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Summary

Orthopedic surgery is a surgical discipline that is concerned with the treatment 
of the musculoskeletal system. Many orthopedic treatments involve cutting or 
drilling in bones by using rigid drills or oscillating saws. Using waterjets instead of 
conventional instruments can be beneficial due to the absence of thermal damage 
and a consistent sharp cut. Additionally, waterjet technology allows the development 
of flexible instruments that facilitate maneuvering through complex or narrow 
joint spaces. Therefore, the aim of this thesis is to develop a compliant or flexible 
arthroscopic surgical instrument, based on water jet technology, that is able to drill 
in bone tissue.

The intended target surgical procedure of the water jet instrument is bone 
debridement and marrow stimulation. Bone debridement treatments are performed 
to treat damaged cartilage in joints that are generally caused by trauma. The treatment 
involves the removal of the damaged cartilage, followed by making 2-4 mm deep 
holes in the underlying bone to induce bleeding. This introduces stem cells that 
regenerate the bone and the cartilage, resulting in pain relief and improved mobility 
for the patient.

For the development of a compliant arthroscopic surgical water jet instrument, 
the following systematic approach was followed:

1. Determining whether water jets are able to drill in bone tissue.
2. Determining what hole dimensions result in optimal healing for the 

patient.
3. Controlling the drilling depth of a water jet.
4. Developing a prototype instrument by applying the results of 1-3.

Each consecutive step is discussed in the following paragraphs, indicating the contents 
of each chapter. Step 3, controlling the drilling depth, is the primary challenge of this 
research since it is a prerequisite to ensure clinical safety. The challenge in depth 
control when water jet drilling lies in the inhomogeneous structure of the bone, 
which interacts with the water jet beam and causes the drilling depth to vary. 

In Chapter 2, the feasibility of using pure water jets to machine bone is 
investigated (step 1) by using an industrial water jet machine to drill holes in pig, 
sheep, goat and human bone tissue. The results show that machining of bone tissue 
is possible without adding abrasives, which are potentially harmful to a patient. 
The minimum pressure required to drill in bone differs for each animal and bone 
specimen. This means that the mechanical or structural properties of the bone tissue 
affect the drilling depth. Water jet machined holes are conically shaped which offers 
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potential use for bone debridement treatments and for drilling guidance holes for 
screw fixations. 

The dimensions of the holes that are to be drilled with the water jet to achieve 
optimal regeneration of the bone and cartilage are considered in Chapter 3 (step 2). A 
systematic review of available literature was inconclusive on the possible influence of 
variation within the surgical technique on the outcome of bone marrow stimulation. 
Key elements of a successful treatment are the removal of unstable cartilage, a hole 
depth between 2 and 4 mm until bleeding or fat droplets appear, and a distance 
between the holes of 3 to 4 mm. A caprine animal study was performed to determine 
whether deeper holes or holes with a smaller diameter would improve the quality 
of the regenerated tissue. The results indicate that the regeneration of tissue does 
not appear to be improved by changing the depth or diameter of the holes. Hence, 
controlling the drilling depth within the range of 2 to 4 mm suffices with regards to 
water jet machining for the caprine talus.

In Chapter 4 the cause of the variation in hole depth is presented that can 
occur whilst water jet drilling in bone. Also, the first two methods are presented 
for controlling the drilling depth a (step 3). The volume of mineralized bone per 
unit volume (BV/TV) is the bone structural property that correlates best with the 
drilling depth. We have shown experimentally that when the BV/TV is known, the 
drilling depth can be predicted. To compensate for the varying local BV/TV of bone 
tissue, the machine settings of the water jet can be adjusted. The primary machine 
settings that affect the drilling depth are the pressure, jet time and nozzle diameter. A 
mathematical model was constructed that allows accurate prediction of the drilling 
depth and diameter for a given machine setting and BV/TV. Hence, control over 
the drilling depth is achieved when the local BV/TV of the bone tissue is known. A 
challenge in this control method is the determination of the local BV/TV of the bone 
tissue, which requires a medical imaging instrument that is not commonly available 
in hospitals.

A second method to control the drilling depth is to use low impact machine 
settings that allow gradual machining of bone tissue. An orthopedic surgeon can 
intermittently apply a burst of water to gradually increase the drilling depth, using 
an arthroscope for visual feedback on the drilling progress. In this case the surgeon 
is the controller, which has the disadvantage that the execution is slower and a lower 
depth-accuracy can be achieved than the first control method. The advantage is that 
the surgeon is in full control, and the intended water jet instrument can be built 
compact and simple which keeps the dimensions as small as possible.

The third method for controlling the drilling depth is presented in Chapter 5. 
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To achieve depth control, two water jets are set to collide at a specific point. Above 
the collision point the individual water jets are capable to machine bone tissue. At 
the collision point, the coherency of individual water jets will collapse. The resulting 
incoherent spray of water is not powerful enough to machine bone tissue. As a result, 
the collision point determines the drilling depth. Hence, control over the drilling 
depth is achieved. Experiments on bone tissue determined that the accuracy of 
the depth control is within the limits set for bone marrow stimulation treatments. 
A challenge of implementing two water jets in an arthroscopic instrument is the 
increased construction volume, which can impair the maneuverability in human 
joints.

The fourth method for controlling the drilling depth is presented in Chapter 6. 
A sensor located at the nozzle can interrupt the water supply when a predetermined 
depth is achieved. The shutdown mechanism can be located at the nozzle or the 
pump. Experiments with an on-scale prototype and simulations determined that 
the accuracy of this control system is within the limits for bone marrow stimulation 
treatments. A challenge is that the sensor that measures the drilling depth increases 
the size of the nozzle, which can impair the ability to maneuver in human joints.

To allow a developer of a medical water jet instrument design freedom (step 4), 
a study was performed to determine whether the total volume of water that exits the 
nozzle correlates with the volume of bone tissue that is removed. The total volume of 
water that exits the nozzle combined with the known BV/TV determine the volume 
of bone material that is removed. This provides design freedom in the sense that the 
nozzle diameter, pressure and jet time can be chosen in accordance to the maximum 
operating time requirements or dimensional limitations of the intended water jet 
instrument. For example, to minimize the dimensions of a water jet instrument, a 
smaller nozzle diameter and a lower pressure can be used, at the cost of an increased 
operating time (jet time).

There are five primary challenges that need to be addressed for further 
development of the arthroscopic water jet instrument (step 4). First, an in vivo animal 
experiment with an industrial sized water jet instrument is required to determine if 
water jetting in bone is clinically safe. Secondly, for the development of an actual 
on-scale prototype, the nozzle should be fully stabilized when water jet drilling to 
guarantee accurate drilling and prevent unwanted damage to surrounding tissue. 
Third, additional testing of the connections between the nozzle and the tubing are 
required to further reduce the length of the rigid nozzle, which will allow optimal 
instrument compliance. Fourth, experiments with on-scale prototypes in cadaver 
knees and ankles are required to quantify the loss in machining capacity of the water 
jet when scaling down from an industrial size water jet set-up to a minimally invasive 
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sized set-up. Lastly, the ergonomics of the instrument should be addressed to provide 
optimal instrument control to the orthopedic surgeon. All five primary challenges 
have been investigated briefly and are considered non-insurmountable.

This thesis has shown that using pure water jet technology for bone 
debridement treatments is feasible. The applicability of this research can be extended 
to other orthopedic treatments that involve hard tissue, such as cement removal in 
implant revisions, cartilage removal, laminectomy and drilling guidance holes for 
screw fixations. The presented depth control systems can prove to be valuable for 
dentistry (drilling cavities, plaque removal), mining (not penetrating fragile layers 
of earth), food industry (cutting, filling and seasoning), and rescue missions (careful 
removal of debris).
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Samenvatting

Orthopedie is een medisch specialisme dat zich bezighoudt met de behandeling 
van het steun- en bewegingsapparaat. Voor een groot aantal orthopedische 
behandelingen is het noodzakelijk te boren of te zagen in bot. Hierbij worden starre 
boormachines of oscillerende zagen gebruikt. Het vervangen van deze instrumenten 
door een waterstraalinstrument kan voordelen bieden. Zo zal een waterstraal 
altijd scherp blijven en treedt geen thermische schade op door verhitting van het 
botweefsel. Tevens biedt waterstraaltechnologie de mogelijkheid om een flexibel 
instrument te ontwikkelen waarmee plekken in gewrichten bereikbaar worden die 
met star instrumentarium niet bereikbaar zijn. Het doel van deze thesis is een flexibel 
arthroscopisch waterstraal instrument ontwikkelen dat kan boren in botweefsel.

De beoogde toepassing van het waterstraalinstrument is het uitvoeren van 
beenmergstimulatiebehandelingen. Beenmergstimulatiebehandelingen worden 
uitgevoerd bij patiënten waarbij het kraakbeen is beschadigd door een trauma. Tijdens 
deze behandeling wordt het beschadigde kraakbeen verwijderd. Vervolgens worden 
gaten met een diepte tussen 2 tot 4 mm aangebracht in het bot, waardoor bloedingen 
ontstaan. De bloedingen dragen bij aan het herstel van zowel het kraakbeen als het 
bot, waardoor de pijn van de patiënt afneemt.  

Voor het ontwikkelen van een flexibel arthroscopisch waterstraalinstrument is 
het volgende stappenplan doorlopen:

1. De haalbaarheid aantonen om met waterstralen te kunnen boren in bot. 
2. Het achterhalen welke gat-afmetingen resulteren in optimaal herstel voor 

de patiënt.
3. De boordiepte controleren.
4. Ontwikkeling van een prototype.

De volgende paragrafen bespreken elke stap die doorlopen is, waarbij verwijzingen 
worden aangehaald naar de betreffende hoofdstukken. Stap 3 is het primaire onderzoek 
van deze thesis, aangezien de patiënt-veiligheid hiermee het meest is gemoeid. De 
voornaamste uitdaging in het controleren van de boordiepte is de inhomogeniteit 
van het botweefsel. Hierdoor is de verspanende werking van de waterstraal niet 
constant in elk deel van het bot, waardoor boordieptes van elkaar kunnen verschillen.

In Hoofdstuk 2 wordt de haalbaarheid voor het gebruik van enkel waterstralen 
om in bot te boren onderzocht (stap 1). Met een industriële waterstraalmachine 
worden gaten aangebracht in varkens-, schapen-, geiten- en humaan bot. Uit het 
onderzoek blijkt dat het gebruik van abrasieven (harde deeltjes toegevoegd aan de 
waterstraal), die schadelijk kunnen zijn voor patiënten, niet noodzakelijk is om in bot 
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te kunnen boren. “Pure” waterstralen volstaan hiervoor. De minimale waterdruk om 
bot te verspanen verschilt per dier, bot en locatie. Hieruit blijkt dat de botstructuur 
invloed heeft op de boordiepte. De geboorde gaten zijn conisch van vorm. Deze 
vorm is geschikt voor beenmergstimulatiebehandelingen en het voorboren van 
schroefgaten.

In Hoofdstuk 3 zijn de afmetingen van de gaten onderzocht die na een 
beenmergstimulatiebehandeling resulteren in het optimale herstel van bot en 
kraakbeen. Uit een systematische review blijkt dat variatie in chirurgische techniek geen 
overtuigende invloed heeft op de uitkomst van de beenmergstimulatiebehandeling. 
Voor het slagen van een behandeling dient het beschadigde kraakbeen verwijderd 
te worden en moeten gaten worden aangebracht tussen de 2 en 4 mm diep (totdat 
bloedingen of vetdruppels ontstaan) met een afstand tussen de gaten van 3 tot 4 mm. 
Door middel van een dierenstudie op geiten is onderzocht of diepere gaten of meer 
gaten met een kleinere diameter leidt tot een beter herstel van het bot en kraakbeen. 
Uit de uitkomst van deze studie blijkt dat het aanpassen van de diepte of diameter 
van de gaten het herstel niet verbetert. Met betrekking tot de dieptecontrole tijdens 
het waterstraalboren betekent dit dat een boordiepte tussen de 2 en 4 mm volstaat.

In Hoofdstuk 4 wordt de oorzaak van de inconsistente gatdiepte achterhaald 
tijdens het waterstraalboren in bot. Daarnaast worden twee methoden aangedragen 
waarmee de boordiepte gecontroleerd kan worden. De botdichtheid is de 
botstructuureigenschap die de het meest correleert met de boordiepte. Wanneer de 
botdichtheid bekend is kan de boordiepte worden voorspeld. Instellingen van de 
waterstraalmachine kunnen worden aangepast om de invloed van de natuurlijke 
variaties in botdichtheid in het bot te compenseren, om zo te kunnen boren tot 
de beoogde diepte. De voornaamste instellingen van de waterstraalmachine die de 
boordiepte beïnvloeden zijn de waterdruk, de diameter van de waterstraal en de 
waterstraaltijd. Aan de hand van drie studies is een wiskundig model geconstrueerd 
waarmee de boordiepte nauwkeurig bepaald kan worden aan de hand van de 
waterstraalinstellingen en de botdichtheid. Mits de botdichtheid bekend is, is 
hiermee controle over de boordiepte verkregen. De voornaamste uitdaging in deze 
methode van dieptecontrole ligt in het vaststellen van de botdichtheid. Hiervoor is 
specialistische medische beeldvorming apparatuur benodigd.

Een tweede methode om de boordiepte te controleren is waterstraalinstellingen 
gebruiken die net krachtig genoeg zijn om te kunnen boren in bot. Een orthopedisch 
chirurg kan de boordiepte geleidelijk toe laten nemen door een korte waterstraalpuls 
toe te dienen. Hierbij is visuele feedback via de artroscopen noodzakelijk. Bij 
deze dieptecontrolemethode is de chirurg de controller, waardoor dit proces 
trager en onnauwkeuriger zal verlopen dan met de eerste dieptecontrolemethode. 
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Het voordeel van deze methode is dat de chirurg volledige controle heeft, en het 
waterstraalinstrument eenvoudig en compact gehouden kan worden door het 
ontbreken van extra (controle) componenten.

Een derde methode om de boordiepte te controleren wordt aangedragen in 
Hoofdstuk 5. Twee waterstralen worden uitgelijnd om op een specifiek punt samen te 
komen. Boven dit punt zijn de waterstralen krachtig genoeg om door bot te boren. Op het 
samenkomstpunt resulteert de botsing tussen de twee waterstralen in een spray. Deze 
spray is niet krachtig genoeg om bot te kunnen verspanen. Hiermee is controle over de 
boordiepte bereikt. Experimenten met deze controlemethode hebben aangetoond dat 
de boordiepte-nauwkeurigheid voor beenmergstimulatiebehandelingen voldoende 
is. Een nadeel van het gebruik van twee waterstralen is dat de afmetingen van het 
instrument toenemen. Dit maakt manoeuvreren in gewrichten lastiger ten opzichte 
van de eerder aangedragen methoden.

In Hoofdstuk 6 wordt een vierde methode om de boordiepte te controleren 
aangedragen. Een sensor bij de nozzle registreert de boordiepte, waarna de waterstraal 
wordt stopgezet wanneer een vooraf ingestelde boordiepte is bereikt. De waterstraal 
kan zowel bij de nozzle als de pomp worden stopgezet. Experimenten met prototypes 
tonen aan dat de boordiepte-nauwkeurigheid van deze controlemethode volstaat 
voor het uitvoeren van beenmergstimulatiebehandelingen. Een nadeel van deze 
controlemethode is dat een sensor de afmetingen van het instrument toe doet nemen, 
wat nadelig kan zijn tijdens het positioneren van het instrument in een gewricht.

Om een ontwerper van een medisch waterstraalinstrument ontwerpvrijheid te 
geven (stap 4), is een studie verricht naar de invloed van de totale toegevoegde volume 
aan water op het volume aan verwijderd bot. Het totale volume aan water en de 
botdichtheid correleert met hoeveelheid aan bot dat wordt verspaand. Dit betekent dat 
de waterstraaldiameter, druk en waterstraaltijd elkaar kunnen compenseren om een 
bepaald volume aan bot te verwijderen. Dit geeft een ontwerper een ontwerpvrijheid 
in keuzes die gemaakt dienen te worden. Zo kan bij de toepassing voor minimaal 
invasieve chirurgie een lagere druk en kleinere waterstraal diameter en een langere 
waterstraaltijd bijdragen aan de reductie van de afmetingen.

Het verder ontwikkelen van een minimaal invasief waterstraalinstrument vergt 
meer onderzoek op ten minste vijf gebieden. Ten eerste dient onderzocht te worden 
of waterstraalboren klinisch veilig is. Ten tweede dient een methode ontwikkeld 
te worden waardoor de nozzle op zijn plek blijft tijdens het waterstraalboren. Te 
veel instabiliteit kan leiden tot schade aan het omliggende weefsel. Een derde 
onderzoek dient zich te richten op het reduceren van de lengte die benodigd is 
om de nozzle aan de flexibele slang te bevestigen. Dit zal de benodigde flexibiliteit 
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van het instrument ten goede komen. Ten vierde zullen experimenten op kadavers 
uitgevoerd moeten worden om in kaart te brengen in welke mate de boorcapaciteit 
afneemt bij het gebruik van de prototypes met afmetingen die geschikt zijn voor 
minimaal invasieve chirurgie. Ten slotte dient de ergonomie onderzocht te worden, 
zodat de chirurg op intuïtieve wijze het instrument kan besturen. Enig onderzoek 
naar de vijf aangedragen onderwerpen is reeds verricht. Hieruit blijkt dat geen van 
de uitdagingen onoverkomelijk zijn.

Dit onderzoek heeft aangetoond dat beenmergstimulatiebehandelingen 
mogelijk uitgevoerd kunnen worden met waterstraaltechnologie. Het onderzoek 
kan als opstapje dienen voor de toepassing van waterstraaltechnologie voor andere 
behandelingen, zoals implantaat revisies, chirurgie aan kraakbeen en pezen, en het 
voorboren van gaten in bot voor schroefbevestigingen. De aangedragen methoden om 
de boordiepte te kunnen controleren kunnen gebruikt worden in de tandheelkunde 
(boren, plakverwijdering), mijnbouw (boren tot specifieke diepte), voedselindustrie 
(snijden, vullen met kruiden) en reddingsmissies (verwijderen van puin). 
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introduction

Orthopedic surgery is a surgical discipline that is concerned with the treatment 
of the musculoskeletal system. Many orthopedic treatments involve cutting, drilling, 
sawing, piercing or other forms of machining bones, joints and ligaments of the human 
body. To perform these actions on bone tissue, the use of water jet technology can 
provide several advantages over the use of conventional surgical instruments. First, 
water jet technology is a non-thermal machining method [1], whereas conventional 
drilling, cutting or sawing instruments heat up the surrounding healthy tissue above 
55 degrees Celsius [2, 3]. Temperatures above 55 degrees Celsius will lead to necrosis 
and impaired healing of the healthy tissue [4-6]. Secondly, a water jet instrument can 
be made compliant or flexible, which allows increased maneuverability in tight joint 
spaces during surgery. The increased maneuverability allows anatomic locations to be 
reached that cannot be treated by conventional rigid instruments. Thirdly, a water jet 
allows selective tissue removal due to differences in mechanical properties between 
the tissues. Relative stronger tissues, such as cortical bone, can be preserved, whilst the 
adjacent relative softer material, such as trabecular bone or periprosthetic interface 
tissue, are affected by water jets. The selectivity in tissue machining can be adjusted 
during surgery by changing machine settings such as the pressure or the diameter of 
the water jet. Fourth, a surgical water jetting instrument can be dimensioned slender 
and snake-like, allowing key hole surgery (arthroscopic surgery) to be performed 
instead of open surgery. Arthroscopy leads to a faster recovery for the patient. Fifth, 
the debris particles that are created during drilling or sawing with water jets can be 
minimized by using small diameter (0.1 mm) water jet compared to the debris sizes 
(order of magnitude several mms) of conventional saw or drill surgical tools. As a 
result, more healthy tissue is left intact, which can improve the patient’s recovery. A 
sixth reason why water jet technology can be beneficial over standard instruments is 
the contactless interaction between the tissue and the instrument. The lack of contact 
will result in a constant performance since the water jet instrument does not suffer 
from wear or become blunt. Finally, a single water jet instrument can be used for 
several tasks (with)in orthopedic treatments, such as cutting tendons, dissecting soft 
tissue and drilling, cutting or milling of bone. Currently, for each of these actions 
different instruments are required. Switching between the different applications that 
a single water jet instrument can perform only requires a single setting to be changed 
at the pump: the water jet pressure. Consequently, this single universal instrument 
can save costs and optimizes surgical workflow.

The advantages of an arthroscopic water jet instrument are abundant, yet such 
a device has not been developed nor researched. Therefore, the focus of this thesis 
is on the feasibility, safety and development of a water jet instrument that is capable 
to machine bone tissue. Four topics will be introduced in this introduction section. 
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First, for the development of the intended arthroscopic water jet instrument a specific 
target operation – bone debridement and marrow stimulation - is introduced. The 
execution of this procedure can greatly benefit from using water jets. 

