velocity

straight
horizontal

30o curved 60o curved straight vertical

25 RPM 0.83±0.08 0.81±0.09 0.77±0.08 0.78±0.08
53 RPM 1.61±0.15 1.50±0.19 1.37±0.25 1.78±0.20
80 RPM 2.27±0.32 2.20±0.14 1.96±0.19 2.26±0.23

Each test condition was repeated six times. The tests started with placing the gelatin tis-
sue phantoms inside the lumen at the tip of the transport mechanism. In order to ensure
proper contact between the cables and the gelatin, the gelatin was transported manually
by rotating the cam until the gelatin sample was entirely inside the lumen surrounded
by the heat shrinking tube. The test ended once the tip of the gelatin cylinder reached
the proximal end of the transport mechanism, which was determined by eye. This way
the gelatin cylinder was completely surrounded by cables for the duration of the test.

11.3.5. DATA ANALYSIS

For each condition, the mean and the standard deviation were determined for both the
transport rate and the stroke efficiency. The statistical analysis was conducted by per-
forming ANOVA analyses and t-tests on the data. All data analysis was performed with
MATLAB R2019B.

11.4. RESULTS PROOF-OF-PRINCIPLE EXPERIMENT

11.4.1. CURVATURE TEST

The boxplots in Figure 11.12 summarise the results of the experiment. The mean trans-
port rate for the shaft in the straight, 30o curved and 60o curved position can be found
in Table 11.1. Transport rates of 0.83 ± 0.08, 0.81 ± 0.09, and 0.77 ± 0.08 mm/s were
found for the straight, 30o curved and 60o curved positions at a rotational velocity of 25
RPM, respectively. For a rotational velocity of 53 RPM, higher transport rates of 1.61 ±
0.15, 1.50 ± 0.19, and 1.37 ± 0.25 mm/s for the straight, 30o curved and 60o curved po-
sition were found, respectively. Finally, as expected, the highest transport rates of 2.27 ±
0.32, 2.20 ± 0.14, and 1.96 ± 0.19 mm/s for the straight, 30o curved and 60o curved posi-
tion were found for a rotational velocity of 80 RPM, respectively. There was no statistical
effect of the shaft curvature on the transport rate.

11.4.2. ORIENTATION TEST

The effect of the shaft orientation of the transport mechanism on the transport rate was
investigated by performing a two-tailed t-test. This showed that there was no statisti-
cal effect of shaft orientation on the transport rate at the 25, 53 and 80 RPM rotational
velocities of the cam (p = 0.284, p = 0.143, and p = 0.928, respectively).
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(a) (b)

Figure 11.12: Boxplot displaying (a) the transport rate [mm/s] and (b) the stroke efficiency [%] for different test
conditions; the shaft in horizontal orientation while being straight, in 30o and 60o curved position and with the
shaft in vertical orientation. The maximum and minimum values are indicated by the outermost horizontal
solid lines on each of the boxplots. The median is indicated by the horizontal red line in each boxplot, while
the mean is indicated by the black diamond.

11.4.3. ROTATIONAL VELOCITY TEST
Based on the one-way ANOVA, a statistically significant difference was found in the
transport rate at different rotational velocities of the cam. The average stroke efficiency
for the test conditions: straight horizontal, 30o curved, 60o curved and vertical straight,
can be found in Table 11.2. The one-way ANOVA test showed that there is a statistically
significant effect of the rotational velocity of the cam on the stroke efficiency for the hori-
zontal 30o curved (p = 2.39 ·10−2), horizontal 60o curved (p = 1.99 ·10−2) and the vertical
straight condition (p = 2.89 · 10−2). There was no statistical significance found on the
rotational velocity on the stroke efficiency in the horizontal straight transport condition
(p = 6.17 ·10−2).

11.5. DISCUSSION

11.5.1. MAIN FINDINGS
The proof-of-principle experiments show that the shaft curvature and shaft orientation
(horizontal vs vertical) do not influence the transport rate significantly. The rotational
velocity of the cam did have a significant effect on the transport rate of the tissue. The
transport rates for the shaft in straight position were 0.83 ± 0.08 mm/s, 1.61 ± 0.15 mm/s
and 2.27 ± 0.32 mm/s with a rotational velocity of the cam of 25, 53 and 80 RPM, re-
spectively. An increase of the rotational velocity of the cam resulted in an increase of
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Table 11.2: Overview of the stroke efficiency [%] of the friction-based transport mechanism for different shaft
orientations, curvatures and rotational velocities.

Stroke efficiency [%] Test condition
rotational
velocity

straight
horizontal

30o curved 60o curved straight vertical

25 RPM 32±3 32±3 30±3 30±3
53 RPM 29±3 27±3 26±5 32±4
80 RPM 27±4 27±2 24±2 27±3

the transport rate. The prototype has been designed for manual actuation, but in future
designs motorised actuation might be desirable to further increase the transport rate. Al-
though increasing the rotational velocity of the cam resulted in an increase of the tissue
transport rate, the stroke efficiency showed a decrease when increasing the rotational
cam velocity in the horizontal test conditions. This decrease in stroke efficiency could
indicate that there is a limit to the tissue transport rate that can be achieved by increasing
the rotational velocity of the cam.

The rigid tissue transport mechanism, which also uses friction-based transport, has
a comparable transport rate of 1.49 mm/s when used with similar circumstances (9 wt%
gelatin tissue phantoms, rotational velocity cam = 46 RPM) [22]. This transport rate is
50–165 times lower than the clinically used morcellators that use suction-based trans-
port. However, during interventions that are performed in close proximity to delicate
structures and in which the transport rate is of secondary interest, the use of friction-
based transport could still be beneficial [22].

One of the main disadvantages of the currently used suction-based instruments is
that miniaturisation is challenging as this would require a larger pressure difference
than what is achievable. This problem does not arise when miniaturising the proposed
friction-based transport mechanism. In the current design, miniaturisation of the outer
diameter of the shaft is limited by the size of the used ring magnets. Using smaller ring
magnets could allow for a smaller outer diameter, however, the magnetic force acting on
the cables is dependent on the volume of the magnet. This means that at some point the
magnets will not be able to generate the required magnetic force to ensure the lumen
formation of the cables. Down scaling of the cables would lower the required magnetic
force and could thus allow for further miniaturisation of the prototype. Besides this, al-
ternative methods to form a lumen of the cables could be investigated. For instance,
braiding the cables to the springs with a thin and smooth wire. These methods might be
more space-efficient and could therefore be beneficial for minimally invasive surgery.

Elongation of the flexible shaft would increase the number of magnets required to
ensure the open lumen over the entire length of the shaft. This could pose a challenge,
as more magnets will increase the friction force between the cables and the magnets
during the translating motion of the cables. Research is needed to get more insight in
the effects of elongating the shaft.

11.5.2. LIMITATIONS AND FUTURE RESEARCH
The performance of the transport mechanism was tested by using gelatin tissue phan-
toms. Although gelatin is commonly used as a tissue phantom, the homogeneous struc-
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ture of gelatin could influence the transport rate. Furthermore, in the research of Sakes et
al. [22], it was found that there is a statistically significant effect of the gelatin density and
thus the tissue elasticity on the transport rate. Therefore, it would be valuable to repeat
these tests with real tissue in clinical ex-vivo and in-vivo settings. In-vivo testing would
require the prototype to be biocompatible hence, alternatives must be found for the ma-
terials now used in the prototype, such as the galvanised cables and the heat shrink tube.
Furthermore, as this transport mechanism is expected to be used in combination with
a tissue separating instrument, it would be valuable to test this transport mechanism
in combination with such an instrument or look into the possibilities of adding a tissue
separating grasper at the tip of the instrument.

The ovipositor on which the flexible transport mechanism is based is steerable. With
slight adjustments, the prototype could also be made steerable. For instance, by adding
steering cables that are connected to the tip of the flexible shaft and run along the shaft.
Pulling on one of these cables would result in bending of the flexible shaft allowing the
surgeon to actively steer the tip of the transport mechanism to the target location. Simi-
lar principles have been used before to create steerable catheters [2], endoscopes [5] and
laparoscopic instruments [13].

The proposed prototype shows that friction-based transport can be used in a flexible
system which allows the flexible transport mechanism to transport tissue without the
adverse effects, such as clogging, that are linked to suction-based instruments. In the
future, this design might serve as an alternative for the currently used flexible suction-
based instruments and can be used in a wide variety of minimally invasive interventions.

11.6. CONCLUSION
This paper presents the design of a novel flexible tissue transport mechanism that uses
a wasp-ovipositor-inspired transport method. This method allows for continuous tissue
transport while eliminating clogging as a sub-optimal behaviour mode of the currently
used suction-based transportation mechanisms. The prototype could transport 10 wt%
gelatin tissue phantoms with no significant difference depending on the shaft curva-
ture and orientation. The transport performance of the flexible transport mechanism is
promising and could in future be used in a wide variety of medical interventions, such
as tissue removal during minimally invasive procedures.
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12
DESIGN OF A SOFT TISSUE

GRIPPER

Tissue removal is critical for restoring bodily balance, enhancing tissue regeneration,
and diagnosing pathological conditions like cancer. While superficial tissue excision is
straightforward, challenges arise in accessing deeper anatomical sites, especially in min-
imally invasive procedures. Various devices, including aspiration tools, flexible grippers
(i.e., bioptomes), and basket-shaped devices, have been developed to facilitate tissue trans-
port but face issues such as clogging and limited continuous tissue removal capabilities.
In recent years, a novel tissue transport mechanism has been proposed inspired by the
ovipositors of parasitic wasps that overcomes current limitations of tissue transportation
devices by using a reciprocating motion for tissue transport. Building on this mechanism,
this study proposes a novel compliant tissue gripper that can be used in conjunction with
the ovipositor-inspired transportation mechanism comprising the same wire ropes that
are used for tissue transport. The gripper comprises six blades made up of three wire ropes.
Actuation of the gripper is achieved through a voluntary opening mechanism in which the
outer shaft is pulled back to enable the compliant gripper to open. Experimental testing
evaluated the prototype’s ability to grip and transport gelatin tissue phantoms of different
sizes (3, 4, and 5 mm), shapes (spherical and cylindrical), and orientations (concentric
and orthogonal). It was found that the gripper was able to successfully grip and trans-
port tissue phantoms with different shapes and sizes, although the concentric cylindrical
tissue phantom illustrated the fastest transfer into the lumen with an average of 4.8 cam
rotations until tissue transport. Furthermore, experiments demonstrated the prototype’s
effectiveness in gripping and transporting tissues in curved configurations, though defor-
mation of the gripper occurred at extreme angles, resulting in the inability to transport one
sample in the 60o configuration. This novel tissue transport mechanism shows promise in
addressing current limitations in tissue removal, offering continuous transport without
clogging and adaptability to various surgical scenarios. Further refinement and testing
are necessary to validate its efficacy in clinical settings.

This chapter is under review as:
Bloemberg, J., de Kater, E.P., Kooiman, H.J., Breedveld, P., & Sakes, A., Wasp-Inspired Flexible Tissue Transport
and Gripping Mechanism.
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12.1. INTRODUCTION
Tissue removal constitutes a vital intervention to restore balance to the body, enhance
the regenerative potential of healthy tissues, and diagnose various pathological condi-
tions, including cancer. While the excision of superficial tissues is a straightforward pro-
cedure, the challenge intensifies when dealing with deeper, more inaccessible anatomi-
cal sites, particularly when employing minimally invasive approaches. In minimal inva-
sive approaches, longer pathways between the target and collection size, restricted in-
strument size of between 5-10 mm in diameter, and limited functionalities of the trans-
portation tools complicate tissue removal from the body.

To allow for fast and efficient tissue transport during minimally invasive surgery,
aspiration devices, flexible grippers (i.e., bioptomes), and basket-shaped devices have
been developed. In aspiration-based devices, a pressure difference between the distal
and proximal end of the instrument is used to transport tissues. This is, for example,
used in fine needle aspiration to take biopsies [13], morcellators to remove large tissue
masses from the stomach area [12], and aspiration catheters to remove thrombus for the
vasculature [7]. In flexible grippers and basket-shaped devices, such as bioptomes and
biopsy baskets, a shape grip is used to grab, resect, and remove the tissue from the body.
These devices do not allow for continuous tissue removal and thus need to be reinserted
several times during the procedure or be used in combination with a tissue pouch.