Second, the basics of water jetting are explained, providing background 
knowledge and initial design decisions. Third, an overview of current research of water 
jets in surgery is given. With this background information, in the final paragraph, the 
aim of this thesis and action plan on the development of an arthroscopic water jet 
instrument is laid out.

Bone debridement treatments

To elucidate the advantages of using water jets, the bone treatment is briefly 
delineated. Bone debridement treatments are the preferred method for treating 
damaged cartilage (osteochondral defects) in joints that is caused by trauma [7-9]. 
Systematic reviews show a clinical success rate of 86% for bone debridement in the 
knee and ankle [10, 11]. To achieve regeneration of the cartilage, the damaged cartilage 
tissue and the underlying calcified cartilage is debrided using a rigid curette (Figure 
1, left) [9]. Then, 2-4 mm deep holes are made in the bone tissue to induce bleeding 
(microfracturing, Figure 1, center). A cloth of blood, containing mesenchymal cells, 
will cover the defect in the bone and cartilage (Figure 1, right). The mesenchymal 
cells adapt to the surroundings, thereby regenerating both the subchondral plate and 
the cartilage. Though the patient’s pain is relieved, the renewed cartilage is of lower 
quality than the original, making it more prone to wear.

Currently, rigid instruments such as curettes, awls, K-wires and drill bits 
are used to cause the microfracturing of the calcified bone surface (Figure 1 and 
2). Due to the limited space to maneuver in a joint space, sculling and hammering 

Figure 1. The consecutive steps of the bone debridement treatment. First, the damaged cartilage 
and calcified cartilage is removed with a curette (left). Then, small holes are made using an awl 
(center). The microfractures induce bleeding, which covers the defect, thereby contributing to the 
regeneration of the cartilage (right). Images courtesy of Mithoefer [12].
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on the instrument is frequently required to complete the treatment. For more 
complex situations, drill bits are used. As a result, the current rigid instruments can 
damage surrounding tissue either by inducing local pressure points (sculling), by 
unintentionally shooting out (hammering), by heat necrosis (drilling) [13], or impair 
healing caused by loose bone fragments [14].

Figure 3. Simplification of a water jet system. Left: the pump creates a pressure by using energy 
and water. Tubing guides the water towards an orifice, where the water jet is created. Right: a 
close-up of the nozzle, indicating various machine settings.

Figure 2. An arthroscopic image of the debridement of calcified cartilage. The joint space is 
limited, making it difficult to treat the tissue. Additionally, the tight space occasionally requires 
the rigid instruments to be sculled or hammered to achieve debridement and microfracturing, 
which can cause unwanted damage to surrounding healthy tissue. Image courtesy of Steadman 
[9].
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Water jet machining basics

To create a water jet, water is to be pressurized and let out at one or multiple 
locations from its embodiment. In general, a pump is used to create the water pressure. 
The water is directed towards the location of interest using tubing. An orifice, usually 
a part of a sapphire or steel nozzle, is used to create a coherent water jet (Figure 3). 
Water is either provided by a source (tap), or the used water is being filtered and led 
back to the pump.

Various machine settings influence the machining capacity of a water jet: the 
suspension, pressure, orifice diameter, cutting speed or drilling time, angle of attack, 
stand-off distance and the nozzle design. In the following paragraphs the machine 
settings are briefly discussed.

Suspension
Globally speaking, three suspension types can be distinguished [15]. The 

most simple form is a pure water jet (PWJ) where only the energy of the water jet is 
used for cutting or drilling (Figure 4, left). PWJ is primarily used in the industry for 
cutting paper, cardboard, food or thin plastic, such as dashboards for cars [15, 16]. 
For machining harder materials such as glass or steel, an abrasive water jet (AWJ) is 
required [15, 16] (Figure 4, center). Abrasives are hard solid particles that are added 
to the water jet stream. The particles acquire the velocity of the water jet, and provide 
the majority of the machining capacity by rapid erosion [17]. The third suspension 
type is slurry abrasive water jetting (SAWJ), where the abrasives are mixed with the 

Figure 4. Three suspension types. Left: pure water jet (PWJ). Center: slurry abrasive water jet 
(SAWJ). Right: abrasive water jet (AWJ).
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water before the fluid is accelerated through an orifice [15] (Figure 4, right).
PWJ machines stand out in simplicity, since no additional parts other than a 

pump, tubing and an orifice are required to achieve water jet cutting. AWJ machines 
are more powerful but also more complex than PWJ machines, since a precisely 
set-up abrasive feed mechanism is required. An advantage of a SAWJ machine is 
the absence of an abrasive feeder, allowing the nozzle head to be smaller. However, 
uniformly mixing the abrasives and an increased wear of the orifice and tubing can 
be challenging. 

For bone debridement treatments, PWJ is considered the better option. This 
will be explained as follows. First, though biocompatible abrasives do exist [1, 18], no 
abrasive has been clinically approved, as to the best of the knowledge of the author. 
Second, PWJ technology allows instruments to be designed significantly smaller 
than when AWJ technology is used because an abrasive feed system is not required. 
Third, a PWJ system requires the least number of components compared to the other 
two options, which is advantageous for maintenance, sterilization, fabrication and 
minimizing costs. 

Pressure and orifice diameter
The pressure and orifice diameter influence the machining capacity of a water 

jet in a similar way: when increased, the power of the water jet becomes greater, 
thereby increasing its destructive power [15, 19-22]. The water pressure directly 
affects the velocity of the water jet stream at the orifice, and thus the total volume of 
water per unit time (which can be considered equivalent to the power) that hits the 
material (see detailed formula’s and explanation in Chapter 4). The orifice diameter 
quadratically affects the volume of water that is directed towards the material and thus 
will increase the water jet’s destructive power quadratically [17]. Besides the increase 
in cutting or drilling depth, a wider water jet will increase the kerf width or hole 
diameter [19]. To a certain extent, the pressure and orifice diameter can compensate 
each other with respect to the destructive power of a water jet. For designers, this offers 
the freedom to adjust either one to accommodate specific requirements for specific 
medical treatments. For example, for minimal invasive surgery the dimensions of an 
instrument are to be minimized. In that case, a water jet instrument can be equipped 
with small orifice diameter in combination with a high water pressure.

Feed speed and jet time
The feed speed is the velocity in which the water jet transverses relative to 

the target material [15, 16]. For water jet drilling, the velocity is 0. The time that the 
water jet is directed towards a single point is called the drilling or jet time. Both the 
feed speed or the jet time affect the total energy that is directed towards the material, 
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which are highly correlated to the total volume of material that is removed. Increasing 
the cutting speed results in a shorter exposure of a specific part the material to the 
water jet, resulting in shallower depths [19, 20]. Increasing the drilling/jet time 
increases the exposure of the material to the water jet, resulting in deeper holes [23]. 
The mechanism of material removal for water jet cutting and drilling are different. 
When drilling, the excess water in the hole and the incoming water jet interfere with 
each other, causing turbulence and incoherency in the water jet which negatively 
affects the machining capacity. As a result, the coherent water jet does not directly 
interact with the sides of the hole that is being drilled, whereas for water jet cutting 
the destructive jet continuously erodes the material due to its feed speed (Figure 5). 
For industrial or medical application of water jets, research on water jet drilling is 
scarce.

Stand-off distance, angle of attack and nozzle design
The stand-off distance, angle of attack and the nozzle design affect the 

machining capacity of a water jet [15, 17]. The stand-off distance is the distance 
from the orifice to the target (Figure 3) [15]. In this space, the water jet has to travel 
through air or fluid, thereby losing energy with increasing distance. This decreases 
the depth of the cut or hole. The angle of attack is the angle between the water jet and 
the surface of the target material, which affects the interaction between the water 

 Figure 5. Drilling versus cutting. When drilling, turbulence is introduced due to interference 
with the excess water in the hole, impairing the drilling capacity compared to water jet cutting, 
where the jet is always directed towards the material.
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jet and the material [17]. The extent of the effect in machining capacity of the angle 
of attack depends on the material properties of a material (primarily its toughness) 
[17]. Therefore, it is difficult to quantify this effect by a general rule of thumb or 
linear relation. The design and material of the nozzle can have a critical impact on the 
coherency of a water jet. A stronger coherency of a water jet will result in a smaller 
target area that has to sustain the total power of the water jet. As a result, the energy 
density (W/m2) of the water jet is larger [24]. This allows tougher or harder materials 
to be machined to a greater depth. Parameters that affect the coherency of the water 
jet are the length and shape of the inlet, the dimensions of the chamber in front of 
the orifice, the smoothness of the trajectory that the water has to follow towards the 
orifice, the material of the nozzle and the material of the orifice.

mechanical properties of target material
The mechanical properties of the target material have the largest influence on 

the water jet’s machining capacity. The maximum tension, compression and bending 
strengths, the modulus of elasticity, hardness and specific impact viscosity show a 
strong correlation with the water jet power required to machine the material [17]. In 
general, an increase in material strength requires more water jet machining capacity. 
Therefore, knowledge on the material properties is critical to choose adequate 
machine settings and nozzles.

For bone tissue, mechanical properties have been thoroughly investigated [25-
27]. The composition and structure of the bone significantly affect its mechanical 
properties [28]. Since the bone structure adapts to the load it is to bear, variations 
in mechanical properties between and within a bone arise. This affects the local 
machinability of the bone with a water jet, causing variations in drilling depth. So 
far, interaction between a water jet and a bone with various bone structures have not 
been investigated, which is a prerequisite for the safe application of water jet drilling 
in any type of bone. 

Water jets in surgery and current research

Water jet technology was first introduced in the mining industry in the 1930’s 
[15]. Fifty years later, the technology progressed towards clinical applications. The 
first water jet surgery was reported in 1982 to perform liver resections [29]. Since 
then, water jet technology found its application in treatments of soft tissue, such 
as neurosurgery [30-32], surgery of the prostate [33], liver [34] and skin [35, 36], 
hydrosurgical debridement of wounds [37-39] and preparing skin grafts [40]. In 
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these treatments, the ability to spare tougher tissues such as nerves and veins whilst 
removing the target tissue is the primary advantage of using water jets. Commercial 
surgical water jet products such as the Erbejet [41] and Versajet [39, 42] are used in 
clinical, experimental or trial settings.

Water jet surgery of hard tissue requires more water jet power than surgery 
of soft tissue due to differences in mechanical properties such as the tensile strength 
and modulus of elasticity. In 2000, the first preliminary tests were performed in the 
field of orthopedic surgery by cutting bones and bone cement [43, 44]. More recently, 
prosthesis revisions and robot assisted bone surgery was investigated [45, 46]. 

For the development of a safe arthroscopic water jet instrument that is able 
to machine bone tissue, current research falls short on the various aspects. Previous 
research rigid industrial water jet set-ups were used to cut through bone tissue, 
which is different from a clinical situation where a compliant water jet instrument 
is to be manipulated and guided by the surgeon. Additionally, experimental water 
jet set-ups that were used to machine bone tissue in previous studies used cutting 
enhancing solid particles named abrasives. However, abrasives have never been 
approved for safe clinical use, whereas pure water jets that require a saline solution 
have been applied numerously in medicine and is considered safe [35, 36, 39, 47-49]. 
Nevertheless, commercially available pure water jet systems that can machine bone 
tissue do not exist. Furthermore, existing research has focused solely on water jet 
cutting, which is a different mechanism of material removal compared to drilling 
(see paragraph Water jet basics). As a result, the applicability of prior knowledge 
is limited. Furthermore, when water jet drilling, control over the drilling depth is 
required to ensure the patient’s safety, which is not the case when cutting since a jet 
absorber can placed behind the material to avoid an overshoot. The interaction of a 
water jet has never been investigated with varying bone structures that are caused by 
the bone’s natural inhomogeneity. Since bone structures differ within and between 
patients, the relation between bone structure and machining capacity is a prerequisite 
to ensure the patient’s safety. Finally, to summarize, the advantages of using a water 
jet instrument for arthroscopic orthopedic surgery are numerous, but research on 
this topic is scarce.

aim

The aim of this thesis is to develop a compliant arthroscopic surgical instrument 
for bone debridement treatments that is based on water jet technology, with a focus 
on ensuring safety by gaining control over the drilling depth that is thwarted by 
the interaction between heterogeneous bone tissue and a water jet. The following 
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research questions are to be addressed for the development of such an instrument:
1. Is it possible to drill holes in articular bone tissue using pure water jets?
2. What hole dimensions in the bone debridement treatments result in 

optimal healing for the patient?
3. What water jet machine settings are to be used to drill holes in bone tissue 

to a specific depth?
4. How can the drilling depth be controlled considering the heterogeneity of 

the bone tissue?
5. What remaining challenges need to be addressed for arthroscopic water 

jet drilling?

Outline of this thesis

In Chapter 2 of this thesis, the feasibility of using pure water jets to drill in 
bone tissue is investigated and the minimum required water pressure is determined. 
In Chapter 3, optimal hole dimensions for bone debridement are considered by 
performing a literature review and a study with a caprine animal model. The 
dimensions are important input for the design of the water jet instrument. To achieve 
these optimal hole dimensions, control over the drilling depth is required. This can 
be solved in a feed forward system fed by preoperative knowledge on the local bone 
material properties, a feedback control loop system where the surgeon or instrument 
inhibits an overshoot, or a system that inherently limits the depth of drilling. In 
Chapter 4, feed forward system is discussed first as this would meet the conditions 
for a slender surgical instrument best. For this, the influence of primary machine 
settings on the drilling depth is determined. This influence is presented in predictive 
equations that allow precise drilling to a predetermined depth when the local bone 
structural properties are known. Furthermore, the chapter discusses the influence of 
the bone structure on the efficiency of a water jet, which could affect the minimum 
requirements of the irrigation system to remove superfluous water in the joint space. 
Although the feed forward concept is favored from an engineering perspective, the 
determination of local bone structural properties a priori in a clinical setting can be 
impractical and difficult to implement. Therefore, Chapter 5 describes a method that 
inherently limits the drilling depth, regardless the bone structural properties. This 
offers full drilling depth control, but at the cost of increase complexity of the design. 
In Chapter 6, the research questions are answered by discussing the previous chapters. 
Additionally, a further elaboration is made concerning depth control systems, the 
general applicability drilling depth control, the miniaturization of an arthroscopic 
water jet instrument and the future challenges for further development.
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The clinical application of waterjet technology for machining tough human 
tissues, such as articular bone, has advantages, as it produces clean sharp cuts without 
tissue heating. Additionally, water supply is possible via flexible tubing, which enables 
minimally invasive surgical access. This pilot study investigates whether drilling bony 
tissue with pure waterjets is feasible.

Water pressures between 20 and 120 MPa with an orifice of 0.6 mm were used 
to create waterjets to drill blind borings in the talar articular surface of cadaveric 
calcaneus bones of humans, sheep, goats and pigs. A stand-off distance between 2.5 
and 5.5 mm and a jet time of 5 seconds were chosen. The depth of the holes was 
measured using a custom-adapted dial gauge. 

At least 30 MPa of water pressure is required to penetrate the human and goat 
specimens, and 50 MPa for the pig and sheep specimens. Overall, the machined holes 
were conically shaped and increased in depth with an increase of pressure. Above 
certain pressure levels, pure waterjets can be used for machining holes in articular 
bone, thereby opening a window for further research on pure waterjet drilling in 
orthopedics.

Pure waterjet drilling of articular bone: 
an in vitro feasibility study
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introduction

Since its first successful application in the 1970’s by Hashish, waterjet 
technology has been applied in many industries [1] such as cutting cardboard, metals 
and frozen food [2,3]. For medical applications, differences in material properties 
of human organs allow precise dissection of soft tissue without damaging stronger 
tissues such as nerves or veins [4-6]. Especially the absence of tissue heating [7] and 
the always sharp and clean cut has led to further exploration of waterjet technology 
for application in orthopedic surgery [8-13]. Research in this field primarily involved 
cutting cortical bone with abrasive (small solid particles) waterjets for the preparation 
for arthroplasty [8-10, 13-15]. 

Additionally, waterjetting allows for water supply via flexible tubings which 
opens possibilities for minimally invasive surgical access. The focus of this study will 
be on the latter application for which it is important to investigate the feasibility of 
pure waterjets to drill holes in articular bone. Drilling holes in bones is frequently 
performed in for example microfracturing treatments and screw fixations [16,17]. 
Knowledge from previous studies cannot be used to determine the feasibility of pure 
waterjet drilling in articular bone as this differs completely from abrasive waterjet 
cutting. Differences lie in the interaction between the waterjet and the material, 
which causes the penetration depth using pure waterjet drilling to be less than for 
abrasive waterjet cutting. When cutting, the waterjet is translated over the material 
with a set feed speed (Fig. 1). The waterjet first strikes the edge of the material and 
exits at the opposite side. When drilling, the waterjet does not continue its path 

Figure 1. The difference in waterjet flow direction between waterjet drilling and cutting.
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through all the material, but changes its trajectory 180 degrees after reaching the 
bottom of the hole (Fig. 1) [18,19]. Therefore, interference with the incoming waterjet 
is inevitable [2,3]. This leads to a disruption of the integrity of the waterjet and a 
turbulent flow in the boring, causing the impact pressure and kinetic energy to 
diminish [2,18,20].

To improve the cutting capacity of water jets, previous research involved 
the addition of abrasives to the waterjet [21]. Special biocompatible abrasives have 
been proposed and tested in a lab settings [8,15], but so far no clinical trials have 
been performed to verify their safe use. Other than that, articular bone toughness 
is presumably less than diaphyseal cortical bone. Therefore, an abrasive suspension 
might not be necessary to penetrate the articular bone. Since pure waterjets contribute 
to patients safety, pure waterjets are investigated in this study.

The aim of this study is to determine the feasibility of pure waterjet drilling 
in articular bone, and indicate the minimum water pressure required to penetrate 
articular bone. Sub goals are a) determination of the variation in the minimum 
penetration pressure. This variation can also be expected amongst the patients 
receiving surgical treatment and is therefore of concern for patient safety; b) global 
analysis of the shape of holes in bone, because specific hole profiles are desired for 
certain orthopedic treatments.

materials and methods

A theoretical overview is set up regarding a) the main parameters that influence 
the machining capacity of a pure waterjet and b) the expected consecutive steps of the 
waterjet-material interaction when drilling a hole in articular bone. Based on this, 
starting conditions for the pilot study were chosen and interpretation of the results 
were facilitated.

Besides the mechanical properties of the material, the two dominant parameters 
for the machining capacity of a waterjet are the velocity and the volume of the water 
that is hitting the object [2]. An increase in either one of these parameters will increase 
the kinetic energy of the waterjet, which is transferred to the material on impact. 
Assuming water is incompressible, the relation between the waterjet velocity vliquid 
[m/s] and the water pressure P [N/m2)] and density ρ [kg/m3] is given by Bernoulli’s 
equation: 

(1)2
liquid v

Pv µ
ρ

= ⋅
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The velocity coefficient μv depends on the waterjet setup that is used, but is 
usually between 0.86 and 0.97 [22]. As the μv and ρ remain constant, the waterjet 
velocity is dependent solely on the water pressure. Therefore, pressure was chosen to 
be varied.

When drilling in articular bone, the waterjet needs to penetrate cartilage, 
subchondral bone and trabecular bone, consecutively. Each layer has a specific 
composition and material properties [23]. Mechanical properties that play an 
significant role in the effectiveness of waterjet machining are, in order of importance, 
the tensile strength, compressive strength, modulus of elasticity and hardness [3]. 
An increase in any of these properties will increase the strength of the material and 
thus the resistance to a waterjet. The tensile strength at the tissue level for articular 
cartilage, cortical bone and trabecular bone in human femora are approximately 30 
MPa [24], 120 MPa [25,26] and 20 MPa [27,28], respectively. Even though these 
numbers on itself cannot be used to predict whether a waterjet can penetrate the 
bone tissue, the subchondral bone layer will most likely offer the highest resistance.

The cartilage is expected to be machined most easily as the modulus of 
elasticity and the hardness is lower than for trabecular bone [26,29]. Summarizing, 
the feasibility of drilling articular bone with pure water greatly relies on the ability 
to penetrate the subchondral plate. Increasing the water pressure will increase the 
waterjet’s ability to penetrate this bone layer.

Waterjet drilling of bony tissue was performed on an industrial waterjet cutting 
system (Fig. 2a) equipped with a high pressure intensifier pump DU 400-4/PL. The 
cutting table was controlled by a Berger Lahr NC control system Posab 3300, which 
also regulated the waterjet time.