The movement of catheters and bioptomes inside the vasculature is linked to in-
creased vascular damage [1, 5]. With sheaths and catheters being rotated inside the vas-
culature or being exchanged for catheters of varied sizes or functions, arrhythmias, and
damage to vessels or sensitive structures are some of the most frequently occurring com-
plications [14]. Unfortunately, reinsertion is a common procedure in both bioptomes
and aspiration catheters, albeit for different reasons. Whereas in bioptomes and biopsy
baskets, reinsertion is a necessity to obtain multiple samples, aspiration catheters are
plagued with loss of functionality due to clogging, requiring retraction and reinsertion.
Furthermore, the efficacy of aspiration catheters is highly dependent on thrombus com-
position, with a severe increase in the risk of clogging with more dense and coherent
tissues [7]. The inability to reliably transport tissues is a recurring problem in a variety
of medical applications, including cardiology [7, 9] and gynaecology [4].

There is a need for a new type of tissue transport mechanism that allows for con-
tinuous tissue transportation, is not affected by tissue composition, and is not plagued
by clogging. An interesting transport example found in nature that has the potential to
solve current challenges in tissue transport can be found in the ovipositors of parasitic
wasps. The female parasitic wasp can transport her eggs through her ovipositor, a long
and thin tubular organ, using a reciprocating movement of its valves [3]. Using this trans-
port method is advantageous over aspiration, as it minimises the chances of clogging by
using the friction between the tissues and the transport mechanism for transportation.
Furthermore, using a friction differential for tissue transport also minimises the effect
of the diameter and length of the transport mechanism on transport efficiency, allowing
for ultra long and slender shafts in the future.

Research in mimicking the parasitic wasp ovipositor has resulted in a range of novel
transport mechanisms [10, 6] using friction as its primary means of transportation. The
transport mechanism by de Kater et al. [6] consists of 18 wire ropes (�0.6 mm) arranged
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in a cylindrical shape by five ring magnets (�i nner 5 mm, �outer 10 mm, and a thickness
of 2 mm) spaced 20 mm apart. Compression springs were placed between the ring mag-
nets to ensure distancing while maintaining flexibility. Finally, a heat shrink tube was
used to close off the system and keep both the ring magnets and compression springs in
place. Transportation is accomplished by sequentially moving the majority of the wire
ropes toward the handle. Provided that each wire rope maintains identical contact with
the tissue, the collective friction force exerted by the retracting wire ropes on the tissue is
greater than the friction force of the advancing wire ropes. Continuous tissue transport
is facilitated by an internal cam mechanism. A similar principle was used in the design
of a rigid friction-based transport system [10].

The wasp-inspired flexible transport mechanism has shown merit in transporting
tissue phantoms with varying stiffnesses and heterogeneities [6]. However, so far, no
system has been implemented to grasp the target tissue smoothly [6]. In the current
prototypes, the tissue sample was placed inside the lumen, after which the system was
actuated. To allow for direct tissue transport without the need for additional tools, a
mechanism needs to be incorporated that transfers tissue into the transport mechanism.
Therefore, this study aims to design a mechanism that grasps and transfers tissue into
the lumen of the transport mechanism. In the upcoming section, the design of the pro-
posed solution is described, followed by a description of the proof-of-principle experi-
ment and its results.

12.2. DESIGN PROCESS

12.2.1. COMPLIANT GRIPPER DESIGN

Following the design by de Kater et al. [6], the basis of the proposed design is the use
of wire ropes that transport the tissue using small oscillatory translations. We suggest
using these wire ropes to both grasp and transport the target tissue to minimise device
complexity while adding extra functionality.

To allow for tissue gripping, the wire ropes were shaped into a compliant gripper
configuration and were given an initial outward bend followed by an inward bend, see
Figure 12.1. To get the wire rope in the desired flower-like shape, we plastically deformed
the wires using a mold that contained predefined paths. To allow for a broad range of
tissue sizes that could potentially be grasped, a 10 mm opening diameter was chosen,
resulting in a 35o outward wire curvature over a radius of 35 mm and an overall tip length
of 35 mm.

Although compliant grippers are commonly used in medical devices and offer a flex-
ible and gentle approach to grasping and manipulating tissues during minimally inva-
sive procedures, our design offers distinct advantages. First, the compliant gripper is
manufactured out of compliant cables, which allows for easy integration with the trans-
portation mechanism without adding additional components to the system. Secondly,
the compliant gripper comprises separate elements that remain unconnected to each
other, which enables individual movement of the gripper blades, increasing versatility
and allowing for transportation.

The device consists of 18 wire ropes, each potentially being able to form one gripper
blade, resulting in a maximum total of 18 gripper blades. Using individual wires as grip-
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Figure 12.1: Schematic representation of the compliant gripper design. The gripper consists of wire ropes that
form a lumen due to their attraction to the ring magnets, which are kept in place by compression springs.
Unwanted tangential movement of the wire ropes over the magnet surface is prevented by the wire guides.
The shaft is enclosed by a heat shrink tube.

per blades improves the versatility of the gripper. However, single wire ropes are very
sensitive to twisting motions when opening and closing the gripper. To add stability to
the gripper, a six-blade gripper configuration was selected, with each blade consisting
of three wire ropes. In this configuration, it is impossible for all wires to converge to the
centre. Therefore, the wire ropes were soldered together after which they were ground
down to a point such that the blade tips converge towards the centre when closing the
gripper.

The wire ropes are kept in position using an outer concentric shaft containing ring
magnets, similar to the device developed by de Kater et al. [6]. During each gripping
operation, the wire ropes bend inwards to create a shape grip with the tissue. The in-
wards bending motion might cause the lumen to collapse if the elastic forces in the wire
ropes exceed the magnet force the ring magnets apply. Therefore, two extra ring mag-
nets (� 10 mm) were added to the distal end of the shaft to prevent lumen collapse.
Furthermore, the gripper’s bending motion, combined with the reciprocating motion of
the transport mechanism, could cause tangential movement of the wire ropes after mul-
tiple actuation cycles, which can deform the gripper. To ensure proper functioning of
the gripper and transport mechanism, 3D-printed wire guides were attached to the ring
magnets. The wire guides contain two small pins, dividing the wire ropes into two groups
of nine wires and preventing unwanted tangential movement of the wire ropes over the
magnet surface. To maintain a predetermined separation between the magnets while
ensuring flexibility, we opted for compression springs as distance holders. The complete
shaft was enveloped with a heat shrink tube to mitigate the risk of tissue escaping during
transportation.
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12.2.2. ACTUATION UNIT GRIPPER
To create the grasping motion, the wire ropes need to translate relative to the concentric
shaft. This motion can be achieved by moving the wire ropes backward toward the hous-
ing or moving the shaft toward the gripper. Moving the wire ropes, and thus the gripper,
backwards is unwanted as this will shift the position of the tip. Therefore, it was chosen
to translate the shaft over the wire ropes.