A waterjet nozzle diameter (Fig. 2b) of 0.6 mm and a jet time of five seconds was 
used in all experiments. The diameter of the machined holes created by this nozzle 

Figure 2. a) Overview of the experimental setup, b) potential waterjet settings, c) two bone 
specimens fixated in a clamp.
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were most comparable to the 1.3 mm diameter holes that are frequently created in 
orthopedic microfracturing. Based on the experiments of Honl et al. [10], the water 
pressure was varied between 20 and 120 MPa. The genuine pressure was measured 
directly in front of the water jet cutting head at a sample frequency of 50 Hz by a 
WIKA high pressure transducer (type 891.23.610). 

Fresh frozen calcanei of four mammals were obtained: five goat, six sheep, 
four pig and five human bones. The animals were chosen as they are frequently used 
for orthopedic animal-experiments due to their similar weight, metabolism [30,31] 
and bone volume fraction [32-34] as humans. The specimens were removed from 
the frozen storage 30 minutes before the experiment and sprinkled over with a 0.9% 
saline solution, thereby preserving the cartilage tissue and allowing the bone to come 
to room temperature before waterjet drilling. To prevent collision with the waterjet 
nozzle, protrusions were sawed off (Fig. 2c).

Holes were drilled in the posterior articular facet of the calcanei, at least 5 
mm from the rim of the surface area to prevent drilling in cortical bone (Fig. 2c). A 
specially adapted clamp  allowed for perpendicular alignment of the bone surface 
and the waterjet. Individually adjustable pins at the sides of the clamp provided 
a firm grip on the specimens (Fig. 2c). To prevent location based bias, holes were 
machined in a random order of sequence per calcaneus. Depending on the size of the 
articular surface six to nine holes were drilled at least 4 mm apart in each specimen. 
As perpendicular drilling enables the deepest cuts in cortical bone drilling [10], 
an impact angle of 90 degrees was used for all experiments (Fig. 2b). The stand-off 
distance between the nozzle and the specimen was set at 3 mm using a spacer. In 
practice, this lead to a stand-off distance between 2.5 and 5.5 mm due to the curved 
articular surface of the bones. 

The depth of the machined blind holes was measured with a dial-gauge where 
the standard 1 mm wide sensory tip was replaced by a 0.3 mm wide tip made out 
of pivot steel wire. The adaptation increased the measurement depth to 30 mm and 
decreased the minimum required hole diameter. The 0.3 mm tip was small enough 
to reach the bottom of the holes, but could not enter natural cavities in the undrilled 
trabecular bone. To prevent the trabecular bone from being damaged by the wire, the 
insertion force was kept between 0.2 and 0.3 N by using a spring. Three measurements 
were performed on each hole, and re-measurement was performed if the variation 
was larger than 0.25 mm. 

The cartilage thickness was measured by inserting the dial gauge equipped 
with a sharp pin into an intact cartilage layer. The sharp pin penetrated the layer of 
cartilage, but was stopped by the harder subchondral bone plate. The distance covered 
by the pin was assumed equal to the thickness of the cartilage. For each mammal, this 
measurement was performed on two bone specimens at three different locations.

One specimen of each animal was scanned with a Scanco microCT80 scanner  
to examine the internal damage caused by the water jet and examine the shape of the 
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drilled holes. This allowed 20 holes to be examined, which was considered sufficient 
to determine a consistent trend in hole shape. Cartilage tissue damage was examined 
with a Keyence VHX-100 digital microscope equipped with a Keyence VHZ-35 lens.

The actual water pressures were calculated with a custom written Matlab 
routine. The hole-depth and the cartilage thickness measurements were averaged and 
rounded off to 0.1 mm. As the adapted dial-gauge measured the combined depth of 
the hole in the bone and the cartilage, the average thickness of the cartilage layer was 
subtracted to discriminate between pure bone waterjet drilling and cartilage waterjet 
drilling. For each specimen, the penetration pressure threshold was determined by 
the lowest pressure where a hole depth larger than 0 mm was drilled.

Figure 3. The outcomes of the waterjet pressure versus the depth of the machined hole for four 
different mammal calcaneus bones. 

Table 1. Outcomes of experiment for each mammal calcaneus bone.

Average Cartilage 
Thickness (mm)

Total number 
holes drilled

No holes 
(depth of 0 mm)

Piercing 
holes

Immeasurable 
due to cavity in 
bone ( >30 mm) 

Average pressure to 
penetrate subchondral 
plate (MPa (SD*))

Goat 1.0 34 5 10 0 36 (5.9)

Sheep 0.8 48 19 2 0 62 (8.5)

Pig 1.2 32 15 0 0 56 (5.8)

Human 1.8 32 10 0 5 37 (10)

*SD: standard deviation
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results

Pure waterjets can be used for machining holes in subchondral bone. The 
minimum-threshold pressure for drilling in subchondral bone of human, goat, sheep 
and pig calcaneus bone were 37 (SD 10), 36 (SD 5.9), 62 (SD 8.5) and 56 MPa (SD 
5.8) respectively (Table 1). In general, the cutting depth increases with pressure (Fig. 
3). The gradual rise in depth is most apparent for goat and pig specimens, while sheep 
and human bone show a more scattered plot. 

Observations showed that pressures below the minimum-thresholds caused a 
continuous waterjet reflection at an angle of approximately 30 degrees to the surface. 
This induced dents in the cartilage, which were approximately 50% larger in diameter 
(from 2 to 3 mm) compared to holes that penetrated bone. The reflection angle to the 
surface increased when the waterjet did penetrate bone. Besides exiting at the hole, 
water escaped at the sawed-off protrusion (Fig. 2a and 4). 

For the majority of the specimens, a pressure of 30 MPa was sufficient to 
penetrate the cartilage up to the subchondral plate (Table 1). The μCT-scans showed 
consistently that the waterjets create cone-shaped holes running from the subchondral 
plate into trabecular bone (Fig. 4).

Discussion

The pilot study demonstrated that waterjet drilling with pure waterjets can 
machine blind holes in articular bone. The minimum water pressure ranged between 
36 (average goat) to 62 MPa (average sheep). Variation in minimum water pressure 

Figure 4. A slice of a μCT scan of goat bone with three machined holes; 1) full penetration of the 
bone, 2) and 3) cone shaped holes, 4) the sawed-off protrusion, and 5) a natural cavity in the 
bone.
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between the animals and between specimens indicate that one pressure will result 
in a variance of hole depth. These variations can be caused by differences in bone 
volume fraction and thicknesses of cartilage, subchondral and trabecular bone layers. 
An increase in bone volume fraction or the thickness of the subchondral bone layer 
results in stronger bone [32,35] that is more resilient to waterjets. For waterjet drilling 
with similar pressures, human and sheep bone show a larger deviation in hole depth 
compared to goat and pig specimens (Fig. 3). A possible cause for the larger deviation 
can be the consistency in origin, forage, treatment and age of the animals, which has 
a great influence on the mechanical properties of bone [36,37]. The goat and pig bone 
specimens were acquired from cattle that was nurtured under similar circumstances. 
For human and sheep cadaveric bone specimens,   the age and gender were unknown, 
thereby contributing to the larger difference in depths for similar pressures. 

The results support Equation 1 which indicates that an increase of hole depth 
is expected by an increase of water pressure. Impact pressures, frictional drag and 
shockwaves are all intensified at higher pressures, which contribute as well to the 
forming of a deeper hole [3,38]. 

The larger dents in the cartilage when the subchondral plate was not penetrated 
can be explained by the difference in material properties between the bone layers in 
combination with the reflection angle of the waterjet after impact. During the drilling 
process, the reflection angle increases with the hole depth (Fig. 5a to d). When 
the minimal penetration pressure threshold is not met, the energy of the waterjet 
is insufficient to machine the subchondral plate. Instead of continuing its original 
path, the water spreads tangential to the surface (Fig. 5a) [3,18], which damages the 
surrounding cartilage. When the pressure threshold is met, this phenomenon is  only 
present for a split second, thereby leaving an smaller dent. 

The four μCT scans gave a view of the shape on 20 holes that were machined 
by pure waterjets. This does not allow for generalization, but does demonstrate a 
consistent trend. The holes showed a decrease in diameter with an increase of depth 
(Fig. 4). The conical shape of the holes can be explained by the variances in the 

Figure 5. Different stages of waterjet drilling; a) reflection tangential to the surface, b) small 
cavity changes reflection angle, c) incoming and outgoing waterjets start to interfere, widening 
the hole beyond the waterjet diameter, and d) hole depth and diameter are further increased 
(based on [2,3,18,19]).
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intensity of the interfering incoming and outgoing water jets. At the top of the hole, 
the incoming jet enters the water-filled cavity, resulting in disturbances in the water 
flow and a decrease in the waterjet velocity (Fig. 5). The waterjets’ energy is dissipated 
by pushing the superfluous water towards the circumference and the exit of the hole. 
This results in a widening of the hole (Figs. 5c and d). At greater hole depths, the 
waterjets’ energy has been partially dissipated, causing the superfluous water to be 
pushed out at a lower velocity. As a result, the hole diameter at the bottom of a hole 
increases at a slower pace compared to the shallow depths. This conical shape is 
potentially useful in orthopedic treatment such as screw fixation or bone marrow 
stimulation. 

The pre-programmed CNC controlled nozzle caused some holes to be drilled 
too close to the rim of the bone, where the bone is thinner than 5 mm. This primarily 
occurred in goat bone, which had the smallest dimensions compared to the other 
calcaneal bones. In these cases, the bone was fully penetrated (piercing hole) and 
could not be measured (Table 1, column piercing hole). The missing values of the 
piercing holes are not considered to have a great effect on the outcomes of this study. 
For human specimens, 5 holes could not be measured because the holes were deeper 
than the maximum of 30mm the adapted dial-gauge could measure (Table 1). In these 
cases, the water pressures were considerably higher than the minimum pressure for 
penetrating articular bone and therefore do not affect the conclusions of this study. 
Nevertheless, an increase of the sample size and smaller water pressure increments 
could have contributed to a higher accuracy in determining the minimum pressure 
threshold.

The sawed-off protrusion might have caused an increase in hole depth. When 
a slug of water reaches the bottom of a hole, it tries to find the path with the least 
resistance towards an exit. For waterjet drilling in non-porous materials, the primary 
exit is the hole itself (Figs. 1 and 5c to d). The open trabecular structure in combination 
with a sawed-off protrusion allowed the water to leave at a secondary exit, thereby 
partially taking away the interference between the incoming and outgoing jets. 
Consequently, the drilled holes in this pilot experiment are expected to be deeper 
than when drilling bone that is complete, which is favorable from the safety point of 
view.

Fluctuations in the water pressure caused by the intermittingly reciprocating 
plungers [12] can have caused variations in the hole depths, but they were considered 
marginal compared to the variations in material characteristics of the bone.

The experiment showed a range of pressures and a resulting range of in depth 
which clearly indicates the influence of bone material properties. These results show 
that pig bone is most difficult to be machined, which can be considered for future 
experiments to investigate waterjet settings that can penetrate any type of articular 
bone. For clinical safety, controlling the depth of a waterjet machined hole is an issue 
that needs to be addressed. Solely using pressure to control the depth is insufficient 
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due to the heterogeneous characteristics of the bone tissue. To this extent, an 
additional safety system that shuts off the waterjet after penetrating the suchondral 
plate is recommended. Nonetheless, piercing bone is unlikely as in orthopedics the 
majority of the holes are drilling towards the center of a bone where the bone is 
thicker.

Conclusion

Machining blind holes in bone by using waterjet technology is feasible without 
adding abrasives. A minimum pressure threshold needs to be overcome before any 
damage is inflicted. This threshold differs for every animal tested. A waterjet pressure 
of 60 MPa is sufficient to inflict damage to the majority of articular bone tissue and 
should be considered as a starting point for future research. The conical shape of the 
holes makes pure waterjet drilling in bone interesting for orthopedic treatments.
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is technique performance a prognostic factor in 
bone marrow stimulation of the talus? 

Aimee C. Kok, Steven den Dunnen, Gabrielle J.M. Tuijthof, C. Niek van Dijk, 
Gino M.M.J. Kerkhoffs

“Is Technique Performance a Prognostic Factor in 
Bone Marrow Stimulation of the Talus?”

The Journal of Foot & Ankle Surgery, vol. 51, p 777-782, 2012

Although results of bone marrow stimulation in osteochondral defects of the 
talus (OCDT) have been satisfactory, the technique performance has not yet been 
subjected to review as a prognostic factor. 

The aim of this systematic review is to determine whether variation within 
technique influences outcome of bone marrow stimulation for OCDT. 

Electronic databases were searched for articles on OCDT treated with bone 
marrow stimulation techniques, providing a technique description. Six articles on 
microfracture were included (198 patients). Lesion size averaged 0.9 cm2 to 4.5 cm2, 
and follow-up varied from 2 to 6 years. 

Key elements were removal of unstable cartilage, hole depth variation between 
2 and 4 mm until bleeding or fat droplets occurred, and a distance between the created 
holes of 3 to 4 mm. The success rate (excellent/good results by any clinical outcome 
score) was 81%. There is a vast similarity in the technique with similar outcomes as 
in previous general reviews; therefore variation in technique as currently described 
in the literature does not seem to influence the outcome of bone marrow stimulation 
for OCDT. 

Whether the instruments used or the hole depth and geometry influence 
clinical outcome remains to be determined. Microfracture is safe and effective for 
OCDTs smaller than 15 mm. However, in this review, only 81% of patients obtained 
satisfactory results. Larger clinical trials are needed with clearly defined patient groups, 
technique descriptions, and reproducible outcome measures to provide insight in the 
specific indications and the preferred technique of bone marrow stimulation. 
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introduction

An osteochondral defect is a lesion involving articular cartilage and 
subchondral bone often caused by a traumatic event. Osteochondral lesions of the 
talus (OCDT) are reported in more than 6% of acute ankle sprains [8, 40], up to 25% 
in chronic lateral ankle instability [15], and up to 50% of acute ankle fractures [41]. 
Symptoms are deep ankle pain on weight bearing and prolonged joint swelling. When 
conservative treatment does not lead to satisfactory results, arthroscopic debridement 
and bone marrow stimulation are simple and cost-effective operative treatments with 
a lower morbidity rate and a faster return to activity than open surgery [9, 14, 19, 
41, 49]. Bone marrow stimulation is performed during arthroscopy by drilling the 
subchondral bone [1, 31, 38] or by using an arthroscopic awl to create microfracture 
holes [2, 46]. The subsequent bleeding induces an intrinsic healing process involving 
mesenchymal stem cells located in bone marrow, which results in fibrocartilage 
formation in the defect [44].

The results of bone marrow stimulation in OCDT have been satisfactory in 
61% and up to 86% of patients [48, 49]. Recent studies in both the talus and the knee 
joint have analysed the influence of possible prognostic factors, such as lesion size 
[14, 20], location [14, 43], age [14, 30, 46], or body weight [20, 25] to account for the 
rate of therapy failure, but many results are contradictory and remain inconclusive 
[14, 33].

To our knowledge, there are no studies or reviews that have taken the specific 
operative technique of bone marrow stimulation into account. Because it is an 
invasive procedure, it is important to investigate the execution of the technique 
and the possible effects of its variation on the outcome [12, 45]. This includes the 
choice for either drilling or using an awl, because differences in biological reaction 
between drilling and the use of an awl have been observed in animal studies because 
of heat necrosis and impacted bone fragments [10, 12]. Also, we believe that paying 
greater attention to each separate step in the bone marrow stimulation procedure 
is important because each step has a different biological significance. This will be 
discussed in greater detail in the methods section.

The primary aim of this systematic review was to analyse the technique 
variation of bone marrow stimulation for treatment of osteochondral defects of the 
talus. Our hypothesis was that there is variation in the key steps of the technique 
performance with the key steps defined as debridement, introduction of the holes, 
and confirmation of adequate bleeding. We expected variation in the extent of 
debridement, instruments used, and dimensions and dispersion of the holes, as well 
as introduction of additional steps to the procedure. This allowed us to determine 
whether the technique itself is a prognostic factor for treatment outcome.
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materials and methods

Electronic databases (Cochrane Central Register of Controlled Trials, 
MEDLINE, EMBASE [classic]) were used for searching for clinical studies on 
microfracture or debridement and drilling published between 1946 and September 
2010. Search terms for title and abstract were “microfracture,” “subchondral drilling,” 
“subchondral arthroplasty,” (also as MeSH term), or “Pridie drilling.” The references 
of eligible articles were screened by hand for additional articles.

Full-text articles with original patient groups were included when a clear 
description of the type of bone marrow stimulation treatment and details on the 
technique were given. Descriptive articles without patient groups, animal studies, 
articles on microfracture outcomes without a clear description of the technique, and 
case reports were excluded. All English, Dutch, German, French, and Italian articles 
were included (Fig. 1).

All articles were independently screened by two reviewers (A.K. and S.D.) 
by title and abstract. If the article was possibly eligible or the nature of the article 
was unclear, the full text was consulted. Any disagreement on inclusion or exclusion 
between the reviewers was resolved by discussion. Third-party adjudication was not 
necessary. The level of evidence was assessed by both reviewers using the Levels of 

Figure 1. Flowchart outlining the article selection process. From the 664 identified articles, 50 
articles remained after screening the title and abstract for eligibility and duplicate removal. In 
42 articles, bone marrow stimulation was performed on other joints (knee, hip, shoulder) or the 
hallux. Six studies used awls to perform bone marrow stimulation. The remaining 2 studies used 
drilling with Kirschner wires. We excluded these 2 studies from further review because of a large 
risk of selection bias.

inclusion criteria
•	 Osteochondral lesions of the talus
•	 At least one treatment group treated 

with microfracture
•	 At least two items of the details on the 

technique
•	 English, Dutch, German, French and 

Italian articles

exclusion criteria
•	 Animal studies
•	 Case reports
•	 Descriptive articles
•	 Alternative treatments

abrasion chondroplasty
subchondral drilling
transmalleolar approach
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Evidence for Primary Research Question Chart of the Centre for Evidence-Based 
Medicine (Oxford, UK) as adapted by the Journal of Bone and Joint Surgery [3]. 
Included articles were scored on each of the items displayed in Table 2. The included 
articles were scored on the key elements of the technique, which were taken from 
the original article by Steadman et al [46], based on the key features to elicit the 
biological reaction that should take place. Sufficient debridement of the lesion is 
the first of the essential steps in this technique, first described by Magnuson [34]. 
Debridement of loose flaps prevents residual tissue to hamper the development of 
repair tissue. In addition to this mechanical factor, the removal can also decrease 
the inflammatory response within the joint that is caused by the damaged tissue. 
Debridement can decrease symptoms, but will not prevent the deterioration of the 
lesion [28]. Additional procedures at this stage are first the removal of the calcified 
tissue, if the base of the lesion has calcified. Removing this calcified layer first will 
improve the bonding of the repair tissue [18]. The preparation of a perpendicular rim 
creates a stable and defined defect that is surrounded by healthy cartilage as a solid 
scaffold for the repair tissue.

The formation of repair tissue is induced by the introduction of pluripotent 
mesenchymal stem cells from the subchondral vascular bone marrow. Defects that do 
not involve the subchondral bone plate and the boundary between the cartilage and 
the bone are secluded from this pool. This is the reason that abrasion of the base of 
the lesion alone is likely to not induce healing of the lesion [27, 36]. Also, it is known 
that pure chondral defects do not show intrinsic healing, because the subchondral 
bone plate is still intact. By penetrating the subchondral bone plate, an access is 
created, whether this is with an awl or by drilling. Too extensive debridement of the 
subchondral bone creates a risk of bone overgrowth and a thinner repair cartilage.

When placing the holes, it is important to leave sufficient space between the 
holes to prevent the intermediate bone from becoming unstable [35]. Also, the depth 
of the holes should be ample because shallow holes will not bleed and thus do not 
cause an influx of mesenchymal stem cells.

PASW Statistics 18.0.5 (IBM Corporation, Somers, NY) was used for data 
collection and analysis. Participants were patients with osteochondral defects of 
the talus who were treated by means of debridement and subsequent microfracture 
or subchondral drilling after failure of conservative therapy. Diagnosis was made 
by clinical evaluation and confirmed by conventional radiograph, MRI, and/or 
CT scan. The ankle joint was free of concomitant diseases, such as osteoarthritis, 
rheumatic arthritis, and associated injuries. Failure rate was defined as the necessity 
of reoperation because of persistent complaints, and/or a score below 70 points 
using the American Orthopaedic Foot and Ankle Society’s Ankle Hindfoot Score 
(AOFAS-AHS). When there were different therapies performed in one study, data 
were extracted of the bone marrow stimulation groups only. In the event that articles 
did not provide the data necessary for our analysis, the missing data were requested 
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by correspondence with the authors. An overview of the requested data and the 
response is given in the Appendix.