The manual operation of the gripper, achieved by translating the shaft, can be im-
plemented through various methods, both passive and active. In a passive sliding mech-
anism, the shaft can smoothly move back and forth to any desired position, where it
will then remain fixed. Additional options include voluntary closing, voluntary opening,
and bi-stable mechanisms. However, both the passive sliding and bi-stable mechanisms
were disregarded due to the risk of inadvertent gripper opening. Consequently, only the
voluntary opening and voluntary closing mechanisms remained under consideration,
prompting an analysis of the application scenarios.

The application scenarios revealed that during insertion, navigation, tissue trans-
port, and retraction of the instrument, the gripper should be maintained in a closed con-
figuration, whereas an open gripper configuration is only needed during tissue gripping.
A voluntary closing mechanism would require active actuation of the device during the
majority of the operation, which can be taxing on the operator. Hence, the decision was
made to adopt a voluntary opening configuration for gripper actuation.

The voluntary opening mechanism is manually actuated using two handles, see Fig-
ure 12.2a. Between the handles and the housing, a compression spring keeps the grip-
per in the closed position during insertion, navigation, and retraction. The compression
spring can be pre-tensioned using a nut-bolt mechanism to aid in closing the gripper.
When opening is desired, the shaft is slid back from the tip by manually moving the
handles towards the housing. An extra magnet with a wire guide is placed between the
handles and the housing to prevent buckling of the wire ropes at this location.

12.2.3. ACTUATION UNIT TRANSPORT MECHANISM
The working principle of the transport mechanism is based on the creation of a friction
differential between the wire ropes and the environment. To maximise the friction dif-
ferential between the tissue and the blades, the majority of blades should move in the
desired transport direction. Since the gripper consists of six gripper blades, the max-
imum obtainable friction differential is 1-5, in which five gripper blades move in the
desired transport direction and one gripper blade moves in the opposite direction.

The 1-5 motion sequence is created using a cam mechanism in the handle. The cam
translates a rotary motion into the 1-5 reciprocating motion of the gripper blades. In-
side the cam grooves, sliders run. To each slider, three wire ropes are fixed using a set
screw. In the handle, the wire ropes fan outwards towards a larger diameter to allow for
sufficient space for wire rope fixation, as well as the ability to retrieve the tissue samples.

12.2.4. FINAL DESIGN
In Figure 12.2b, the final design is illustrated. The gripper consists of 18 wire ropes
(� 0.6 mm) arranged in groups of three. The distal tips of these three wire ropes were
soldered together to form one of the six blades of the gripper. The gripper is actively
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(a)

(b)

Figure 12.2: Exploded view (a) and assembly (b) of the actuation units of the gripper and the transport mech-
anism. The actuation unit consists of a rotary knob for actuation of the transport mechanism, cam, six sliders
connected to the wire ropes of the gripper using a set screw, housing, and handle for voluntary opening of the
gripper.
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Figure 12.3: Photo of the ovipositor-inspired tissue gripper and transporter.

opened by manually pulling the handles towards the housing. To open the gripper, the
magnets within the shaft slide away from the tip, allowing the gripper blades to bend
outwards. In the closed state, three magnets straighten the wire ropes resulting in an 11-
mm outer diameter of the shaft. The instrument is designed to be hand-operated, with
the option to add an electromotor to actuate the tissue transport mechanism. For this
purpose, a knob was added to the cam to allow for manual actuation of the transport
mechanism.

12.2.5. PROTOTYPE DEVELOPMENT

The final prototype is illustrated in Figure 12.3. The handles, housing, and cam were
manufactured using Stereo-lithography (SLA, Formlabs 3B, Formlabs, USA). The sliders
were manufactured from aluminium through manual milling processes. For the shaft,
commercially available compression springs (C0360-029-0500M, Amatec, the Nether-
lands), ring magnets (N35M 1.24T, Conrad, the Netherlands), and heat shrink tubes
(1572512, Conrad, the Netherlands) were used. Furthermore, commercially available
galvanised steel wire ropes (Engelmann, Germany) were used for the gripper and trans-
port mechanism. The prototype was assembled using off-the-shelf available screws and
bolts.

12.3. PROOF-OF-PRINCIPLE EXPERIMENT

12.3.1. EXPERIMENTAL GOAL AND VARIABLES

The goal of the experiment was to determine the ability of the prototype to effectively
grip and subsequently transport different tissue diameters, geometries, and orientations
both in the straight and curved configuration. The prototype was tested on its:

• Ability to grip the tissue: the ability of the prototype to grip and contain the tissue
phantoms in the gripper blades [Y/N].
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• Ability to transport the gripped tissue: the ability of the prototype to transport the
successfully gripped tissue through the shaft towards the handle [Y/N].

• The number of cam rotations before tissue transportation: the number of cam ro-
tations required before the gripped tissue sample was fully inside the tissue trans-
portation lumen [#].

In order to test the prototype’s ability to grip and transport different types and shapes of
tissues, the following independent variables were tested:

• Tissue diameter: spherical tissue phantoms with a diameter of 3 mm, 4 mm, and 5
mm were tested to determine the prototype’s ability to grasp and transport tissues
of different diameters.

• Tissue geometry. The prototype’s ability to grip different tissue geometries was
tested using spherical (� 3, 4, and 5 mm) and cylindrical-shaped (� 4 mm with a
length of 6.5 mm) tissue phantoms.

• Tissue orientation: the cylindrical-shaped tissue phantoms were gripped in two
different orientations: 1) concentric to the transport system and 2) orthogonal to
the transport system.

• Shaft curvature: to test the effectiveness of the gripper when the flexible trans-
port mechanism was curved, the performance of the gripper was evaluated with
the flexible transport mechanism in different curved positions with a radius r =
60 mm and angles of 20o , 40o , and 60o . The straight position was used as the con-
trol configuration.

The effect of tissue elasticity and shaft orientation on tissue transport was not tested,
as this was previously tested in a study by de Kater et al. [6]. Each measurement was
repeated six times.

12.3.2. EXPERIMENTAL FACILITY AND PROTOCOL
The experimental set-up consisted of the prototype fixed to an experimental rig, the tis-
sue phantom placed on a thin needle, and a camera, see Figure 12.4. The tissue phan-
toms were manufactured out of 10 wt% gelatin (Dr. Oetker, gelatin powder) in water,
which, after setting, has a similar Young’s modulus as muscle and liver tissue [8, 11]. A
syringe and a 3D-printed mold were used to obtain the spherical and cylindrical tissue
phantoms.

To grip the tissue phantoms from the needle, the gripper was opened, slid forward
over the phantom tissue sample, closed, and then slid back. To determine if the grasped
tissue was constrained, the gripper was rotated 360o around its longitudinal axis and
held with the tip fully pointing down at a 90o angle for 10 seconds. When the tissue
did not fall out of the grasp, the tissue was considered constrained. The ability of the
prototype to transport the successfully gripped tissue was, subsequently, determined by
rotating the actuation knob until the tissue sample was successfully transferred from the
gripper to the lumen of the transport mechanism, which was determined by eye.

Using this approach, the ability of the prototype to grip and transport different diam-
eter spherical tissue phantoms was determined in the straight configuration. The same
experiment was repeated for the cylindrical tissue phantoms orientated in line with the
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(a)

(b)

Figure 12.4: Experimental facility. The experimental facility consisted of an experiment rig to which the proto-
type was connected, and a tissue phantom placed on a thin needle. (a) Straight shaft configuration. (b) Curved
shaft configuration.
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Table 12.1: Overview of the results of the ability to grip and transport the tissue in the straight configuration
for different tissue phantom shapes.

Tissue Phantom
Shape

Ability to grip
the tissue
[Y/N]

Ability to
transport
the gripped
tissue [Y/N]

Number of
cam rota-
tions before
transporta-
tion [#]

�3 mm spherical Y, 6/6 Y, 6/6 20.7 ± 19.1
�4 mm spherical Y, 6/6 Y, 6/6 8.5 ± 2.4
�5 mm spherical Y, 6/6 Y, 6/6 6.0 ± 0.6
�4 mm, 6.5
mm cylindrical
-Concentric

Y, 6/6 Y, 6/6 4.8 ± 2.0

�4 mm, 6.5
mm cylindrical
-Orthogonal

Y, 6/6 Y, 3/6 8.8 ± 4.8

tissue transport direction and orientated orthogonal to the transport direction, both in
the straight configuration. Finally, the ability of the gripper to grip the 5 mm spherical
tissue samples was determined in the curved configuration.

12.4. RESULTS

12.4.1. EFFECTS OF TISSUE PHANTOM SHAPE

Table 12.1 indicates an overview of the results of the tissue phantom shape experiment.
All samples were successfully gripped and constrained by the gripper, though not all
samples were constrained by shape. Three samples (50%) of the orthogonally oriented
cylinders (� 4 mm) did not get transported due to the way they were grasped. After clos-
ing the gripper, the cylinders were clamped by friction between two blades and did not
contact any of the other blades. Because of this, the cylindrical tissue sample did not re-
orient to align with the lumen of the transport mechanism but was rolled back and forth
between the two wire rope groups. The orthogonal cylindrical tissue phantoms that were
in contact with four (or more) wire rope groups did reorient and were transferred into the
lumen quickly. Out of the 3 mm, 4 mm, and 5 mm diameter spherical tissue phantoms,
the 5-mm diameter tissue phantom illustrated the fastest and most constant transfer
into the lumen, with an average of 6.0 ± 0.6 cam rotations until transport, despite the
tissue being 1.2 mm larger than the lumen diameter. However, the concentric cylindri-
cal tissue phantom was the fastest in entering the lumen overall, with an average of 4.8
± 2.0 cam rotation until tissue transport. The highest dispersion was found in the 3-mm
diameter spherical tissue phantoms, with a standard deviation of 19.1 cam rotations. It
was observed that in the tests, the 3 mm diameter spherical tissue phantoms were not in
contact with all six blades, possibly substantiating the high standard deviation observed
with these samples.
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Table 12.2: Overview of the results of the instrument’s configuration on the ability to grip and transport the �5
mm spherical tissue phantoms.

Shaft config-
uration

Ability to grip
the tissue
[Y/N]

Ability to
transport
the gripped
tissue [Y/N]

0o (Control) Y, 6/6 (100%) Y, 6/6 (100%)
20o Y, 6/6 (100%) Y, 6/6 (100%)
40o Y, 6/6 (100%) Y, 6/6 (100%)
60o Y, 6/6 (100%) Y, 5/6 (83.3%)

12.4.2. EFFECT OF INSTRUMENT CONFIGURATION
The 5 mm diameter spherical tissue phantoms were all successfully grasped for all curva-
tures, see Table 12.2. Furthermore, all phantoms successfully entered the transportation
lumen for the 20o and 40o shaft angles (100%). However, when the transport mechanism
was bent over an angle of 60o , one out of six samples (16.7%) did not enter the lumen of
the transport mechanism. It was observed that in the 60o bend, the gripper was severely
deformed.

12.5. DISCUSSION

12.5.1. SUMMARY OF MAIN FINDINGS
In this study, we have developed a novel grasping system for use in conjunction with
the wasp-inspired transport mechanism [6]. The developed prototype was tested on its
ability to grip and transport tissue phantoms of different shapes and sizes. From this
experiment, it was found that the prototype was able to successfully grip and transfer
tissue phantoms into the lumen of the transport mechanism.