A total of 664 articles were found (Fig. 1). Four hundred thirty-one articles 
were excluded for the following reasons: the article was not about microfracture in the 
sense of a therapy for osteochondritis dissecans (N=217), did not contain a technique 
description (N=52), was an abstract or congress report (N=20), was a descriptive 
article (N=116), was an animal study (N=16), or was an additional duplicate (N=10). 
Fifty articles on bone marrow stimulation met the inclusion criteria for further review. 
Forty-two articles concerned joints other than the ankle. The eight articles concerning 
osteochondral defects of the talus are reviewed here (Table 1). Six studies used awls 
to perform bone marrow stimulation. The remaining two studies used drilling with 
Kirschner wires [24]. We excluded these two studies from further review because we 
felt the results would run a large risk of bias because of the small number of studies.

results

One randomized controlled trial, two prospective, and three retrospective case 
series were included (Table 1). The six included articles summarize the outcome of a 
total of 198 patients (199 ankles). Study size varied from 9 (10 ankles) to 51 patients, 
with a weighted average age of 34 (range: 13 to 74) years. The average follow-up 
varied from 2 to 6 years. The average of lesion size per study varied from 0.9 cm2 to 
4.5 cm2. Two studies only included patients with either lesions smaller [32] or larger 
than 1.5 cm2 [21]. In total, medial lesions were more prevalent than lateral lesions 
(70% and 27%, respectively). The remaining lesions were either centrally located or 
“kissing” lesions running from medial to lateral..

technique
Technique descriptions in the different articles showed much similarity on the 

provided details of the bone marrow stimulation technique (Table 2). In all studies, 
synovectomy or debridement was performed. Hole depth was either 2 to 4 mm deep 
or not specified [17, 24, 41]. The distance between the holes, mentioned in three 
studies [5, 21, 32], was consistently between 3 and 4 mm. Authors from four studies 
visualized bleeding or fat droplets from the subchondral bone to confirm adequate 
treatment of the defect [5, 21, 22, 32]. Several additional recommendations were made: 
the preparation of a perpendicular rim to prevent the blood clot from detaching [32], 
complete and careful removal of the calcified layer on top of the subchondral plate 
[21] without damaging it [5], making holes perpendicular to the surface [13, 21], and 
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the sequence of the holes [32]. Two studies referred directly to the original article by 
Steadman et al [46] in the technique description [13, 21].

Clinical Outcome
Because of the heterogeneity of the studies, meta-analysis was not performed. 

Weighted averages were calculated from the clinical outcome scores and failure rates 
with respect to the number of procedures performed in the studies. The most prevalent 
outcome scale was the AOFAS-AHS [29], which was used in five studies [13, 21, 22, 
32, 41]. The improvement on the last follow-up was significant in all studies (weighted 
average preoperative: 63, range 34 to 72; weighted average postoperative: 89, range 84 
to 94). The visual analogue scale (VAS) [39] scores were used in three studies [5, 22, 
32] (Table 3). VAS score for pain decreased from 6.8 (range 6.5 to 7) to 2.3 (range 2 
to 2.51). Five studies divided the primary outcome into categories (excellent, good, 
moderate, poor) to evaluate the success rate of the procedure (4,32,34–36) (Table 3).

In total, 81% of the patients reached excellent to good results (range 66% to 
96%), 13% retrieved a moderate result (range 2% to 29%), and the remaining 6% 
(range 0% to 10%) were considered a poor result. In the case of the AOFAS-AHS, 
“excellent” corresponded with an end score of > 90, “good” corresponded with a score 
between 80 and 90, “moderate” (or “fair”) corresponded with a score between 70 and 
80, and a “poor” outcome was defined as a score below 70 or a failure of the therapy.

Failure rate and Complications
The weighted average failure rate was 6% (range 0% to 19%, 13 out of 193 

procedures; Table 3). In case of failure, bone marrow stimulation was performed 
again or a secondary therapeutic procedure was used, such as cartilage grafts, an ankle 
arthrodesis, or ankle prosthesis. Failure occurred on average 2 to 3 years after the 
initial surgery. The only reported complication was persistent pain after 24 months 
in one bilateral case [21]. Five studies reported no complications [5, 13, 22, 32, 41].

Prognostic Factors
Age or sex did influence the treatment outcome significantly in four and 

two studies, respectively. Anterior lesions had better clinical results in two studies 
when compared with central or posterior lesions [22, 41]. Anterior-medial lesions 
resulted in better AOFAS-AHS scores when compared with lateral lesions (44 vs. 
56) and a faster return to activities (14 vs. 18 to 20 weeks). This was not seen with 
lesions located on the medial side of the talus [41]. Two studies show two separate 
prognostic factors that are not mentioned in the other four studies. Becher et al [5]
found that degenerative chondral defects result in lower Hannover Scoring System 
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(HSS) scores than traumatic osteochondral defects (60 vs. 86, p < .001) and VAS 
scores. The explanation would be that in osteochondral defects without signs of joint 
degeneration the cartilage around the defect is intact, whereas in degenerative lesions 
caused by posttraumatic loss of joint cartilage thickness in the presence of existing 
degenerative joint disease, the condition of the surrounding cartilage will also be 
inferior.

There are several prognostic factors that show conflicting results. Body mass 
index (BMI) was found to have a lower clinical outcome in patients with a BMI above 
25 kg/m2 on the HSS (84 vs. 75) and the

VAS scores for pain (1.6 vs. 3.0), with 18 patients below and 27 patients above 25 
kg/m2 [5]. Lee et al found no difference with 21 patients below 25 kg/m2, but a smaller 
amount of patients above 25 kg/m2 (N=14). Lastly, symptoms present more than one 
year resulted in lower scores for clinical outcome (AOFAS 86 vs. 93, p < .05) [32]. 
However, another study showed no significant influence of symptom duration [13].

Discussion

The aim of this systematic review was to determine whether variation in 
the technique influences the outcome of bone marrow stimulation in OCDT. It is 
shown that there is a high level of similarity in the descriptions of the technique 
performance. Unstable cartilage is removed; 2 to 4 mm deep holes are made with a 
distance of 3 to 4 mm between the holes and perpendicular to the surface in a spiral 
pattern from the outer rim to the centre of the defect. Additionally, a perpendicular 
rim is prepared to prevent the blood clot from detaching, and the calcified layer on 
top of the subchondral plate is completely but carefully removed.

An important difference between our study and that of previous reviews is that 
we selected articles specifically based on the description of the essential steps of the 
bone marrow stimulation technique. The high level of consistency in the disclosed 
details of the technique in our review does not allow for further analysis of the effect 
of different surgical techniques as a prognostic factor for outcome. However, it does 
show the clinical outcome of a consistent treatment strategy that is performed with 
specific attention drawn to the correct dimensions and placement of the microfracture 
holes. It provides insight into the possible influence of the correct effectuation of the 
microfracture technique on the variability of outcome with bone marrow stimulation. 
The characteristics of the study population are similar to those of studies that did not 
use this inclusion criterion (age, male/female ratio, length of follow-up, lesion size 
and location [16], aetiology [4, 31, 37, 40]. Also, the 81% success rate in our review 
was comparable with the success rates reported in previous reviews and studies: 81% 
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[4, 42], 87% [48], and 85% [47, 49], although obviously the experience and skills of 
the surgeon would influence outcome.

Because of the nature of the technique and the biological response it aims 
to elicit, it is vital that the key elements of the technique are accurately executed. 
However, recent literature suggests that the nature of the key elements as defined in 
the method section might be more delicate than the current guidelines advise, for 
example, 2 vs. 4 mm drill holes resulted in a different outcome in a recent animal 
study [11]. This has yet to be investigated in clinical studies.

Also, there is a difference in mechanism between the use of a microfracture 
awl and the drilling of a Kirschner wire. Both methods are arthroscopic procedures 
and are therefore relatively minimally invasive. The flexible Kirschner wire allows for 
drilling in different angles in a high congruent joint like the ankle. The rigid, angled 
awls allow for treatment “around the corner” and a better control for creating holes 
at the desired depth and perpendicular to the surface [6, 7], but these are difficult to 
use in posterior defects and hold the risk of damaging the tibial edge by wedging the 
instrument if used with too much force. There are no large comparative clinical studies 
available that compare drilling with microfracture. In the initial eligible studies, two 
different bone marrow stimulation techniques were used: the drilling of Kirschner 
wires or the use of an awl to puncture the subchondral plate. The first was described 
in only two studies and was excluded because of the risk of selection bias [17, 24]. 
However, both studies on drilling did indicate less satisfactory results compared with 
the included microfracture studies. This might be explained by the small amount of 
studies and the use of different outcome questionnaires. Both drilling studies used 
several different scoring systems and were not comparable. In Ferkel et al [17], the 
AOFAS postoperative score was 84 (range 34 to 100) and lesions were evaluated 
according to the grading on arthroscopy. This resulted in significant differences in 
clinical outcome between the lesions with intact cartilage (Cheng-Ferkel grade A-C) 
and those with (partially) detached cartilage (Cheng-Ferkel grade D-E).

Aside from microfracture and drilling, there is a vast amount of other surgical 
treatment options that use a different approach (retrograde drilling, bone marrow 
stimulation using a transmalleolar approach), or a different technique to elicit bleeding 
(abrasion arthroplasty) or that use grafts (osteochondral autograft transplantation, 
autologous chondrocyte implementation). It was not within the scope of this review 
to investigate the technique of these other treatment modalities for primary OCDT. 
Bone marrow stimulation is still the preferred treatment for primary OCDT [49], 
and although several attempts have been made to provide an algorithm for the choice 
of treatment, there is a lack of high-quality comparative studies to determine the 
appropriate treatment for each individual patient based on patient characteristics, 
lesion type, and other prognostic factors. When synthesizing these possible prognostic 
factors, we were confronted with several conflicting results in the current literature. 
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A BMI < 25 kg/m2 [5, 32], anterior lesions [13, 22, 41], duration of symptoms less 
than one year [13, 32], and traumatic aetiology [5, 13] showed better clinical results 
in some articles, but were insignificant in others. Also, because we needed to exclude 
many articles based on the lack of a technique description, the number of studies that 
investigate a particular prognostic factor is very limited. Hence, we were unable to 
formulate any strong conclusions because of a lack of power.

However, there were two results that followed from our analysis. First, in two 
studies a larger lesion size negatively influenced outcome in the patient cohort, but 
did not provide data on the microfracture group only [13, 22]. However, Choi et 
al did report that in the patient cohort receiving either microfracture or abrasion 
arthroplasty, lesions smaller than 1.5 cm2 showed significantly higher AOFAS 
scores at 48-month follow-up and a 90% good to excellent result, compared with 
20% in lesions with a larger surface area. Two studies included only patients with 
lesions either smaller or larger than 1.5 cm2 [21, 32]. Outcome was not comparable, 
but failure rates were 0% and 10%, respectively. Considering that lesion size is 
often overestimated or underestimated [42], the use of a grading system is a valid 
alternative. Adequate measurement of lesion dimensions is important to determine 
the appropriate therapeutic intervention for OCDT [23, 26].

Second, it has been previously suggested that advanced age is considered a 
relative contraindication [46] because of the diminished quality of bone and limited 
revalidation possibilities [30]. This review contains five articles with patients more 
than 50 years of age and up into the seventh decade, with four showing no differences 
in clinical outcome between patients younger than 50 years of age and those older [5, 
13, 22, 32].

This review has limitations. Because of the selection criteria, only 6 studies 
were included, with a relatively small number of patients. The majority of articles 
were retrospective case series with limited statistical analysis. The articles that were 
excluded for this review showed a similar quality. The lack of strong evidence is a 
known problem in the literature for treatment osteochondral defects in the talus 
[33]. In our opinion, this not only shows the need for higher quality studies, but 
also underlines the necessity to supply more information on the exact nature of the 
intervention to improve reproducibility and allow for in-depth comparison of study 
groups in surgical interventions.

In conclusion, there is a large degree of similarity described in the literature in 
regard to bone marrow stimulation in the treatment of osteochondral lesions of the 
talus. Microfracture is a safe and effective therapy for OCDT with a diameter smaller 
than 15 mm. The percentage of total success of bone marrow stimulation of this 
defined and homogenous treatment procedure as defined by any clinical outcome 
score was 81%, which shows persistent improvement on an average follow-up of 70 
months up to 14 years in one study. The failure rate was 6%. However, whether the 
instruments used or the hole depth and geometry influence clinical outcome remains 
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to be determined in clinical studies because these have not yet been investigated.
Larger, randomized clinical trials with homogeneous patient groups, an 

adequate description of the surgical intervention(s), elaborate lesion description 
and grading, and reproducible outcome measures would provide the opportunity to 
construct a founded theory for the indication for the use of bone marrow stimulation 
and prognostic factors. This would be valuable in the pre-selection of patients, which 
would increase the success rate by referring patients who have a high risk of treatment 
failure with another therapy regimen.
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no effect of hole geometry in microfracture for 
talar osteochondral defects

Aimée C. Kok, Gabrielle J. M. Tuijthof , Steven den Dunnen, Jasper van Tiel, 
Michiel Siebelt, Vincent Everts, C. Niek van Dijk, Gino M. M. J. Kerkhoffs

“No Effect of Hole Geometry in Microfracture for Talar Osteochondral Defects”
Clinical Orthopaedics and Related Research, vol. 471 (11), p 3653-3662, nov 2013

Background: Debridement and bone marrow stimulation is an effective 
treatment option for patients with talar osteochondral defects. However, whether 
surgical factors affect the success of microfracture treatment of talar osteochondral 
defects is not well characterized. 

Questions/purpose: We hypothesized (i) holes that reach deeper into the bone 
marrow-filled trabecular bone allow for more hyaline-like repair; and (ii) a larger 
number of holes with a smaller diameter result in more solid integration of the repair 
tissue, less need for new bone formation, and higher fill of the defect.

Methods: Talar osteochondral defects that were 6 mm in diameter were drilled 
bilaterally in 16 goats (32 samples). In eight goats, one defect was treated by drilling 
six 0.45 mm diameter holes in the defect 2 mm deep; in the remaining eight goats, six 
0.45 mm diameter holes were punctured to a depth of 4 mm. All contralateral defects 
were treated with three 1.1 mm diameter holes 3 mm deep, mimicking the clinical 
situation, as internal controls. After 24 weeks, histologic analyses were performed 
using Masson-Goldner/Safranin-O sections scored using a modified O’Driscoll 
histologic score (scale 0–22) and analysed for osteoid deposition. Before histology, 
repair tissue quality and defect fill were assessed by calculating the mean attenuation 
repair/healthy cartilage ratio on Equilibrium Partitioning of an Ionic Contrast agent 
(EPIC) micro CT (μCT) scans. Differences were analysed by paired comparison and 
Mann-Whitney U tests.

Results: Significant differences were not present between the 2 mm and 4 mm 
deep hole groups for the median O’Driscoll score (p = 0.31) and the median of the 
μCT attenuation repair/healthy cartilage ratios (p = 0.61), nor between the 0.45-mm 
diameter and the 1.1-mm diameter holes in defect fill (p = 0.33), osteoid (p = 0.89), 
or structural integrity (p = 0.80).

Conclusions: The results indicate that the geometry of microfracture holes 
does not influence cartilage healing in the caprine talus.



Chapter 3

56

introduction

Debridement and bone marrow stimulation is a simple, cost-effective operative 
treatment for osteochondral defects with lower morbidity and faster return to activity 
than open cartilage restoration surgery [7, 8, 14, 16, 43, 52]. Systematic reviews 
have shown a current clinical success percentage of 86%. The affect of patient and 
defect specific prognostic factors such as lesion size [14, 16], location[14, 44], age 
[14, 24, 47], or body weight [15, 22] is inconclusive owing to the absence of well-
designed prospective studies [22, 23]. The exact mechanisms of the healing process 
are unknown, which makes prediction of clinical outcome difficult [40, 50].

There is little, and only experimental, research on whether improvements in 
surgical technique can enhance the healing process of damaged cartilage surfaces. 
One animal study suggests that the depth of subchondral perforation influences 
the degree of fill and quality of repair tissue [9]. Other research indicates that there 
is a difference in bone structure and degree of bone necrosis between drilling and 
microfracture [11, 33].

A recent systematic literature review showed a large degree of similarity in 
current surgical techniques for microfracture [23], including use of K-wires [2, 26, 
35] or awls [47], removal of unstable cartilage, hole depth between 2 and 4 mm until 
bleeding or fat droplets occur, and hole spread with a distance of 3 to 4 mm. These 
recommendations are similar to the originally presented technique by Steadman et 
al. [47]. Additional recommendations are creation of a stable rim, placement of the 
holes perpendicular to the surface, and removal of the calcified layer at the base of 
the defect [12, 17, 27]. To the best of our knowledge, there are no published studies 

Figure 1. A 6-mm diameter osteochondral defect was drilled in the talus of both hind legs. In the 
same session, one defect subsequently was treated with six 0.45-mm diameter puncture holes of 
either 2 mm or 4 mm depth. The contralateral defect was treated with three puncture holes made 
by a 0.045 (1.1 mm diameter) K-wire capped to a depth of 3 mm to simulate the dimensions of 
the current clinically applied microfracture awls. (A) The customized drill guide was designed to 
create a 3-mm deep defect. (B) The microfracture tools used to standardize the diameter and 
distance between the holes are shown. (C) The 6-mm diameter, 3-mm depth created defect was 
made without bleeding from the defect before treatment. (D) The defect was treated with six 
0.45-mm diameter holes with punctuate bleeding from the holes. (E) The contralateral defect was 
treated with three holes of 0.045 K-wires (1.1 mm diameter).
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regarding whether hole size or distance between the defects influences the degree and 
quality of the repair tissue.

The aim of our study was to determine the influence of hole geometry, when 
performing microfracture treatment in the talus, on the quality of the repair cartilage 
and the filling grade of the defect in a goat model. We formulated two hypotheses: (i) 
holes that reach deeper into the bone marrow-filled trabecular bone result in better 
quality repair tissue; and (ii) a larger number of holes with a smaller diameter result 
in a more solid integration of the repair tissue, less need for new bone formation, and 
higher fill of the defect.

materials and methods

Sixteen female Dutch milk goats (Capra hircus sana), 4 years of age, with 
an average weight of 69 kg (range 44–86 kg), were used in this study. Screening 
for pregnancy and disease was performed before entering the trial. The goats were 
kept in group housing starting one week before and continuing until one week after 
surgery to minimize stress. The number of goats was determined from a sample 
size calculation performed using a power of 90% and two-sided significance level 
of 5% between groups. A 10% SD of the histology score was described by O’Driscoll 
et al. [32]; therefore, a minimal effect of 15% was considered clinically significant 
[4, 25]. Our study protocol was approved by the local animal welfare committees 
(ORCA102287).

Talar defects are predominantly osteochondral defects, unlike the knee 
where chondral defects most often are seen [3, 12, 14, 19, 49]. The primary surgical 
treatment for both is microfracture [7, 52]. To best represent the clinical situation 
we created an osteochondral talar defect. The dimensions of the created defect depth 
and diameter and the distance between the microfracture holes in this study were 
scaled down using the respective ratio between a critical-size osteochondral defect 
in the human (15 mm diameter) and in the smaller goat talus (6 mm diameter) [12, 

Table 1. Treatment group specifications

Number of specimens Talus Number of holes Diameter Depth

8 goats (16 defects) Randomized talus (8 defects) 6 0.45 mm 2 mm

Contralateral talus (8 defects) 3 1.1. mm 3 mm

8 goats (16 defects) Randomized talus (8 defects) 6 0.45 mm 4 mm

Contralateral talus (8 defects) 3 1.1. mm 3 mm
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21]. Therefore, defect depth was 3 mm, reaching just underneath the sub chondral 
bone plate [13] but sufficiently shallow to avoid pre-emptive spontaneous bleeding 
(Fig. 1). One defect in each goat served as a reference mimicking standard clinical 
microfracture dimensions: three holes of 1.1 mm diameter and 3 mm deep (Table 
1). The contralateral defect served to test our hypotheses. To investigate the effect of 
microfracture hole depth, this defect was treated with microfracture awls penetrating 
only the subchondral bone plate (2 mm) in half of the goats, whereas in the other 
half, the holes reached the centre of the talus (4 mm) (Table 1). To determine the 
effect of the microfracture hole diameter and number, the contralateral defects of the 
goats were treated with six holes of 0.45-mm diameter, keeping the total treatment 
surface area constant (Table 1). 

All operative procedures were performed in a standardized manner by the first 
author (ACK), one experienced orthopaedic surgeon (GMMJK), and an assistant 
(Appendix 1). A posterolateral surgical approach was used to access the talus [6]. 
Through a 6 mm diameter cannulated drill guide, the osteochondral defect was 
drilled in the tali of both hind legs perpendicular to the talar surface under continuous 
cooling with saline. The defect was placed at the centre of the talar dome as designated 
by one surgeon for all goats. After debridement, the goats were treated according to 
a randomization scheme (Table 1; Fig. 1) using custom-made surgical templates. The 
joint capsule and subcutaneous tissue were closed with interrupted 2-O absorbable 
sutures and the skin was closed with an absorbable continuous intracutaneous 
suture. The animals were encouraged to perform immediate weight bearing and were 
transferred to a farm off-site after primary wound closure to complete follow-up 
under daily observation with neither food nor exercise restriction.

After 24 weeks, the goats were euthanized. All tali were collected, photographed, 
and stored at 40 C in phosphate-buffered saline 1% with aspartic, serine, and cysteine 
proteases inhibitors (complete ULTRA Mini Tablets; Roche Diagnostics Corporation, 
Indianapolis, IN, USA).

To compare the microscopic quality of the repair tissue between the 2 mm 
and the 4 mm groups, histologic analysis was performed. Second, osteoid formation 
and repair tissue integration were compared in the 1.1 mm and 0.45 mm diameter 
groups to establish any differences in integration and bone formation between these 
groups. All tali were cut into 20 x 20-mm blocks around the defect, leaving the entire 
depth of the talus intact. The blocks were fixed in 4% formaldehyde in a 0.1 mol/L 
phosphate buffer, dehydrated, and embedded in methylmethacrylate. At a quarter 
into and at the centre of the defect, 5 μm slices were sectioned and stained alternately 
with hematoxylin and eosin, Safranin-O, and Masson-Goldner trichrome. Collagen 
fibres were examined using polarized light to assess the structure of the repair tissue. 
Hyaline cartilage will show organization of the fibres, whereas fibrous tissue does not.

To quantify our cartilage quality assessment, a modified form of the score 
described by O’Driscoll et al. was used (Appendix 2) [32]. The original score by 
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O’Driscoll et al. contains four main categories: nature of predominant tis sue, 
structural characteristics, freedom from cellular changes of degeneration, and 
freedom from degenerative changes of the adjacent cartilage, which give a maximum 
total score of 24 points. The subitem cartilage thickness was not scored, because the 
repair tissue in the defects was never thinner than the healthy cartilage surrounding 
the defects. Therefore, a maximum of 22 points could be scored in this study. Each 
sample was scored twice with a  one month interval by one blinded observer (ACK). 
Differences between the scores at the two times were resolved by an experienced 
histologist (VE). The entire defect was represented by an average O’Driscoll score, 
which was calculated using the values at a quarter and at the centre of the defect.

To quantitatively assess glycosaminoglycan (GAG) content [36], sections from 
the centre of the defect were stained with Safranin-O without any counterstaining 
and digitally analysed using a Leica microscope (Leica, Wetzlar, Germany) with a 
518-nm wavelength filter and evaluated using imaging software [39]. The normalized 
average Safranin-O intensity (SOI) ratio of the repair tissue compared with the healthy 
reference cartilage region in the same sections then was calculated. A ratio close to 
one suggests a cartilage quality of the repair tissue close to that of healthy cartilage.

Osteoid formation was assessed on regular slices using the Masson-Goldner 
sections from the centre and categorized into three groups: (1) no osteoid formation; 
(2) slight, less than 20% of the defect; or (3) substantial osteoid formation, greater 
than 20% of the defect.

Repair tissue integrity was quantified by a subitem of the O’Driscoll score into 
three categories: (1) full integration; (2) slight disruptions including cysts; or (3) 
severe disruptions.

To compare the quality of the repair tissue between the 2-mm and 4-mm 
deep groups, a non contrast-enhanced micro-CT scan (μCT) and an equilibrium 
partitioning of an ionic contrast agent (EPIC) through μCT (EPIC-μCT) scan were 
acquired of each entire talus using an μCT scanner (Skyscan1076; Skyscan, Kontich, 
Belgium) [34, 51] before histologic analysis. The EPIC-μCTwas acquired after the 
tali had been saturated for 24 hours in a 40% Hexabrix 360 dilution (Guebet BV, 
Gorinchem, The Netherlands) [51]. The following scan settings were used: isotropic 
voxel size of 18 μm; voltage of 70 kV; current of 111 μA; 0.5-mm aluminium filter; 
and 198° with a 0.4° rotation step. Using Skyscan analysis software (Skyscan), a 
normalized attenuation (grey value) ratio was calculated between a region of cartilage 
repair tissue and a region of healthy cartilage on the opposite side of the talus. A 
normalized attenuation ratio close to one indicates that the quality of the repair tissue 
is close to that of healthy cartilage.

To compare the effect on repair tissue volume between the 4 mm and 2 mm 
deep holes the cartilage repair tissue volume was determined as a percentage of the 
total tissue volume of a three-dimensional volume of 8 x 8 x 8-mm around the centre 
of the defect. Two observers (ACK, SdD) individually determined the repair tissue 
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volume using image software [39], and disagreements between the observers were 
solved by discussion resulting in a single value per sample (Fig. 2).

All surgical wounds healed without infection. Two complications occurred 
after surgery: one temporary pressure neuropathy of the peroneal nerve, which 
sub sided completely within 12 hours, and one persistent swelling of both hind 
legs causing impeded mobilization. Supportive treatment was given using cooling 
gel. One goat was terminated early at 22 weeks follow-up for a bilateral front hoof 
problem causing walking difficulty and pain. There were no apparent problems with 
the hind legs. The last two weeks at the end of the follow-up period were expected 
to have had minimal influence on the overall healing tendency. Therefore, these tali 
were included for analysis. All other 15 goats completed follow-up without difficulty.

The modified O’Driscoll scores including subitems, attenuation ratios, and 
repair tissue volume percentages from the EPIC-μCT, the Safranin-O intensity ratios, 
and the osteoid formation categories were analysed nonparametrically as a result of 
skewed distribution of the data and the small sample sizes. Paired analysis between the 
experimental and control sides of each goat was performed to decrease the influence 
of repair variability between the goats. In addition, the differences between the talus 
treated with the experimental treatment and the contralateral talus were calculated 
per goat using Mann-Whitney U tests (p = 0.05). The EPIC-μCT attenuation ratios 
correlated significantly with the SOI ratio for the experimental groups (R2 = 0.5; p = 
0.05) and the control defects (R2 = 0.7; p = 0.006). In one μCT of the 2 mm group, an 
artefact was seen on the defect. This sample and its matching control were excluded 
for this specific analysis.

Figure 2. (A) A photograph of the talus with the treated defect is shown. The schematic 
representations of the same talus in the (B) cranial and (C) lateral views show the two locations 
of histologic analysis (dotted lines) and the 8 x 8 x 8-mm region of interest in the lCT of which 
the percentage of repair tissue area was calculated.
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results

We found no clinically significant relationship between repair tissue quality and 
the depth of microfracture holes. The median difference in the modified O’Driscoll 
score between the treatment and control legs per goat per group was 1.3 (range: -1.3 
to 4.3) for the 2 mm group and -0.9 (range: -4.3 to 2.0) for the 4 mm group (Table 
2). This difference was statistically significant (p = 0.04). All sections contained 
predominantly fibrous cartilage repair tissue with diminished Safranin-O staining 
and disorganized collagen structures on polarized light microscopy. The majority of 
the defect surfaces showed smooth surfaces (18 samples; Fig. 3). One goat in the 2 
mm group had large residual defects with a cleft in the centre in both tali (Fig. 3). No 
cause could be identified from the operation or the postoperative period. Thirteen 
samples showed progressive hypocellularity near the surface in a zonal distribution 
compared with deeper zones near the sub chondral bone plate (six controls, three in 
the 2 mm group and four in the 4 mm group; Fig. 3). 

Digital analysis of the Safranin-O intensity showed five samples in the control 
group and two in the 4 mm experimental group with uniform Safranin-O distribution 
with moderate staining. The other defects showed only patches of staining (Fig. 3). 
The difference in SOI ratio per goat per group was the same, 0.2, for the 2 mm and the 
4 mm groups. This was not significant (Table 2). No significant difference was present 
between the attenuation ratio of the 2 mm group (range: -0.2 to 0.4) or the 4 mm 
group (range: 0.0 to 0.8) (Table 2). In all scans the repair tissue was largely saturated 
with the contrast agent (average grey value 84/255, 33%) indicating a relatively low 
GAG content, compared with the relatively low saturation (average grey value 53/255, 
21%), indicating high GAG content for the healthy adjacent cartilage (Fig. 4).

We also found no relationship between defect fill or repair tissue integrity 
between the 2 mm and 4 mm groups. On histology, the O’Driscoll score subitem 
‘‘structural integrity’’ was not significantly different between the 2 mm and 4 mm 
groups nor was the osteoid formation (Table 3). Six samples showed severe disruption 

Table 2. Results per depth group. Results are presented as median values with ranges between brackets

2 mm 4 mm
Difference 

between groupsRandomized 
talus Control Difference Randomized 

talus Control Difference

MODS 12.5 
(10.8–15.3)

12.0 
(9.0–13.0)

1.3 
( -1.25 to 4.3)

11.5 
(9.8–16.0)

12.6 
(11.5–14.3)

-0.9 
( -4.3 to 2.0)

2.4*
(p = 0.04)

SOI ratio 1.8 
(1.4–2.7)

1.7 
(1.1–4.7)

0.2 
( -3.0 to 1.3)

1.5 
(0.9–2.4)

1.4 
(1.0–2.3)

0.2 
( 1.2 to 0.5)

0 
(NS)

μCT attenuation
ratio

1.6 
(1.5–1.8)

1.6 
(1.4–1.7)

0.01 
( -0.2 to 0.4)

1.6 
(1.3–2.1)

1.5 
(1.3–1.8)

0.03 
(0.3–0.8)

0.02 
(NS)

*Difference between 2- mm and 4-mm groups is significant (p = 0.04); NS = not significant (p>0.05).; MODS: modified O’Driscoll score; SOI: 
Safranin-O intensity ratio.
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Figure 3. An example of a best case result is shown with (A) moderate Safranin-O staining with 
evenly distributed GAG (original magnification, x400), (B) Masson-Goldner staining with little 
osteoid formation (original magnification, x200); and (C) Safranin-O without counterstains 
used for digital Safranin-O intensity with moderate staining and evenly distributed GAGs, and 
a smooth surface without disruptionsorcystsintherepairtissue.Anexampleofamoderateresult is 
shown with (D) Safranin-O staining with patches of moderate staining and also unstained tissue 
(original magnification, x400); (E) Masson-Goldner staining with several osteoid isles visible 
underneath the repair tissue (black arrows) (original magnification, x200); and (F) Safranin-O 
without counterstains showing patches of moderate staining and also unstained tissue, are 
shown. Overall, the staining is less than the healthy tissue (*repair tissue, white arrow = adjacent 
cartilage), and the repair tissue has not bonded to the healthy tissue (black arrow). An example 
of a worst case result is shown with (G) Safranin-O staining with a strong zonal distribution of 
Safranin-O and an irregular surface (original magnification, x400); (H) MassonGoldner staining 
with large osteoid formations (original magnification, x200); and (I) Safranin-O without 
counterstains used for digital Safranin-O intensity (SOI), with a large difference in SOI between 
the repairtissuestainingareshown(*repairtissue;whitearrow = adjacent cartilage). The repair 
tissue has not bonded to the adjacent cartilage (black arrow). (J) Safranin-O staining of a sample 
with a cleft in the center shows similar results to the moderate case with moderate Safranin-O 
staining (original magnification, x400). (K) A few osteoid isles can be seen on the sample with 
Masson-Goldner staining (original magnification, x200). (L) There was uneven Safranin-O 
distribution and detachment of the healthy cartilage on the Safranin-O without counterstains 
digital analysis.



63

Bone debridement treatments: optimal hole dimensions to improve cartilage regeneration

of tissue integrity, evenly distributed over both experimental groups and the control 
groups (Fig. 3). No significant difference was present in repair tissue volume on the 
EPIC-μCT scans (range: 10%–75%; Table 3).

Discussion

The aim of our study was to determine the effect of depth and diameter of holes 
created with microfracture bone marrow stimulation on repair tissue quality and 
the filling grade of the defect. We found that hole depth and hole diameter did not 
influence the defect fill or the structural integrity of repair tissue. To our knowledge, 

Figure 4. Two samples of EPIC-lCT images are shown. The arrows indicate the repair tissue site 
in the cartilage. (A) The contrast influx is close to that of the adjacent cartilage, indicating a 
relatively similar GAG content. This results in an attenuation ratio (repair tissue: healthy 
reference) close to 1. (B) In this sample the attenuation ratio is lower owing to the low attenuation 
in the repair tissue caused by the lower negative change density.

Table 3. Results per diameter group

Diameter Ø 0.45 mm Ø 1.1 mm Difference

Structural integrity (O’Driscoll Score)

Normal 1 (6%) 4 (25%) NS

Slight disruption 10 (63%) 9 (36%)

Severe disruption 5 (31%) 3 (19%)

Osteoid formation

None 1 (6%) 2 (13%) NS

Moderate 8 (50%) 8 (50%)

Severe 7 (44%) 6 (38%)

Repair tissue volume (%)

Median (Range) 23% (10-40%) 29% (10-75%) -3% (ns)
NS: not significant (p > 0.05).
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there are no previous comparative studies that have investigated hole diameter to 
compare with these results.

Our study has some limitations. Despite the efforts to standardize the protocol, 
a large variation was present in quality of repair tissue and defect fill even though 
we used a sample size calculation that was based on previous studies [4, 6, 25, 31]. 
The variation might be because the goats were not restricted in mobilization causing 
some goats to mobilize at a different pace [1]. However, signs of disturbed healing 
resulting from too fast or hampered mobilization (e.g., limping, swelling) were not 
seen. In addition, there was a large range in weight in our animals (range: 47–90 
kg). However, this proved to be attributable to two outliers, whereas 14 of 16 goats 
weighed 60 to 80 kg. 

The results of repair response compared with non-weight bearing locations 
(e.g., the trochlea), which correspond to less hyaline repair tissue [20]. Additionally, 
talar cartilage is known to be stiffer and denser with a higher GAG and lower water 
content [48]. This changes the physical properties of the cartilage and its response 
to cyclic loading. Further clinical research is needed to investigate whether the 
biomechanical differences also might influence the healing response, clinical outcome, 
and controversial prognostic factors in the two most predominantly used joints for 
bone marrow stimulation [29, 45]. This should be taken into account when applying 
our results to the knee, especially because we used an animal model to answer our 
research question. Extrapolating results from an animal study to a clinical situation 
should be done cautiously. 

In many cartilage studies smaller, mainly rabbit models have been used [8, 
11, 13, 45]. We chose a goat model because this allows creation of larger defects (6 
mm in diameter) that do not heal spontaneously [21]j. In addition, the two outliers 
were similar to those of the other goats. We do not expect this to have influenced our 
results, because the literature is controversial regarding the effect of weight on the 
outcome of microfracture [5, 23, 27]. 

Another limitation is the use of the smaller joint (the ankle) rather than the 
knee. This limited the extremes in microfracture hole depth between the treatment 
groups in the current study. All other animal studies used the knee [11, 21, 28, 45, 46]. 
The maximum depth for the microfracture holes in the talus was 4 mm when using 
a 3 mm deep osteochondral defect and without penetrating the centre of the talus. 
Other studies used depths between 2 and 6 mm [10, 11, 28]. In addition, the knee is 
connected to a shaft bone containing a large reserve of bone marrow [37], whereas 
the talus is dependent on the external vascular supply and the cells present in the 
trabecular bone [38]. These differences might have limited the number of cells that 
could be recruited from deeper areas. However, the talus is a more congruent joint 
and such a confined space might protect the blood clot from detaching during initial 
weight bearing. Immediate weight bearing on the defects also could have enhanced 
cortical and trabecular bone structure of the goat is similar to human bone and the 
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proportion of cartilage to subchondral bone [13, 46]. In addition, some studies had 
a shorter follow-up (range: 1–56 days) [10, 11, 46], which is less analogous to the 
clinical situation. Clinical studies of the ankle use a follow-up period that generally 
ranges from several months to years [5, 12, 18, 26, 27, 29, 43, 52].

Concerning our first hypothesis, the differences we observed in terms of the 
O’Driscoll score for cartilage repair were on the border of statistical significance 
favouring 2 mm deep holes over 4 mm deep holes, but did not reach the threshold of 
15% defined elsewhere as clinically significant [42, 46]. A study using a rabbit model 
indicated that deeper compared with shallower drilling (6 mm versus 2 mm) elicited a 
cartilage repair tissue with a more hyaline character in the repair matrix [10]. We did 
not find this in our study. The predominantly fibrous repair tissue that we observed 
was similar to that in other cartilage repair studies using the microfracture technique 
[8, 28, 52]. This also caused a considerable saturation level of the repair tissue in the 
EPIC-μCT of the repair tissue, resulting from the relatively low GAG content. More 
subtle zonal differences in the repair tissue as seen in the Safranin-O slices remained 
undetected. Further research is needed to determine the right saturation protocol of 
fibrous tissue to enhance the potential of EPIC-μCT analysis of cartilage repair tissue. 

Concerning our second hypothesis, no differences were found between 0.45 
mm diameter microfracture holes and 1.1 mm diameter holes in the ‘‘structural 
integrity’’ subitem of the O’Driscoll score, repair tissue volume, or osteoid formation 
(Table 3). Another study also used the O’Driscoll score to assess 6-mm diameter 
defects in goats treated with subchondral drilling (mean score: 11.3; SD 7) [28]. 
A couple studies reported limited bonding to the subchondral bone and adjacent 
cartilage and only 30% to 50% defect fill [8, 28]. The modified O’Driscoll score in 
our study was higher and all samples showed good bonding to the subchondral bone, 
bonding to the adjacent cartilage on at least one side, and higher overall defect fill 
(Fig. 3; Table 3).

The study has several strengths. First, a high level of standardization was 
achieved by the use of specifically designed surgical templates to minimize variation 
in hole diameter, depth, and hole dispersion. Second, the minimally invasive 
approach decreased the operative burden on the animal and reduced the chance of 
postoperative complications. Third, the animals were used as their own controls to 
compensate for the high variability between goats. A control group with an untreated 
defect was deemed an unnecessary increase of used animals, because previous studies 
have shown the significant lack of healing of these defects [6, 28]. Fourth, samples 
were analysed according to the guidelines for cartilage assessment in animal studies 
[20]. For cartilage assessment, the modified O’Driscoll score was used [32] because it 
is validated in animal models [30, 41]. Supporting the modified O’Driscoll score, two 
semiautomatic quantitative techniques were used as an internal reference: μCT and 
digital Safranin-O analysis. The use of μCT also offered a three-dimensional volume 
in which bone and cartilage repair could be assessed in the entire defect. 
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Using these tools and approaches, we found no clinically significant difference 
in the cartilage repair tissue quality or degree of defect fill of talar osteochondral 
defects treated with different sized microfracture holes or holes with different depths.
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appendix 1

Substances used during operative treatment and euthanasia

1.     General anesthesia
10 mg/kg ketamine (Alfasan International BV, Woerden, The Netherlands)
1.5 mg atropine (Centrafarm Services BV, Etten-Leur, The Netherlands)
10–20 mg etomidate intravenously (B. Braun Melsungen AG, Melsungen, Germany) on effect per goat
250 μg fentanyl bolus intravenous injection (Hameln pharmaceuticals gmbh, Hameln, Germany) and repetition 
based on heart rate
15 mg midazolam bolus injection intravenously (Dormicum; Roche Nederland BV, Woerden, The Netherlands) 
and repetition on heart rate
1%–2.0% isoflurane (Nicholas Piramal Limited, London, UK) per inhalation

2.     Epidural injection
0.1 mg/kg morphine in 4 mL NaCl 0.9%

3.     Postoperative pain medication
One 75-μg/hour  Duragesic patch (Janssen  Cilag  BV, Tilburg, The Netherlands)
0.02 mg/kg meloxicam subcutaneously once daily, 5 days maximum

4.     Euthanasia
10 mg/kg ketamine (Alfasan International BV)
1.5 mg atropine (Centrafarm Services BV)
10 mg  xylazine  intramuscularly (Sedazine1;  ASTfarma, Oudewater, The Netherlands)
20 mg/kg  pentobarbital  natrium  intravenously  (Euthasol 20%; ASTfarma)
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appendix 2

Modified O’Driscoll score as used in this article  
Characteristics      Points
nature of predominant tissue   
Cellular morphology 
 Hyaline articular cartilage    4
 Incompletely differentiated mesenchyme   2
 Fibrous tissue or bone     0
Safranin-O staining of the matrix 
 Normal or nearly normal     3
 Moderate       2
 Slight       1
 None      0

Structural characteristics*  
Surface regularity 
 Smooth and intact     3
 Superficial horizontal lamination    2
 Fissures 25 to 100 percent of the thickness    1
 Severe disruption, including fibrillation   0
Structural integrity 
 Normal      2
 Slight disruption, including cysts    1
 Severe disintegration     0
Bonding to the adjacent cartilage 
 Bonded at both ends of graft     2
 Bonded at one end, or partially at both ends    1
 Not bonded     0

Freedom from cellular changes of degeneration  
Hypocellularity 
 Normal cellularity     3
 Slight hypocellularity     2
 Moderate hypocellularity    1
 Severe hypocellularity     0
Chondrocyte clustering 
 No clusters      2
 <25 percent of the cells    1
 25-100 percent of the cells    0

Freedom from degenerative changes in adjacent cartilage
 Normal cellularity, no clusters, normal staining  3
 Normal cellularity, mild clusters, moderate staining   2
 Mild or moderate hypocellularity, slight staining   1
 Severe hypocellularity, poor or no staining   0

* The subitem ‘‘Thickness of repair tissue’’ was left out because all repair tissue was 
always thicker than the adjacent cartilage and therefore could not be scored accurately. 
(Modified score of O’Driscoll et al. published with permission from O’Driscoll SW. 