The device is intended for use during minimally invasive surgery. For this purpose,
the device needs to perform six steps, as illustrated in Figure 12.5. In Step 1, the device
is inserted into the human body, either through a natural orifice or an incision. Sub-
sequently, the device is guided towards the target area while circumnavigating delicate
structures. Once arrived at the target location, in Step 2 and 3, the gripper is opened and
positioned around the tissue. In Step 4, the gripper is closed to constrain the tissue. At
this point, the tissue should not be able to leave the gripper. The tissue is transferred into
the lumen of the transport mechanism in Step 5. When tissue transfer into the lumen has
been accomplished, the gripper can be reopened to grasp another tissue sample, repeat-
ing Steps 2-5. Once all target tissue has been removed, the gripper can be extracted, as
illustrated in Step 6.

12.5.2. LIMITATIONS OF THIS STUDY
The initial prototype underwent testing to assess its proficiency in grasping and trans-
porting gelatin tissue phantoms. These evaluations were conducted within a controlled
environment rather than a clinical setting and only a restricted number of experiment
repetitions were performed, reducing the statistical reliability of the results. To enhance
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Figure 12.5: Intended use of the instrument. Step 1: Instrument insertion in the human body through a natural
orifice or surgical incision. Step 2: Manual opening of the gripper. Step 3: Positioning of the gripper around
the target tissue (in red). Step 4: Grasping of the target tissue through closing of the gripper around the target
tissue. Step 5: Tissue transport through manual actuation of the internal cam. Step 6: Instrument extraction.
Steps 2-4 can be repeated to extract multiple pieces of tissue without the need for extraction.

the validity of the assessments, it is recommended that the gelatin tissue phantoms be
replaced with actual tissue in ex-vivo and in-vivo settings. This adjustment aims to en-
sure that the gripper can consistently and effectively grasp and transfer real tissue into
the lumen.

Engaging surgeons in the testing process is advised for a more comprehensive evalu-
ation of the prototype. This involvement will facilitate gathering feedback regarding any
functional or practical issues that may arise during the operation of the device. This fu-
ture investigation should involve a larger sample size and take place in a clinical setting
to ensure the reliability and relevance of the results. Furthermore, biocompatible mate-
rials should be used for future use in a clinical setting. Therefore, alternative materials
must be found to replace those currently used in the prototype, such as the galvanised
cables and the heat shrink tube.

12.5.3. RECOMMENDATIONS FOR FUTURE RESEARCH

With a future clinical instrument in mind, the developed prototype should be redesigned
based on the intended application and tested in a clinical setting. The handle should al-
low for easy single handed control of the gripper and tissue removal system. Presently,
the gripper requires considerable force to operate, requiring two-handed operation. Fur-
thermore, in order to use the device during minimally invasive procedures and even in-
crease the application area of the device to, for example, cardiovascular interventions,
further miniaturization should be explored. Miniaturization could be enabled by incor-
porating smaller diameter cables and ring magnets and thin-walled heat shrink tubing
or exploring alternative methods to keep the cables together, such as using heat shrink
tubing instead of ring magnets, similar to the design of our sub-millimetre wasp-inspired
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needles [11, 2].
With a future clinical instrument in mind, the developed prototype should be re-

designed based on the intended application and tested in a clinical setting. The handle
should allow for easy single-handed control of the gripper and tissue removal system.
Presently, the gripper requires considerable force to operate, requiring two-handed op-
eration.

In the future, the developed prototype can be made steerable to allow for easy grip-
ping of tissues in front of the device tip. For this purpose, the blades should be individu-
ally actuated to prevent gripper deformation, as was observed in the current prototype.
Another design direction to explore is adding a cutting edge to the blades to enable tissue
resection in front of the device tip. Furthermore, adding an electric motor to actuate the
transport mechanism would eliminate the need for the user to switch between actuating
the gripper and the transport mechanism, which eases operation.

12.6. CONCLUSION
A wire rope-based gripper was incorporated into the friction-based transport mecha-
nism inspired by the wasp ovipositor. The design incorporated plastically deformed wire
ropes to create a compliant section for opening and closing of the gripper. A cam, han-
dles, and a shaft, including magnets, were employed for the controlled manipulation
of the wire ropes, ensuring consistent gripper shape while allowing for the actuation of
the transport mechanism. The two handles with springs enabled a voluntary opening
operation during tests, demonstrating successful single-person operation. The gripper
effectively grasped and transferred gelatin tissue phantoms of different shapes, sizes,
and orientations into the transport mechanism. Future research can include introduc-
ing steerability to enhance the gripper’s orientation capabilities. In conclusion, the wire
rope-based gripper represents a promising development for a new surgical instrument,
marking a significant step forward in this innovative approach.
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13
DISCUSSION

13.1. FINDINGS OF THIS THESIS

13.1.1. THESIS AIM
The primary objective of the research described in this thesis was to enhance the fixa-
tion strength of bone anchors utilised in spinal fusion surgery. The fixation strength of
spinal bone anchors is crucial, as low pedicle screw fixation strength can lead to issues
such as screw loosening, potentially necessitating revision surgery [12]. This concern is
particularly pronounced in patients suffering from osteoporosis, where decreased bone
density compromises the fixation strength of spinal bone anchors, thereby contributing
to screw loosening and resulting in a lower success rate for spinal fusion surgery overall
[12, 3].

In this thesis a number of alternative spinal bone anchor designs intended for spinal
fusion surgery were explored, whilst also investigating various steerable bone drill de-
signs to aid anchor placement. Based on this research, this thesis presents three inno-
vative anchor designs (Part I) and three novel steerable drill designs (Part II) that hold
promise to improve the fixation strength during spinal fusion surgery. To further aid
spinal fusion surgery and other fields of surgery, for example in biopsy procedures, addi-
tional functionalities to aid tissue removal and transport of biopsies were explored (Part
III).

13.1.2. PART I: ANCHOR DESIGN
The first chapter of this part, Chapter 2, describes an exploration of alternative designs
for spinal bone anchors in patent literature. This revealed five potential anchoring tech-
niques that could potentially improve fixation strength: 1) anchors utilising threaded
sections, 2) anchors employing a curved path through the vertebra, 3) anchor that
(partly) expand, 4) anchors utilising bone cement, and 5) anchors aiming to stimulate
bone ingrowth. In the development of novel spinal bone anchors, key considerations
include not only the potential increase in fixation strength but also aspects of placement
safety and anchor removal potential. This latter aspect poses particular challenges for
cement-augmented and bone ingrowth-inducing spinal bone anchors. To enable easy
removal whilst simultaneously improving fixation strength, three novel spinal bone an-
chors were presented that aim to enhance the fixation strength of the conventional pedi-
cle screw by employing a curved path using a curved compliant anchors, as well as the
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use of expandable sections to conform to the pedicle and the use of a macro-shape lock
with the cortical bone layer.