Adapted from Table II in O’Driscoll SW, Keeley FW, Salter RB.
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Using waterjets instead of rigid drill bits for bone drilling can be beneficial due 
to the absence of thermal damage and a consequent sharp cut. Additionally, waterjet 
technology allows the development of flexible instruments that facilitate maneuvering 
through complex joint spaces. Controlling the drilling depth is of utmost importance 
to ensure clinical safety, but is challenging given the local variations in structural 
properties of the bone. 

The goal of this study was to deduct a descriptive mathematical equation able 
to predict the hole depth and diameter based on the local structural properties of the 
bone at given waterjet diameters. 

210 holes were drilled in porcine femora and tali with waterjet diameters 
(Dnozzle) of 0.3, 0.4, 0.5 and 0.6 mm at a pressure of 700 bar and a 5 second jet time. Hole 
depths (Lhole), diameters (Dhole) and bone architectural properties were determined 
using microCT scans. 

The most important bone architectural property is the bone volume fraction 
(BV/TV), resulting in the significant predictive equations: Lhole = 34.3 * Dnozzle

2 - 17.6 
* BV/TV + 10.7 (R2=0.90, p<0.001), and hole Dhole = 3.1* Dnozzle - 0.45*BV/TV + 0.54 
(R2 = 0.58, p=0.02), with Lhole, Dhole and Dnozzle in mm. 

Drilling to a specific depth in bone tissue with a known BV/TV is possible, 
thereby contributing to the safe application of waterjet technology in orthopedic 
surgery.
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introduction

Conventional, orthopedic drill bits for bone drilling increase the temperature 
of surrounding bone tissue [1, 2], which can lead to irreversible damage to bone 
cells (necrosis) and poor bone healing [3-5]. Temperatures above 90°C have been 
reported [1, 2, 6, 7], which is substantially higher than the lowest temperature at 
which necrosis occurs (52 °C) [8-10]. Using waterjets to drill in bones causes an 
increase of the surrounding tissue temperature of maximally 13 °C [11], which causes 
no thermal damage to bone cells. The machining capacity of waterjets provides several 
additional advantages over conventional drilling instruments. First, a constant sharp 
and clean cut is created due to the absence of contact between the instrument and the 
tissue. Second, the exit location of the waterjet from the instrument can be chosen 
arbitrarily, for example at the sides perpendicular to the instrument shaft. This allows 
multi-directional cutting or drilling. Third, waterjet technology allows the use of 
compliant or steerable instruments, while the water flows through flexible tubing. 
This increases the working space and facilitates maneuvering through complex 
joint spaces. Examples of surgical procedures where waterjet technology can make 
a valuable contribution are debridement and drilling of osteochondral defects, 
prostheses (re)fixations and predrilling of holes for screw fixations [12, 13].

Clinical safety is of utmost importance for the application of waterjet 
technology in orthopedic surgery. A key factor to guarantee safety is the ability to 
control the drilling depth and diameter, because unwanted damage to surrounding 
healthy tissues should be prevented at all times. As has been extensively investigated 
for industrial materials, the drilling capacity of waterjets  is not solely defined by the 
machine settings, but also by the material properties of the object to which the jet 
is applied [14, 15]. This implies that the various waterjet drilling models that have 
been developed for industrial materials [16-18], cannot be applied for bone drilling 
due to its heterogeneous characteristics. Hence, the local variations in structural 
properties of bone cause variations in hole dimensions while waterjetting with 
the same machine settings. In the majority of the studies on machining bone with 
waterjets, cortical bone from the femoral or tibial diaphysis was used, which gave 
constant results in kerf depth due to the relative homogeneity of those bone types 
[19-22]. Other studies focused on fully cutting through bone to perform osteotomies 
[20-25] without addressing cutting depth control. Finally, the study by Bach et al. 
[19] that actually describes an investigation on bone drilling using abrasives, which 
are small drilling enhancing particles. This technique, however, has biocompatibility 
issues [26]. All in all, previous studies on machining bone with waterjets have not 
addressed the important influence of the bone’s heterogeneous structure [19-27]. 
To determine how to safely drill holes with predetermined dimensions in bone, the 
influence of both waterjet settings and the heterogeneous structure of bone on hole 
geometry must be investigated separately. Therefore, the goal of this study was to 
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perform an experimental study to deduct a descriptive mathematical relationship 
that predicts the hole depth and diameter based on the local structural properties of 
the bone at given waterjet diameters.

materials and methods

Study design considerations
The considerations regarding the study design will be discussed by providing 

a brief theoretical background of the key waterjet settings for waterjet drilling. 
Subsequently, bone properties that influence this drilling process are discussed, 
resulting in an overview of the waterjet settings that were varied and the bone 
properties that were measured.

Waterjet settings: nozzle diameter and water pressure
Water pressure P (N/m2), waterjet time and the waterjet diameter D (m) are 

the dominant waterjet settings that determine the drilling capacity. The resulting total 
mass of water fired at an object is considered the key parameter in the effectiveness 
of a waterjet [14, 15]. The mass flow rate (kg/s) combines the volume of added 
water and its density, and is given by: 

                        (1)

in which A is the cross sectional area of the waterjet (m2), vliquid the water jet 
velocity (m/s) and ρ the fluid density (kg/m3). A and vliquid can be varied by adjusting 
the nozzle diameter Dnozzle and pressure P respectively. Reformulation of Eq. 1 by 
calculating the surface area of the waterjet and integrating Bernoulli’s equation for 
the waterjet velocity leads to:

  
            (2)

An increase in Dnozzle or P will cause an increase in mass flow rate, thereby 
enhancing the drilling capacity. This study focuses on the influence of the waterjet 
diameter, because Dnozzle has a quadratic impact on the mass flow rate (Eq. 2). 
Furthermore, it gives control over the hole diameter [19], which is of great importance 
for orthopedic applications, for example when drilling pilot holes for screw fixations 
in bone. In arthroscopy, hole diameters between 0.6 and 1.2 mm are desired [12, 
28]. A pilot study has shown that a water jet of diameter Dnozzle results in holes with 
diameters of approximately 2*Dnozzle.   Therefore, the following nozzle diameters were 

liquidm A v ρ= ⋅ ⋅

21 2
4 nozzle

Pm Dπ ρ
ρ
⋅

= ⋅ ⋅ ⋅ ⋅
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used in this study: 0.3, 0.4, 0.5 and 0.6 mm.

Structural properties of bone: bone architecture
Structural properties of bone vary between subjects due to e.g. differences in 

age, diet, diseases and gender [29]. Even within a single bone, variations in structural 
properties are present due to the bone’s ability to adapt to the specific mechanical 
loading exerted on it [30]. The organization of bone trabeculae, often referred to as 
bone architecture, contributes substantially to the bone’s mechanical properties [31] 
and consequently to its machinability.  The following structural parameters provide 
a good indication of the mechanical properties: bone volume fraction (BV/TV), 
trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp), and non-metric measures 
such as degree of anisotropy (DA), plateness, structure model index (SMI) and 
connectivity density (Conn.D) [31-35] (Table 1). Consequently, these measures were 
studied to determine their influence on the drilling depth.

Figure 1. A schematic overview of the experimental waterjet setup. a: tensile tester. b: water filled 
cylinder. c: one way valve. d: waterjet nozzle. e: specimen. f: clamp. g: pressure sensor. Lso: stand-off 
distance. Dnozzle: nozzle diameter. αimpact: impact angle.

Table 1. The bone structural properties that were determined

Bone architecture Abbreviation Description

Bone volume fraction BV/TV Fraction of mineralized bone per unit volume

Trabecular thickness Tb.Th. Mean trabecular thickness

Trabecular spacing Tb.Sp. Mean spacing between trabeculae

Degree of anisotropy DA Measure how highly orientated substructures are within a volume

Structure model index SMI Measure for plate- or rod-like geometry or trabecular structures

Plateness Middle/Longest
Plateness

Measure for prolate, oblate or spherical trabecular structures. Exper-
imental, but does account for concave surfaces which the Structure 
Model Index does not.Plateness Shortest/Longest

Connectivity Density Conn.D. Measure how connected the trabeculae are in the network
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When waterjet drilling in bone, the cartilage, subchondral bone and trabecular 
bone layers have to be penetrated, consecutively. To rule out the influence thickness 
variation of cartilage and subchondral bone, their thickness was measured at every 
drilling location.

Waterjet set-up
The waterjet drilling experiments were performed using a custom made 

waterjet set up as schematically depicted in Figure 1. To obtain water pressure, the 
piston of a cylinder (Holmatro HAC30S15, Glen Burnie, Maryland, USA) that is filled 
with tap water is pushed in by a tensile tester (HTS, Eden Prairie, Minnesota, Unites 
States of America) with a constant load of 295 kN (Figure 1a and 1b). Within 0.3 
seconds the water in the cylinder is pressurized to 70 MPa and pushed out, passing 
a one way valve, via hoses and through the nozzle towards the bone specimen that 
is held steady by a clamp (Figure 1c to 1f). The water pressure as function of time 
was monitored with a KLPT-WH pressure transmitter (Koppen & Lethem, Newark, 
United Kingdom) to verify the time to build up pressure and pressure stability 
during the experiments (Figure 1g). When the cylinder was depleted, it was refilled 
by tap water, thereby pushing the piston out to its extended position. A one way 
valve prevented water from returning to the main water line (Figure 1c). A custom-
made nozzle holder allowed sapphire nozzles with various waterjet diameters to be 
used (Figure 1d). The nozzle holder was stabilized using a frame that was placed 
in a watertight cabinet to protect the environment from splashing water and debris 
(Figure 2). To mimic arthroscopic surgery that uses saline to irrigate the joint, the 
nozzle and the bone specimen were submerged.

Figure 2. A porcine femur treated with a 0.3 mm nozzle.
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Specimens
Ten fresh porcine tali and ten femoral condyles (3-4 months, approximately 40 

kg) obtained from an animal experiment were used. Pig bone was chosen because pigs 
have a metabolism [36] and bone volume fraction [37, 38] comparable to humans. 
Bones from ankle and knee joint were chosen because the frequency of operative 
orthopedic procedures is highest in these joints[12]. The specimens were held frozen 
before and after the experiment.  The specimens were thawed to room temperature 
90 minutes prior to the experiment. During this time, a 0.9 % saline solution was 
sprinkled over the bones regularly to preserve the cartilage tissue. A clamp with pins, 
that allowed omni-directional rotation and height adjustment, provided a rigid grip 
on the specimens (Figure 1f and 2). A height gauge was used to align the specimens 
with a stand-off distance of 8 mm and a perpendicular impact angle to the joint 
surface (Figure 1). The fixated specimen was placed in an aquarium below the nozzle 
in the watertight cabinet (Figure 1 and 2). A low pressure waterjet (<2 bar) was used 
to align the target location on the bone with the waterjet. Subsequently, holes were 
drilled in the tibial surface of the talus and the femoral condyles with a five second 
waterjet. Holes were drilled in a random sequence order at least 5 mm from the rim 
of the articular surface area to prevent location based bias and drilling in cortical 
bone. Three holes were machined in the tali using nozzle diameters 0.4, 0.5 and 0.6 
mm. In the femoral condyles, three holes were drilled using nozzle diameters 0.3, 
0.4, 0.5 and 0.6 mm as the available articular surface was larger. Consequently, each 
nozzle diameter was tested 30 times per bone type.

Figure 3. The measurements that were performed on the post-experimental µCT scans. Each 
measurement was performed in two views by two individuals and then averaged. For the hole 
depth, the maximum measurement was used. D1,2: hole diameter. C1,2: cartilage thickness. S1,2: 
subchondral plate thickness. L1,2: hole depth.
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Figure 4. The method for determining the bone architectural properties of at each location where 
tissue was machined. (a) pre- and post-experimental µCT scans were made. (b) The post 
experimental scan was registered to the pre-experimental scan. (c) a region of interest was 
defined at the drilling location. (d) the region of interest was copied to the pre-experimental scan. 
(e) the region of interest was isolated.
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measurements
Micro-Computed Tomography (µCT) scans were made of each bone specimen 

before and after the experiment with a Scanco microCT 80 scanner (Scanco Medical 
AG, Brüttisellen, Switzerland) using a spatial resolution of 37 micrometer and 
identical slice thickness, a scan voltage of 70kVp and exposure time of 300ms. The 
hole depth, hole diameter at subchondral plate level, the thicknesses of the cartilage 
layer and the subchondral plate were measured in two different planes in the post-
experimental µCT scans with ImageJ version 1.46m [39, 40] and the Stack Alignment 
plugin (Align3 TP, version 2010/12/12) [41] (Figure 3). The hole diameter and layer 
thicknesses measurements were averaged. For the hole depth the maximum value 
was used. Each measurement was performed by two different persons and averaged. 
The thresholds for re-measurement for different outcomes between the two persons 
were 10% of the maximum hole depth,  0.3 mm  for the hole diameter, 0.35 mm for 
the cartilage thickness and 0.15 mm for the subchondral plate thickness.

The bone architectural properties BV/TV, Tb.Th, Tb.Sp, Conn.D, DA, SMI 
and plateness (Table 1) at each location where tissue was machined were determined 
(Figure 4). To that end, the pre-and post-experimental µCT scans were registered 
(Figure 4a and 4b) by applying an affine transformation matrix, determined using 
Amira version 5.3.3 (Visualization Sciences Group, Burlington, Miami, USA), to the 
post-experimental scan in the ImageJ plugin TransformJ Affine version 2.8.0 [42]. A 
cylindrical region of interest was defined around each hole in the post-experimental 
scan (Figure 4c). The diameter and depth of the cylindrical selection were equal to 
the diameter at the widest point and depth of the drilled hole. A minimum of 2 mm 
in diameter, which is equivalent to approximately four trabeculae, was kept to allow 
a proper determination of the bone architecture [43]. A selection of the exact bone 
tissue that was drilled was determined by copying the cylindrical selection from the 
post-experimental scan to the pre-experimental scan with the Region of Interest 
(ROI) Manager in ImageJ (Figure 4d). The selection was used to isolate a cylindrical 
bone sample from the pre-experimental scan (Figure 4e). A fixed global threshold 
was applied to the reconstructions, creating a binary image where bone tissue could 
be distinguished from its surrounding. To determine the bone architecture, a batch 
process was executed in the ImageJ plugin BoneJ version 1.3.3 [44].

Statistics
To correlate the drilling depth to the water jet settings and the bone architectural 

properties, a multivariate linear regression analysis (ANOVA) with backward 
selection procedure was performed by using the nozzle diameter and the seven bone 
architecture properties as a predictor and the hole depth (Lhole) as a dependent factor. 
The influence of the nozzle diameter was considered to be quadratic given the effect 
on the mass flow rate (Eq. 2). Collinear predictors that could inflate the standard 
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errors were detected by including variance inflation factors (VIF) in the multivariate 
linear regression analysis. A VIF threshold of 10 was used for exclusion of the 
predictor that contributed least to the coefficient of determination (R2) after removing 
each one individually. The multivariate linear regression analysis was repeated after 
each exclusion of the least significant predictor with a significance higher than 
0.05. Additionally, the influence of each bone architectural property was analyzed 
individually. Therefore, multivariate regression analyses were performed with the 
individual bone architectural property and the nozzle diameter as sole predictors 
and the drilling depth as a dependent factor. This statistical analysis protocol was 
repeated to determine the influence of the nozzle diameter and the bone architectural 
properties on the hole diameter (Dhole). The effect of the nozzle diameter on the hole 
diameter was considered linear. The tissue layer that is most resilient to waterjets 
was determined by performing a multi linear regression analysis for each bone 
type (femur or bone) individually with the cartilage thickness, subchondral plate 
thickness and nozzle diameter as independent factors and Lhole as dependent factor. 
When significant, the results with the highest coefficient of determination (R2) were 
presented as linear equations using the mean values of the regression coefficients. 
All statistical tests were performed in SPSS Statistics version 19 (IBM Corporation, 
Armonk, New York, USA) with a confidence interval of 95% and level of significance 
of 0.05. 

Figure 5. Left: Pig femur. Middle top: Pig talus. Middle bottom: µCT scan of talus bone. Right:  
trabecular bone that was removed by the waterjet.
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results

The number of measurements used for the analyses were 83, 91 and 108 
for the hole depth, hole diameter and layer thickness analyses respectively. Not all 
measurements on every hole could be performed: a number of  holes that were 
machined with a nozzle of 0.5 and 0.6 mm crossed other holes inside the bone and 
were excluded from the study; some hole dimensions exceeded the area that was 
scanned in the pre- or post-experimental scan.

Regardless of the nozzle diameter or bone type that was used, all drilled holes 
had a circular cross-section at the drill site and conical in shape. Variations in hole 
diameter caused by the different waterjet diameters were distinguishable by eye 
(Figure 5). The multivariate regression analyses to predict the drilling depth resulted 
in exclusion of all predictors except the nozzle diameter and the BV/TV, resulting in 
a significant linear correlation described by:

   (R2=0.90, p<0.001)         (3)

with both Dnozzle and Lhole in mm. Figure 6 gives a graphical depiction of the results. 
The average measured BV/TV of the femoral condyles was 0.37 (SD 0.07) and of the 
tali 0.59 (SD 0.13). The Tb.Th was found to be co-linear with the bone volume fraction 
and was excluded. The Conn.D, DA, Tb.Sp and plateness were also excluded after 
each iteration of the analysis due to their insignificant added value to the predictive 
model.

On an individual level, the plateness, Tb.Th, Tb.Sp, SMI and Conn.D, correlated 
significantly with Lhole when combined with Dnozzle as a predictive factor (Table 2). No 
significant correlation was found for the anisotropy on the drilling depth.

L D BV
TVhole nozzle� � � � �34 3 17 6 10 7

2
. . .

Figure 6. Left: A graphical representation of the bone volume fraction (BV/TV) plotted against 
the hole depth (Lhole). Right: The descriptive drilling depth model and its upper and lower bounds 
of the 95% confidence interval for a 0.3 mm waterjet nozzle.
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The hole diameter (Dhole, mm) is best represented by Dnozzle and BV/TV as 
predictors: 

    (R2 = 0.58, p=0.02)             (4)

The Tb.Th. was excluded due to co-linearity with the BV/TV. All other bone 
architectural properties were excluded in the multivariate regression analysis due to 
insignificance. On an individual level, only the Tb.Th. correlated significantly with 
Dhole when combined with Dnozzle as predictive factor (Table 2).

The average thickness of the cartilage layers was 0.69mm (SD 0.30) for the 
talus and 2.42 (SD 0.35) for the femur. The average subchondral plate thickness was 
0.23mm (SD 0.05) and 0.35mm (SD 0.06) for the talus and femur, respectively. No 
significant correlation was found between the thicknesses of the cartilage or the 
subchondral bone and the drilling depth or diameter (Table 2).

Discussion

The influence of waterjet diameter and bone architectural properties on 
the drilling depth and diameter was determined. An increase of 0.1 mm in nozzle 
diameter resulted in holes that are approximately 3 mm deeper (Equation 3) and 
0.3 mm larger in diameter (Equation 4). Therefore, from a clinical point of view, 
changing the waterjet diameter can be mainly used to control the hole depth, 
because the hole diameter is less influenced. The BV/TV is the most influential bone 
architectural property in determining the bone’s ability to withstand waterjets (Table 
2). This can be explained by the known correlations of bone volume fraction and 
bone mechanical properties like the maximum tensile strength, the compressive 
strength and the modulus of elasticity [31, 45, 46]. These properties predominantly 

D D BV
TVhole nozzle� � � � �3 1 0 45 0 54. . .

Table 2. The results of the multivariate linear regression analyses performed individually for each 
predictor in combination with Dnozzle.