Chapter 3 described a spinal bone anchor design that enhances the fixation strength
of a cannulated pedicle screw by introducing a curved nitinol rod that is advanced
through the pedicle screw into the vertebral body. This curved rod enhances the pull-out
resistance by 14% through a macro-shape lock within the vertebral body, providing an
additional means of fixation along the micro-shape lock of the screw thread with the sur-
rounding bone tissue. The use of a macro-shape lock was further investigated in Chapter
5 where the design of an L-shaped anchor was introduced. This L-shaped anchor allows
for the establishment of a macro-shape lock with the cortical bone of the vertebral body
to enhance the fixation strength on top of the present micro-shape lock established by
the screw thread. The pull-out force increased from 23 N when surrounded by cancel-
lous bone to 123 N when in contact with the cortical bone.

Although pull-out strength is the gold-standard to compare pedicle screw fixation
strength, screw loosening is often caused by toggling of the pedicle screw. Chapter 4
described the design of an expandable section of a pedicle screw that can deform to the
hourglass-shape of the pedicle to increase the contact area of the screw with the cortical
bone layer and as such could increase the toggling resistance of the anchor.

13.1.3. PART II: ANCHOR PLACEMENT

The second part of this thesis was dedicated to exploring bone drills capable of follow-
ing alternative trajectories trough the vertebra to allow for the placement of alternative
bone anchors. These drills allow the surgeon to reach specific entry points, drill curved
tunnels or navigate along the cortical bone layer. Chapter 6 presented a review of steer-
able bone drills in scientific and patent literature which revealed that steerable drills can
create curved tunnels through three steering methods: 1) device-defined steering, cre-
ating a predetermined path defined by the drill itself; 2) environment-defined steering,
where the tunnel is shaped by tissue interaction forces during the drilling procedure;
and 3) user-defined steering, allowing the user to dictate the drill path during the proce-
dure. Chapter 7 described the design of a flexible drill (�outer 4 mm) utilising a hydraulic
pressure wave to hammer through bone. This flexible drill can successfully transfer the
hydraulic pressure wave in various shaft orientations (straight, 45o curve and 90o curve)
and can be used in combination with a guide, resulting in device-defined steering. The
majority of the bone drills including device-defined steerable bone drill only allow for
drilling predetermined paths through the bone, which does not allow for real-time ad-
justment of the drill path or difference in the anatomy of patients. Both environment-
defined and user-defined steering allows for adjustment to the patient’s anatomy, in-
creasing safety.

An environment-defined bone drill is presented in Chapter 8. The tsetse fly inspired
bone drill is able to deflect upon contact with the cortical bone layer with an insertion
angle up to 15o , enabling drilling along the cortical bone layer. This can potentially in-
crease the contact with the cortical bone layer when placing an alternative pedicle screw
in the future. Interestingly, in the current design the drill produces a rectangular tunnel
due to the oscillating drilling method. Alternative tunnel cross sections would be achiev-
able with minor alteration to the drill tip shape. This could be beneficial for alternative
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anchor designs, such as the spinal bone anchor presented in Chapter 4 which conforms
to the oval hour-glass shape of the pedicle.

Chapter 9 described the design and early testing of an user-defined steerable bone
drill (�outer 2.75 mm, length 130 mm) capable of drilling multi-curved tunnels. The de-
sign utilises a flexible tubular sleeve and multiple replaceable pre-curved nitinol cores.
The cores originate from the anchor presented in Chapter 3, which showed that pre-
curved nitinol rods can create curved tunnels through cancellous bone. The replace-
able cores allow the user to steer the drill along the desired path by simply replacing the
curved core by another core with a different curve. The drill was designed to incorporate
Diffuse Reflectance Spectroscopy (DRS) technology to enhance safety by detecting and
preventing cortical breach.

13.1.4. PART III: ADDITIONAL FUNCTIONALITIES

In the final part of this thesis, various enhancements to aid tissue transport, either during
bone surgery or other medical application areas, were explored. Spinal fusion may be a
necessity following tumour removal, which initially requires a bone biopsy procedure
to confirm the diagnosis. Chapter 10 presented a comprehensive review of bone biopsy
needles presented in patent literature, in which three challenging phases during a biopsy
procedure were distinguished: 1) sampling of the biopsy, 2) severing of the biopsy, and
3) harvesting of the biopsy, each presenting numerous possible solutions.

Beyond the challenges of harvesting bone biopsies, acquiring soft tissue biopsies, or
the removal of soft tissue, presents their own difficulties, as described in Chapter 11, pri-
marily due to clogging of the currently-used suction devices. Drawing inspiration from
the parasitic wasp, a flexible transportation device was developed and proven suitable
for successful transportation of gelatin tissue phantoms. A rotational velocity of the cam
of 25 RPM resulted in a transport rate of 0.8 mm/s of the gelatine tissue phantom, and by
increasing the cam velocity to 80 RPM a transport rate of 2.3 mm/s could be achieved.
Before soft tissue biopsies can be transported with this device, the tissue needs to be
gripped. In Chapter 12, the wasp-inspired tissue transportation device was enhanced
with a gripper at the tip to aid tissue removal. The instrument was able to successfully
grip and subsequently transport gelatin tissue samples with different shapes (spherical
and cylindrical), sizes (� 3 mm, � 4 mm and � 5 mm) and orientations (concentric and
orthogonal).

13.2. FUTURE PERSPECTIVES

13.2.1. TOWARDS CLINICAL USE

This thesis presents an explorative study into alternative anchoring and anchor place-
ment methods for use in spinal fusion surgery. Although various alternative designs for
spinal bone anchors and steerable bone drills are presented, it is important to note that
these designs were primarily designed for research purposes rather than immediate clin-
ical application. The focus of the development process was primarily on the technical
capabilities of the instrument, with other factors such as ease of use for clinicians, manu-
facturability on a large scale, and cleanability not being the main focus points. Redesign-
ing the presented prototypes is a necessity to enable clinical use, starting with ex-vivo



13

234 13. DISCUSSION

and in-vivo experiments. Additionally, adherence to regulations, such as the European
regulations for medical devices (Medical Device Regulation, MDR) is crucial to ensure
quality, safety and performance of clinical tests of medical devices within the European
Union.

Considering the risks posed by climate change to future health, sustainability should
be a key consideration in all new medical developments [10]. The substantial waste gen-
erated in healthcare, especially in orthopaedic wards, underscores the importance of
environmental impact assessment in medical product design [2]. This can be achieved
through the use of environmentally-friendly materials, recycling or reusing implants,
and ensuring that instruments meet requirements for cleanability and sterilisation to
allow safe reuse of products [6]. The presented steerable bone drill designs in Part II,
compose of multiple parts which cannot easily be disassembled, making the designs
difficult to sterilise and reuse. However, improving the fixation strength of bone anchors
could reduce the need for revision surgery, making complex single-use instruments po-
tentially more sustainable compared to current methods.

While validation experiments of the developed prototypes were conducted primarily
in bone phantom material to investigate initial fixation strength with different anchoring
techniques, long-term effects such as screw loosening due to toggling requires further
investigation. Being a living tissue, bone adapts to applied loads (Wolff’s law), which
necessitates in-vivo experiments to assess the long-term fixation strength of spinal bone
anchors [4]. This especially holds for the spinal bone anchor designs presented in Part
I. These bone anchors are intended to be implanted within the vertebra for a long term,
meaning that the bone will adapt to the applied loads. This might result in bone growth
around the wedges of the expandable spinal bone anchor presented in Chapter 4, which
could make the removal of the anchor challenging.

13.2.2. OTHER APPLICATION AREAS

The primary application area of this thesis is spinal fusion surgery, however, the alter-
native bone anchors and steerable bone drills developed herein have potential applica-
tions across various orthopaedic procedures. For instance, Kirschner wires (K-wires),
commonly used to fixate bone fragments, bear resemblance to the curved nitinol an-
chors presented in Chapter 3. Flexible pre-curved anchors could potentially offer higher
fixation forces as compared to straight K-wires and enable alternative pathways that con-
form better to the shape of different bones. Additionally, the anchors presented in Part
I, may be applicable in a variety of orthopaedic procedures, for instance to enhance the
fixation of plates and hip implants. The flexible and steerable drills presented in Part
II could also benefit a wide range of orthopaedic procedures, including implant place-
ment, arthroplasty, and the removal of lesion areas, as presented in Chapter 6.

13.2.3. NON-FUSION CORRECTION

In this thesis, a range of alternative anchoring and placement methods are investigated
to enhance the fixation strength of bone anchors used in spinal fusion surgery. Spinal
fusion surgery is employed to correct severe scoliosis, often necessitating invasive open
surgery with large incisions [5]. This procedure involves correcting the deformity all at
once by applying high corrective forces, and eliminating all motion between the adja-
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cent vertebrae to establish the desired fusion. Spinal fusion inhibits spine growth, pos-
ing a challenge in treating conditions like early onset scoliosis where patient growth is
expected, potentially leading to a shortened trunk that may hinder lung development
[8].

A promising direction for future research lies in exploring non-fusion correction
methods, which correct spine deformities without relying on rigid fusion of adjacent ver-
tebrae. For instance, telescopic growing rods allows spine lengthening during growth but
come with risks such as increased infection susceptibility and higher corrective forces
on the pedicle screws which results in a higher chance of screw loosening [1, 11]. To by-
pass the high infection risk, magnetically controlled growing rods can be used, as these
rods can be lengthened remotely without requiring surgery. Although these magnetically
growing rods hold a smaller infection risks, they are associated with hardware problems
such as screw loosening and rod breakage [9].

As part of the research described in this thesis, an alternative non-fusion correc-
tion design was developed utilising buckled posteriorly placed leaf flexures to generate
a small, nearly constant corrective force that gradually corrects spinal deformities over
time (Figure 13.1) [7]. Since the correction occurs gradually over an extended period, it
is thought that applying a gentle yet consistent corrective force is sufficient for success-
ful treatment of the spinal deformity. Furthermore, this less invasive procedure would
reduce the pain, and allows for earlier intervention when the deformity is less severe.
Additionally, this non-fusion technique not only reduces the severity of the procedure
but also preserves more vertebral motion, maintaining patient mobility, and promoting
growth. While non-fusion correction methods differ from conventional spinal fusion,
they still require firm fixation to the vertebrae. Unlike spinal fusion, where anchors be-
come redundant after successful fusion of the vertebrae, non-fusion techniques neces-
sitate long-term fixation of the spinal bone anchors. The alternative anchoring methods
and steerable bone drill designs presented in this thesis hold potential for successful im-
plementation in both spinal fusion and non-fusion correction procedures.

13.3. CONCLUSION
The primary objective of this thesis was to enhance the effectiveness of spinal fusion
surgery by introducing alternative designs for bone anchors and steerable bone drills. A
thorough review of patent literature offered a comprehensive understanding of the state-
of-the-art in spinal bone anchors. This review, as well as an analysis of the commercially
available instruments, served as a foundation for the development of a range of proto-
types for spinal bone anchors. These prototypes employ various techniques aimed at
enhancing the fixation strength, including curved pathways, expandable sections and
implementing a macro-shape lock with the cortical bone layer.

Expanding beyond the advancement of spinal bone anchor designs, this thesis also
delves into the development of novel flexible bone drills. It begins by exploring the state-
of-the-art in steerable bone drills by a review of patent and scientific literature. The iden-
tified steering techniques resulted in the development of a number of steerable bone
drill prototypes. These drills can be steered using a guiding mechanism, using tissue
interaction forces, or by the user.

This thesis finally investigates additional functionalities for biopsy procedures. This
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Figure 13.1: Schematic representation of the proposed non-fusion correction technique, utilising posteriorly
placed buckled leaf springs to correct for early onset scoliosis.

exploration begins with an examination of the existing state-of-the-art in bone biopsy
needles. Subsequently the design of a flexible tissue transported is introduced, which
is later enhanced with a gripper. This thesis shows the potential of novel spinal bone
anchor designs, alternative anchor pathways through the utilisation of steerable bone
drills and possible additional functionalities to enhance spinal bone anchor fixation in
spinal fusion surgery.
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