Hole depth (N=83) Hole diameter (N=91)

Bone Architecture Predictors R2 Significance R2 Significance

Dnozzle + Bone Volume Fraction 0.90 < 0.001 0.58 0.02

Dnozzle + Plateness Middle-Longest 0.78 < 0.001 0.15

Dnozzle + Plateness Shortest-Longest 0.77 < 0.001 0.18

Dnozzle + Trabecular Thickness 0.84 < 0.001 0.58 0.04

Dnozzle + Structure Model Index 0.85 < 0.001 0.11

Dnozzle + Trabecular Spacing 0.76 < 0.001 0.12

Dnozzle + Connectivity Density 0.73 < 0.001 0.07

Dnozzle + Anisotropy 0.54 0.27
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determine bone’s machinability with waterjets [14]. Additionally, an increase in bone 
volume fraction requires more bone tissue to be eroded by the waterjet to drill to the 
same depth.

The majority of prior studies on waterjet surgery have addressed cutting 
cortical bone with abrasive suspensions and fixed nozzle diameters [19-27], whereas 
the current study focuses on drilling with pure water in articular bone. Previous 
studies that did involve pure waterjets to machine bone resulted in average depths 
that ranged from 1 to 2 mm when cutting with waterjet diameters of 0.2 and 0.3 mm 
[20-22, 24]. In those studies, cortical bone tissue was used having BV/TV’s of 0.90 
or higher. These parameters cannot be used to estimate and compare the drilling 
depth by using Equation (3), as cutting differs substantially from waterjet drilling. 
Whilst cutting, the water flow is bended towards the kerf after its initial material 
impact, thereby further increasing the depth of the cut after its initial passing. For 
waterjet drilling, the incoming and outgoing jet interfere with each other, causing the 
impact pressure and kinetic energy to diminish [14, 15, 47-49]. As a result, waterjet 
drilling results in lower machining depths than waterjet cutting, which is beneficial 
for controlling the drilling depth and thus the clinical safety.

Limiting factors could have influenced the results. Any research involving 
the determination of bone architectural measurements with µCT scans requires a 
segmentation step, which comprises the determination of a grey level above or 
below which the pixels indicate bone or background respectively. The process of 
determining this grey level (threshold) can influence the outcomes of the bone 
architectural measurements [50]. For this study, the threshold was determined 
manually and applied to all scan reconstructions (Figure 4e). Automatic algorithms 
to determine the threshold were not used as they frequently rely on distinct grey level 
peaks for bone and background tissue [51, 52], which was not the case for the scan 
reconstructions.

Not for all holes, the depth, diameter and bone architecture could be measured. 
However, the missing values are considered not to have affected the results given the 
strong and significant correlations that were found. The influence of the subchondral 
plate thickness had no effect on the drilling depth or diameter. The small variations 
in subchondral plate thickness between specimens are likely the cause of this. Larger 
variations in subchondral plate thickness are expected to have more influence the 
drill outcomes.

The presented descriptive models (Equations 3 and 4) were based on empirical 
data from waterjet diameters ranging from 0.3 to 0.6 mm. The accuracy of the 
models by extrapolation to smaller or larger waterjet diameters can therefore not 
be guaranteed. Within the tested range of waterjet diameters, the lower and upper 
bounds of the 95% confidence interval shows the drilling depth can vary from ±1.7 
mm for small nozzle diameters and low BV/TV’s up to ±4.8 mm for large nozzle 
diameters and high BV/TV’s (Figure 6). The coefficient of determination for the 
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hole diameter is lower than for the drilling depth, but so are the potential variations 
that can occur due to the relative small influence of Dnozzle and BV/TV on the hole 
diameter. The accuracy of both models is sufficient for procedures such as drilling 
pilot holes for screw fixation of implants and debridement and drilling procedures 
for osteochondral defects [12, 28, 53].

The correlations that describe the hole depth and diameter (Equations 3 and 4) 
can be used to drill holes in articular bone with a predetermined depth by choosing 
the proper nozzle diameter. In order to do so, the BV/TV of the bone should be 
known preoperatively. Empirical data regarding the bone architecture of patient 
specific groups can provide an estimation of the BV/TV. The BV/TV of human tali 
and femora, that are frequently surgically treated, have BV/TVs of approximately 
0.23 [32, 33, 54-56]. Using this value for BV/TV and assuming a needed drill depth of 
2 mm to perform surgical debridement and drilling of osteochondral defects [12, 28], 
a nozzle diameter of 0.1 would suffice (Equation 3). For cortical bone with a BV/TV 
of 0.90 and higher, a 0.5 mm nozzle would be required. To obtain optimal accuracy, 
the local BV/TV has to be known, which can be estimated using Dual-energy X-ray 
Absorptiometry or determined from ordinary CT scans, micro-Magnetic Resonance 
Imaging and High-Resolution Peripheral Quantitative Computed Tomography 
[52, 57-59]. Although these methods for clinically assessing the BV/TV have been 
proven, their availability is still limited and they are not powerful enough to provide 
information on the local bone architecture of every bone. However, fast developments 
of in-vivo imaging techniques might allow local bone structural measurements in the 
near future [60-62].

The results of this study contribute to the safe application of waterjet 
technology in orthopedic surgery by providing control over the drilling depth, 
thereby preventing unwanted tissue damage. Given the great potential of a compliant 
waterjet drilling instrument for arthroscopic surgery in narrow human joint spaces, 
future developments will focus on miniaturization of the waterjet nozzle.

Conclusion

The depth of the hole as a result of waterjet drilling in bone is correlated to the 
waterjet diameter and the local BV/TV. For pure waterjet drilling of cortical bone, a 
nozzle of 0.5 mm is recommended to ensure penetration, whereas for articular bone, 
a nozzle diameter of 0.2 mm suffices. The predictive equations presented provide 
fundamental insight in water jet drilling of bone and can be used for the development 
of orthopedic surgical instruments based on waterjet technology.
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how do jet time, pressure and bone volume 
fraction influence the drilling depth when water 

jet drilling in porcine bone?

Steven den Dunnen, Jenny Dankelman, Gino M.M.J. Kerkhoffs,
Gabrielle J.M. Tuijthof

“How do jet time, pressure and bone volume fraction influence the drilling 
depth when water jet drilling in porcine bone?”

Journal of the Mechanical Behavior of Biomedical materials, vol. 62, p 495-503, 2016

Using water jets for orthopedic procedures that require bone drilling can be 
beneficial due to the absence of thermal damage and the always sharp cut. Previously, 
the influence of the water jet diameter and bone architectural properties on the 
drilling depth have been determined. To develop water jet instruments that can safely 
drill in orthopedic surgery, the impact of the two remaining primary factors were 
determined: the jet time (tjet [s]) and pressure (P [MPa]). To this end, 84 holes were 
drilled in porcine tali and femora with water jets using Ø 0.4 mm nozzle. tjet was 
varied between 1, 3 and 5 seconds and P between 50 and 70 MPa. Drilling depths Lhole 
(mm), diameters Dhole (mm) and the volume of mineralized bone per unit volume 
(BV/TV) were determined with microCT scans.

A non-linear regression analysis resulted in the predictive equation: 
  Lhole = 0.22 * tjet0.18 * (1.2 – BV/TV) * (P – 29) (R2=0.904). 

The established relation between the machine settings and drilling depth 
allows surgeons to adjust jet time and pressure for the patient’s BV/TV to drill holes 
at a predetermined depth. For developers, the relation allows design decisions to be 
made that influence the dimensions, flexibility and accuracy of water jet instruments. 
For a pressure of 50 MPa, the  potential hole depth spread indicated by the 95% 
confidence interval is < 1.6 mm for all tested jet times. This maximum variance is 
smaller than the accuracy required for bone debridement treatments (2-4 mm deep), 
which confirms that water jet drilling can be applied in orthopedic surgery to drill 
holes in bone with controlled depth.
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introduction

Using water jets for cutting and drilling bone in orthopedic surgery can be 
beneficial due to the absence of thermal damage in comparison to instruments that 
rely on mechanical machining, such as drill bits or oscillating saws [1]. Furthermore, 
application of water jet technology allows flexible tubing to be used to transport 
the water. This enables the development of steerable or compliant instruments for 
arthroscopic procedures to maneuver through complex intra-articular joint spaces 
in the human body that cannot be reached with rigid instruments. Finally, a water 
jet never gets blunt, thereby providing a constant cut or hole in the bone over time. 
Potential uses in orthopedic surgery that can benefit from water jet technology are 
debridement and drilling of osteochondral defects [2, 3], prostheses (re)fixations [4-
6] and drilling pilot holes for screw fixations [7]. The focus in this study is on bone 
debridement and drilling of osteochondral defects (microfracturing), where holes 
between 2 and 4 mm deep are drilled in articular bone [8, 9]. 

To ensure clinical safety, control over the drilling depth is a key factor, because 
exceeding a predetermined depth could lead to unwanted damage to surrounding 
healthy tissue. To this end, the influence of the primary water jet settings on the 
machining capacity should be known, since this allows the creation of an inherently 
safe system that can guarantee a certain drilling depth. So far, researchers have 
unveiled the effect of pressure [5, 6, 10-12], impact angle [6], pulse-time[11], jet 
time [10], suspension [6, 13] and abrasive-feed rate [10] for cutting in bone. In these 
studies, the structural properties of the bone tissue have not been addressed, although 
they are highly correlated to mechanical properties and thus the machinability with 
water jets. Therefore, the outcomes of these studies can only be applied for the specific 
specimens that were tested. A study that included the structural properties of the 
bone tissue showed that the volume of mineralized bone per unit volume BV/TV and 
the squared nozzle diameter highly correlate to the drilling depth (R2=0.90, p<0.001) 
[14]. During surgery, controlling the drilling depth by altering the nozzle diameter 
would require an instrument change, which compromises surgical workflow. Other 
machine settings, such as the pressure and jet time, can be adjusted externally at 
the pump, which is more practical. Subsequently, for the development of a clinical 
water jet drilling instrument that is inherently safe, a quantification of the influence 
is required of the primary factors jet time tjet and pressure P. Therefore, the goal of this 
study was to determine a mathematical description that can be used to predict the 
drilling depth based on the pressure, jet time and BV/TV, which makes this equation 
suitable for any bone type since the primary bone structural property is accounted 
for.
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materials and methods

Theoretical overview and experiment considerations
A theoretical overview of waterjet settings is introduced to define the expected 

correlations and to determine the starting conditions of this study. The machining 
capacity of a water jet is primarily determined by its velocity vliquid (m/s) and the 
total volume of water Vtotal (m3) [13, 14], which can be expressed by:

               (1)
  

                 (2)
 

in which P is the pressure (N/m2), ρ is the density of the liquid (kg/m3), tjet (s) is the 
waterjet time and d (m) is the nozzle diameter.

The influence of the squared diameter on the drilling depth has already been 
established [14]. Analysis of the other parameters gives that ρ can be considered 
constant leaving P and tjet as the machine settings that need to be investigated 
for their influence on the drilling depth in combination with the bone structural 
properties. For homogeneous bone or industrial materials, the influence of P on the 
cutting or drilling depth is linear up to pressures of 120 MPa [5, 15-17]. Therefore, 
two distinct pressures were chosen for adequate determination of the magnitude of 
linearity. To ensure that holes are actually drilled, 50 MPa was chosen as the lowest 
pressure, because the minimum pressure for penetrating bone tissue with pure 
waterjets ranges between 30 and 45 MPa [5, 12, 15]. Our previous research showed 
that a pressure of 70 MPa with a nozzle of 0.4 mm and a jet time of 5 seconds results 
in drilling depths of approximately 8 mm deep [18]. This depth is sufficient for bone 
debridement treatments where holes less than 4 mm deep are typically made [3, 8]. 
Taking into account that jet times are selected shorter than 5 seconds , 70 MPa was 
set as the second pressure.

The drilling depth is not proportional to the jet time [10, 17, 19, 20]. The 
increase in drilling depth is maximum after the jet-initiation, but diminishes as 
the jet time prolongs, since the interference of the water jet and the water already 
present in the hole becomes larger at an increased depth [17, 21]. Research on the 
correlation between jet time and drilling depth when drilling with pure waterjets is 
scarce. Overviewing research on pure waterjet cutting and abrasive waterjet drilling 
(drilling enhanced by solid particles) in which the effect of jet time is investigated on 
the kerf depth (depth of the cut), it is adopted that the relation between jet time and 
drilling depth can be described best with a power function [17, 22]  with an expected 
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exponent between 0.4 and 0.95 [10, 16, 17, 20]. To verify the high impact of the jet 
time on the drilling depth at the start of the drilling process and to determine the 
power of tjet, jet times of 1, 3 and 5 seconds were tested.

For a general equation that describes the drilling depth Lhole (mm) in bone for 
a given tjet and P, the mechanical properties of the tissue need to be incorporated in 
the form of the bone volume fraction (BV/TV) [13]. An increase in BV/TV causes 
the tensile strength and Young’s modulus to increase linearly [23, 24]. These 
mechanical properties are of primary influence in resisting the destructive power of 
a waterjet [25]. The correlation between the drilling depth and the mechanical 
properties of the material is inversely proportional [25]. Hence, the value of BV/TV 
is assumed to affect the drilling depth inversely proportional on a linear basis for 
both jet time and pressure. Finally, a threshold value needs to be set in the equation 
that indicates the minimum power for the water jet to drill in bone. In previous 
studies, the minimum values of pressure, jet velocity, energy density or penetration 
force have been considered to indicate the threshold for various materials [26-32]. 
Since the pressure can easily be adapted in a clinical setting, P is used to set a threshold. 
Integrating the above theoretical considerations, a general expression of the equation 
describing the drilling depth Lhole (mm) for a given P, t and BV/TV can be formulated 
as:

                (3)

Limits of the values of parameters B to D can be set with data from previous 
research. The power function’s exponent (B) of the influence of the jet time will be 
less than 1 due to its decreasing influence over time [10, 16, 17, 20]. C must be larger 
than 1, since water jets can penetrate even the highest density bone which has a BV/
TV value of 1 [5, 12, 14, 15]. D will be less than 45 MPa , referring to the highest 
minimum pressure that is required to penetrate bone tissue [5, 12, 15].

Waterjet set-up and specimens
The waterjet experiments were performed with a custom made waterjet 

machine [14, 18] that allowed water pressures to be generated up to 72MPa within 
0.3 seconds with a maximum variation of ± 0.2 MPa (Figure 1). Pressures were 
monitored at the nozzle with a KLPT-WH pressure transmitter (Koppen & Lethem, 
Newark, United Kingdom). 

Four fresh porcine tali and four femora were obtained from animal experiments 
and frozen directly after harvesting (Figure 1). The specimens were thawed to room 
temperature 90 minutes prior to the experiment using a 0.9% saline solution. The 
water jet drilling procedure was identical to previous experiments [14, 33]: holes were 
drilled with a sapphire nozzle of 0.4 mm perpendicular to the tibial surface of the 
talus and femoral condyles with a stand-off distance of 8 mm (Figure 1a). Tap water 

L t BV
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was used as a suspension for the jet. The experiment was performed underwater to 
mimic arthroscopic surgery. Pressure of 50 and 70 MPa and jet times of 1, 3 and 5 
seconds were tested. The size of the specimens allowed nine holes to be machined in 
a talus and twelve in a femur. Consequently, each machine setting was tested 14 times 
(Table 1).

Measurements
The measurement procedure for determining the drilling depth, hole diameter 

and BV/TV was identical to previous studies [14, 33]. Pre- and post-experimental 
Micro-Computed Tomography (µCT) scans were made of each specimen using a 
Scanco microCT 80 scanner (Scanco Medical AG, Brüttisellen, Switzerland) with a 
spatial resolution and slice thickness of 37 micrometer. The drilling depth and diameter 
were measured in the post-experimental µCT scan with ImageJ version 1.46m [34, 
35] and the Stack Alignment plugin [36]. Each measurement was performed by three 
individuals and averaged. The local BV/TV of the drilling site was determined as 
follows: the post-experimental µCT scan was registered to the pre-experimental scan 

Figure 1. (a) The nozzle is aligned to the bone to ensure correct positioning and stand-off distance 
using a 0.2 MPa jet. After alignment the bone and nozzle are submerged. (b) Femur bone after 
water jet drilling. (c) Talus bone after water jet drilling.

Table 1. Summary of the number of holes that were drilled for 
different values of pressure and jet time.

Jet time

Tali (n=4) Femora (n=4)

50 MPa 70 MPa 50 MPa 70 MPa

1 s 6 6 8 8

3 s 6 6 8 8

5 s 6 6 8 8
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with Amira version 5.3.3 (Visualization Sciences Group, Burlington, Miami, USA) 
and the ImageJ plugin TransformJ Affine version 2.8.0 [37]. A cylindrical region 
of interest (ROI) at a drilling site with a height and diameter equal to the specific 
drilling depth and diameter was copied from the post-experimental scan to the 
pre-experimental scan using the ROI Manager in ImageJ. A minimum of 2 mm in 
diameter was kept to ensure a valid bone structure measurement [38]. The cylindrical 
region of interest was used to isolate the bone structure in the pre-experimental scan. 
A fixed threshold was applied to the reconstruction to create a binary image, which 
was processed in the ImageJ plugin BoneJ version 1.3.3 [39] to determine the BV/TV. 
A further elaboration how the BV/TV was determined can be found in [14]. 

Statistics
To correlate the drilling depth to the predictors P, tjet and BV/TV, a non-linear 

regression analysis was performed using IBM SPSS Statistics 22.0 for Windows 
(Armonk, NY: IBM Corp.). Equation (3) was used for determining parameters A, B, 
C and D. Compared to a linear model, a non-linear model can take many different 
unstandardized forms. As a result, the consistency of the model cannot be expressed 
by a p-value. Additionally, the coefficient of determination (R2) is also considered 
to be inadequate to assess the performance of a non-linear predictive model [40], 
because the variance of the regression model and the error variance do not add up to 
the total variance. Instead, the 95% confidence intervals were determined to provide 
insight in the potential spread in drilling depth for the given predictors and thereby 
to indicate the significance and accuracy of the model. A difference between the 5% 
and 95% confidence interval of less than 2 mm is considered acceptable to ensure a 
safe drilling depth for bone debridement treatments, because no clinically significant 
difference in cartilage healing was found for this variance [2, 8, 41]. To find the 
primary predictors that affect the hole diameter and to which extent, a multivariate 
linear regression analysis with backward selection procedure was performed. BV/TV, 
tjet, and P were used as starting parameters.

results

The number of measurements used for the statistical analyses were 71. 11 holes 
were excluded post-experimentally due to non-perpendicular alignment of the jet to 
the bone (9 holes) or crossing holes inside the bone (2 holes). Two holes were excluded 
due to an engaging safety system of the pump which prevented proper execution of 
the full drilling cycle. All tested machine settings resulted in the round-shaped holes 
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Figure 2. MicroCT images of the holes created by a water jet in a femur (left) and talus (right). 
Bright white represents bone tissue. The outer layers of the bone are more dense than the inner 
layers.

Figure 3. The drilling depths plotted against the tjet and BV/TV at 50 MPa (left) and 70 MPa 
(right).

Table 2. Descriptive equation of drilling depth based on the jet time, pressure and bone volume fraction including the predicted parameter 
values for the 5% and 95% confidence intervals. 
Model Descriptive equation Example outcomes for different predictors*

Tjet=1; P=50; 
BV/TV=0.5

Tjet=5; P=50; 
BV/TV=0.5

Tjet=1; P=70; 
BV/TV=0.5

Tjet=5; P=70; 
BV/TV=0.5

5% confidence interval model 2.8 mm 3.4 mm 5.0 mm 6.0 mm

Predictive model 3.2 mm 4.3 mm 6.3 mm 8.5 mm

95% confidence interval model 3.3 mm 5.0 mm 7.5 mm 11.0 mm

Potential spread 95% confidence interval – 5% confidence interval 0.5 mm 1.6 mm 2.5 mm 5.0 mm

*These columns provide the depth values for the extremes in jet time (1 and 5 seconds) and pressure (50 and 70 MPa) that were tested for a given bone 
volume fraction (BV/TV).

0.1140.174 (1.13 ) ( 24.2)MPahole jet
BVL T P
TV

= ⋅ ⋅ − ⋅ −

0.1800.217 (1.21 ) ( 29.0)= ⋅ ⋅ − ⋅ −MPahole jet
BVL T P
TV

0.2470.260 (1.30 ) ( 33.8)= ⋅ ⋅ − ⋅ −MPahole jet
BVL T P
TV
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at the impact site (Figures 1b, 1c) and a concave cavity in the bone (Figure 2). 
Fig. 3 provides the measured drilling depths as function of tjet, BV/TV and P.  

The non-linear regression analysis to predict Lhole with predictors tjet, BV/TV and P 
resulted in the following descriptive equation:

  
  

 
(R2 = 0.904)      (4)

with Lhole in mm, tjet in seconds and PMPa in MPa. Table 2 shows the small difference 
between the 5% and 95% confidence intervals of the predictive model, especially 
when using a pressure of 50 MPa. The small difference in outcomes indicate a strong 
consistency of the predictive model. Equation (4) and the 95% confidence intervals 
are  visualized in Figure 4. The average measured BV/TV of the tali and femora were 
0.65 (SD 0.21) and 0.60 (SD 0.21) respectively. The major part of the drilling process 
takes place in the first fractions of a second. After that, the depth only increases with 
tenths of millimeters per added second of jet time. For the pressure to have an impact 
on the drilling depth, a minimum threshold needs to be set of approximately 29 MPa. 
After that, an increase of 10 MPa results in a depth increase between 1.5 and 2 mm. 
The BV/TV is inversely proportional on a linear basis to the drilling depth. For each 
0.1 increase, the depth decreases approximately 0.4 mm at 50 MPa and 0.9 mm at 70 
MPa when jetting for 1 second. 

The multi-variate linear regression analysis with backward selecting procedure 
to predict the hole diameter (Dhole) resulted in the exclusion of the BV/TV predictor 

0.1800.217 (1.21 ) ( 29.0)= ⋅ ⋅ − ⋅ −MPahole jet
BVL t P
TV

Figure 4. The 5% (purple) an 95% (green) confidence intervals (CI) for P = 50 MPa (left) and tjet 
= 1 s (right) and. The distance between the CI surfaces in the graph represent the potential spread 
that can occur. At a pressure of 50 MPa and a jet time of 1 second, the potential spread less than 
0.5 mm for any BV/TV. An increase in jet time (left) and pressure (right) will result in a larger 
potential spread.
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due to insignificance, leading to the following equation:

   0.010 0.064 0.61MPahole jetD P t= ⋅ + ⋅ +           (p < 0.001, R2 = 0.36)        (5)

The mean diameter was 1.4 mm (SD 0.26 mm). Equation (5) indicates that 
increasing the pressure by 10 MPa will result in a 0.1 mm wider hole. Per added 
second of jet time, the diameter increases 0.06 mm.

Discussion

Outcomes
The influence of the jet time, pressure and the bone volume fraction on the 

drilling depth were determined and provided in a predictive mathematical description 
(Equation (4)). Both tjet and PMPa can be used to control the drilling depth provided 
the bone volume fraction is known. 

Equation (4) shows a difference between the 5% and 95% confidence intervals 
of maximally 1.6 mm at 50 MPa and jet times between 1 and 5 seconds (Table 2). 
This is below the clinically relevant set threshold of 2 mm [8, 41]. This result indicates 
that water jet drilling a safe technology for bone debridement treatments regarding 
depth control. The potential spread increases with circa 1.0 mm per 10 MPa of added 
pressure. Per added second, the spread rises roughly 0.3 mm at 50 MPa and 0.6 mm 
at 70 MPa. 

Interpretation and verification results 
The minimum pressure of approximately 29 MPa that needs to be exceeded 

before any water jet drilling takes place (Equation (4)) is in accordance with previous 
research, where values between 30 and 45 MPa were found [5, 6, 12]. The relative 
large range of minimum penetration pressures that was found in previous research 
is caused by variations in bone type (cortical or trabecular), animal, impact angle, 
nozzle diameter and machining method (drilling or cutting). Additionally, in 
previous research the definition of penetration was not always defined or bone tissue 
was examined with insufficient accurate equipment. This may have led to overlooking 
shallow (< 0.5mm) cutting or drilling depths in determining the pressure threshold. 
The strength of the threshold found in this study is that it is valid regardless any bone 
type, since the BV/TV is included in the predictive equation. For example, a 30 MPa 
water jet directed at high density cortical bone (BV/TV of 0.9) can penetrate the 
bone tissue, but will result in a shallow drilling depth between 0 and 0.3 mm (95% 
confidence interval).
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The exponent (B) of the jet time is 0.18 (Equation (4)), which is considerably 
lower than the 0.45-0.95 range found in literature [10, 16, 17, 20]. The reason for 
this difference is to be found in the different types of water jet machining. Previous 
research performed pure water jet cutting or abrasive drilling. In this study, pure 
water jet drilling was applied (Figure 5). Water jet cutting or abrasive drilling increase 
the potential penetration depth of a water jet, which increases the influence of tjet on 
the depth. When water jet drilling, the water of the incoming water jet has to come 
out through the same hole it created, causing turbulence and interference between 
the incoming and outgoing flow (Figure 5) [17, 21]. Therefore, the incoming water 
jet when water jet drilling will be less powerful than for water jet cutting, because 
when cutting the surplus water exits at the other side of the material without causing 
interference. For abrasive water jet drilling, solid particles are added to the water jet. 
The solid particles have a higher density than pure water, which increases the energy 
that erodes the material. Hence, the potential drilling depth is increased, thereby 
extending the influence of the jet time and thus increasing the value of exponent B.

The inversely proportional linear relation between the BV/TV and the drilling 
depth is in agreement with the applied theory. A higher BV/TV increases the tensile 

Figure 5. Illustration of the difference between pure water jet drilling, cutting and abrasive 
cutting (cross sections). (a) For pure water jet drilling, the incoming and outgoing flow interfere, 
causing the incoming jet to be impaired, which results in a shallower depth. (b) For pure water 
jet cutting, the water jet passes through the object without interference of back splashing water, 
which results in a deeper cut than for pure water jet drilling. (c) For abrasive water jet cutting, 
the water is primarily used to transport the hard solid particles with a high velocity towards the 
material. The solid particles increase the machining capacity due to an increased energy density 
that impacts the material.
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strength and Young’s modulus, resulting in a more difficult to machine material 
for water jets. This relation is linear [25]. Parameter C in Equation (3) has a fitted 
value of  1.2, which confirms that even the most dense bone having a BV/TV of 
almost 1 can be drilled. This is in accordance with our findings and those of others 
[5, 6, 12]. Parameter C also indicates the maximum differences in drilling depth that 
can be caused by a varying BV/TV along the drilling direction. Hypothetically, the 
depths can differ up to a factor 6 for the extreme BV/TV’s of 0 and 1. In this study, a 
maximum spread of 0.4 was found in BV/TV for a given drilling depth for both talus 
and femoral bone. This spread in BV/TV was pursued to be maximal by drilling holes 
on the entire articular surfaces, including close to the edges. It is expected that in a 
clinical setting, local bone variances within one specimen is even smaller.

The average BV/TV of tali and femoral bone were 0.65  and 0.60 respectively, 
which is higher than 0.59 and 0.37 found in a previous study performed on similar 
bone [14]. The reason for the discrepancy is that the machine settings of a previous 
study created deeper holes. Bone physiology dictates that the density at the center 
of (articular) bone tissue is lower than the outsides (Figure 3). Hence, for greater 
holes depths, the average BV/TV is less than for shallow depths for the same drilling 
location. In this study, talus bone decreased approximately 0.07 BV/TV per added 
mm of depth. For femoral bone, this was 0.02. Therefore, the relative shallow holes 
caused by the applied machine settings in this study resulted in a higher average BV/
TV. 

model performance
The accuracy and significance of predictive Equation (4) is more than adequate 

to ensure medical safety for bone debridement treatments regarding drilling depth 
control. An increase in both the jet time and the pressure results in a larger potential 
spread in depth (Figure 4).

The 5% and 95% boundaries for a given set of parameters (Table 2, Figure 4) 
show a maximum potential spread of approximately 0.5 mm for a 1 second jet time, 
and up to 1.6 mm for a 5 second jet time when water jet drilling at 50 MPa. For bone 
debridement treatments, where holes between 2 and 4 mm deep are made in the bone 
tissue [2, 3], a difference in depth of 2 mm does not affect the healing of the tissue 
[2, 8, 41]. This 2 mm accuracy is provided when jet times between 1 and 5 seconds 
are used with a pressure of 50 MPa. This potential spread in drilling depth is also 
acceptable when drilling pilot holes for screw-plate fixations. However, the use of a 
jet time of 5 seconds in combination with a pressure of 70 MPa is not recommend 
for drilling blind holes in orthopedics surgery, because the maximum variance can 
increase to 5 mm, which is more than two times higher than the set threshold of 2 
mm.

The performance of Equation (5) in predicting the hole diameter is poor 
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considering the relative spread that can occur in relation with the average diameter, 
hence the low R2 of 0.36. However, in view of the absolute values, the maximum 
spread that was found for a given machine setting is 0.6 mm. From a clinical point of 
view, this is not an issue and will not significantly influence the healing capacity after 
a bone debridement treatment [41].

limiting factors
Limiting factors could have influenced the results. Processing (micro)CT 

scans to asses bone architectural properties always requires a “thresholding” step, 
to determine what grey level and lighter tints are considered bone tissue and what 
is not. For this study, the threshold level was determined manually and applied to 
all segmentations. The threshold can significantly influence BV/TV measurements 
[42]. However, since the same threshold was applied to all segmentations the relative 
influence of the BV/TV is accounted for. One to one comparison of bone architectural 
properties (such as BV/TV) to other studies is expected to give an offset.

Equations (4) and (5) are valid for their tested range of machine settings 
and the bone structural properties of the bone specimens. Regardless the strong 
performance of drilling depth prediction of this descriptive model, extrapolating the 
results outside the tested range can lead to invalid assumptions.

Perspective
This study shows that water jet drilling has the potential to become a safe 

drilling method  in orthopedic surgery with respect to control over the drilling 
depth. The machine settings that are to be used to achieve a specific drilling depth 
for an individual bone can be deduced from the mathematical equation, as well as its 
potential expected variance. In this study, an overall variation in BV/TV of 0.4 was 
found per bone type for a given depth, but per individual bone specimen the spread 
in BV/TV was approximately 0.2. If this latter value is assumed reasonable when 
performing a bone debridement treatment (e.g. BV/TV varies between 0.5-0.7), this 
would result in a predicted drilling depth between 1.9 (5% confidence interval BV/TV 
0.7) and 3.3 mm (95% confidence interval BV/TV 0.5) using  a jet time of 1 sec and 
a pressure of  50 MPa. This expected variation is very well acceptable for this type of 
treatment. As indicated in our examples of application of the mathematical equation, 
it is crucial that the bone’s BV/TV is required preoperatively. Imaging techniques 
such as regular Computer Tomography, Dual-energy X-Ray Absorbtiometry, micro-
Magnetic Resonance Imaging and High Resolution Peripheral Quatitative Computer 
Tomography can be used to quantify the BV/TV [43-46]. However, these imaging 
devices are not widely available in hospitals, not routinely used as part of diagnostic 
protocols and are not always sufficiently powerful to determine the local BV/TV 
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of the predetermined surgical spot. Also, the experimental water jet setup used in 
this study cannot be used in the operating room. Therefore, Equations (4) and (5)
are primarily suitable for developers of water jets instruments who can choose the 
machine settings within the limitations of their design. 

Some considerations regarding design optimizations are discussed. To reach 
a certain drilling depth, a high pressure combined with a short jet time, or a lower 
pressure combined with a longer jet time can be chosen. Using a high pressure 
complicates the design of the pump and tubing, but minimizes the total volume 
of water that is required which can be beneficial to the patients’ safety due to the 
reduced exposure to xenobiotic substances. Using a long jet time requires a pump 
that can maintain a steady pressure for a longer period of time, but enables a better 
control over the drilling depth, since the jet time affects the depth only marginally 
after the first second.

Conclusion

The depth of a hole when water jet drilling in bone is correlated to the water 
pressure, jet time and the local bone volume fraction of the bone. The most accurate 
results in drilling depth (variation < 1.6 mm) can be achieved by applying a nozzle 
of Ø 0.4 mm,  a pressure of 50 MPa and jet times between 1  and 5  seconds. This 
predictive mathematical model indicates that control over the drilling depth allows 
the safe application of water jet drilling in human bone.
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The influence of water jet diameter and bone 
structural properties on the efficiency of pure 

water jet drilling in porcine bone 

Steven den Dunnen, Gabrielle J.M. Tuijthof
“The influence of water jet diameter and bone structural properties on the 

efficiency of pure water jet drilling in porcine bone ”
Mechanical Sciences, vol. 5, p53-58, 2014

Using water jets in orthopedic surgery to drill holes in bones can be beneficial 
due to the absence of thermal damage and the always sharp cut. To minimize operating 
time and the volume of water that is used, the efficiency (volume of removed bone per 
added volume of water) of the water jet should be maximized. The goal was to study 
the effect of the open trabecular bone structure on the efficiency for different water 
jet diameters. 86 holes were drilled in porcine tali and femora submerged in water 
with nozzles of 0.3, 0.4, 0.5 and 0.6 mm at 70 MPa during 5 seconds and a standoff 
distance of 8mm. MicroCT scans were made to measure the removed bone volume 
and the bone structural properties Trabecular Spacing (Tb.Sp.), Trabecular Thickness 
(Tb.Sp.) and Bone Volume Fraction (BV/TV). Pearson’s correlation tests (p<0.05, 
95% confidence interval) were performed for each water jet diameter using the bone 
structural property as an independent factor and the efficiency as a dependent factor. 
No significant differences were found between the nozzle diameters in the material 
removal rates per added volume of water. The efficiency decreased for an increase in 
Tb.Th. and BV/TV for nozzles of 0.3, 0.4 and 0.5 mm. The 0.6 mm nozzle showed 
less influence of the Tb.Th. and BV/TV. The Tb.Sp. has no influence on the efficiency 
of a water jet. 

The total volume of added water combined with the Tb.Th. or BV/TV is a 
leading measure for the volume of bone material that is removed, which provides 
freedom in the development of water jet instruments as the nozzle diameter, 
pressure and jet time can be chosen in accordance to the maximum operating time 
requirements or dimensional limitations of a design.
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introduction

Water jet technology can provide a valuable contribution for drilling of bone 
in orthopedic surgery due to its potential advantages over existing bone cutting 
or drilling instruments. Conventional drill bits used for bone drilling increase the 
temperature of the surrounding bone tissue [1, 2], which can lead to unwanted cell 
damage or cell death, causing poor bone healing [3-5]. Using water jets to machine 
bone barely increases the temperature of the surrounding tissue [6], causing no 
thermal damage to the cells. Besides the thermal advantage, the cut of a water jet is 
always sharp and clean due to the absence of contact between the tissue and the water 
jet instrument.

The water volume flow during surgery should be minimized to allow the 
irrigation system to remove the superfluous water when water jetting. Commercially 
available irrigation systems such as the HydroFlex AD (Davol, Warwick, RI, USA) 
are able to pump out up to 2500 ml/min. This is equivalent to the flow rate of a nozzle 
diameter of 0.37 mm at 70 MPa. When the volume flow of the water jet instrument 
exceeds the maximum capacity of the irrigation pump, only a small amount of water 
can be temporarily stored in the tight spaces of the intra-acrticular joint before an 
uncontrolled outflow occurs and superfluous extravasation into the surrounding 
caspule takes place. To decrease the volume flow of a water jet, intermittent water 
jetting can be performed or a smaller water jet diameter can be chosen. The latter can 
influence the efficiency of the water jet, which is the removed volume of (bone) 
material per added volume of water. Efficiency can be influenced as follows. Bone 

Figure 1. The potential cause for a change in efficiency of a water jets with a smaller diameter 
than the Tb.Th. or Tb.Sp.. The water takes the path of the least resistance in the spacing between 
the trabeculae without breaking the struts.
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consists of a characteristic open structure of trabeculae with a certain thickness (Tb.
Th.), spacing (Tb.Sp.) and density (BV/TV) [7] (Fig. 1). Water jets having a smaller 
diameter than the Tb.Sp. can pass through the cavities of the bone without removing 
the bone itself, and trabecular struts with a larger Tb.Th. than the water jet diameter 
might not break (Fig. 1). These aspects can result in a decreased efficiency for water 
jet diameters with a smaller diameter than the Tb.Sp. or Tb.Th.. In that case, increased 
jet times and as a result larger water volumes are required to remove the same quantity 
of bone tissue. For application in surgery, this would imply an increased operating 
time or an increased total volume of added water.

This study investigates the efficiency of water jets with various diameters for 
drilling in bone tissue by comparing the bone tissue removal rates per added volume 
of water. To investigate whether the bone tissue structure affects the efficiency, the 
BV/TV, Tb.Th. en Tb.Sp. are analyzed. The results of this study can be used for 
future design of orthopedic water jets instruments by providing the optimal water jet 
diameter for minimizing the total volume of added water or operating time.

materials and methods

The volume of water and its velocity provide a good indication of the 
effectiveness of a water jet when machining homogeneous materials [8]. The velocity 
of a water jet vliquid (m/s) can be determined by a simplification of Bernoulli’s equation:

2
liquid

Pv =
ρ

in which P is the water pressure (N/m2) and ρ is the fluid density (kg/m3). The volume 
of water Vwater  (m3) can be determined by Equation (2): 

 

21
4

water liquidV D v tπ= ⋅ ⋅ ⋅

in which D (m) is the water jet diameter and t (s) is the jet time. 
Using a traditional dimensionless energy equation to describe the efficiency 

has limited value, since a percentage cannot be used for determining the water jet 
machine settings to remove a predetermined volume of bone. Instead, the measure 
to describe the efficiency is defined as the volume of removed bone tissue per added 
volume of water VRR (mm3/l) in accordance to:

(1)

(2)
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in which Vrembonetissue (mm3) is the volume of removed bone tissue. Using the VRR 
shows how much water is required to machine a certain volume of bone tissue, 
allowing Eq. (1) and (2) to  be used for determining P, D and t.

To investigate the influence of the trabecular structures on the water jet 
efficiency of various water jet diameters, nozzle diameters were chosen that were 
smaller than, larger than or equal to the mean Tb.Th.(0.5mm) and Tb.Sp. (0.3mm) 
found in porcine bone specimens [9]. This resulted in the following nozzle diameters 
that were tested: 0.3, 0.4, 0.5 and 0.6 mm. The experiment layout is summarized in 
Table (1).

Water jet drilling of bony tissue was performed with a custom-made setup that 
used a MTS model 311.21 tensile tester (HTS, Eden Prairie, Minnesota, Unites States 
of America) to compress a water filled cylinder (Holmatro HAC30S15, Glen Burnie, 
Maryland, USA) with a force of 295 kN, resulting in a water pressure of 70 MPa at 
the nozzle [9]. Via a hose the cylinder was connected to a holder that allowed nozzles 
with various diameters to be connected.

Ten fresh porcine tali and ten femoral condyles (3-4 months, approximately 
40 kg) obtained from an animal experiment were used. The distance between the 
specimen and the nozzle (stand-off distance) was  8 mm and the jet time 5 seconds. 
During the experiment, both the nozzle and the specimen were situated underwater 
to mimic arthroscopic surgery. 86 holes were drilled in a random order of sequence 
perpendicularly in the articular surface of the tali and femora: 13, 26, 26 and 22 holes 
with nozzle diameters of 0.3, 0.4, 0.5 and 0.6 mm, respectively. 

Pre- and post-experimental microCT scans of each bone specimen were used 
to measure the BV/TV, Tb.Th., Tb.Sp. and Vbonetissue by using a Scanco microCT80 
scanner (Scanco Medical AG, Brüttisellen, Switzerland) at a spatial resolution of 37 
micron. The scans were registered using Amira version 5.3.3 (Visualization Sciences 
Group, Burlington, Miami, USA). Regions of interest of each drilled hole were 
identified in the post-experimental scan and copied to the pre-experimental scan 
using ImageJ version 1.46m. Segmentations were made from the regions of interest. 
After applying a global threshold to the segmentations, the mean BV/TV, Tb.Th., 

(3)

Table 1. The experiment variables and factors. 

Nozzle diameter 0.3, 0.4, 0.5, 0.6 mm

Indepent variable Bone structural properties BV/TV, Tb.Th., Tb.Sp.

Dependent variable Water jet efficiency VRR
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Tb.Sp. and the total bone volume of the segmentation (BVpre) were determined in the 
pre-experimental scan. In the segmentation of the post-scan, the total bone volume 
was measured (BVpost). Vrembonetissue was determined by subtracting BVpost from 
BVpre (Fig. (2)).

To determine whether there is a difference in efficiency between the nozzles, 
Pearson’s correlation tests are performed for each water jet diameter using the bone 
structural property as an independent factor and the VRR as a dependent factor. 
If no difference in efficiency is found, the same test is used to create a model that 
predicts the removed bone tissue for a given bone structural property. The tests 
were performed in IBM SPSS Statistics version 20 (Armok, New York, USA) with a 
confidence interval of 95% (a = 0.05).

This study is a continuation of a published experiment that determined a 
correlation between the drilling depth, nozzle diameter and bone structural properties 
[9] and has therefore overlap regarding the actual performed experiment. The data 
presented in this article is new.

Figure 2. Method of measuring the bone structural properties and bone volumes.
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results

All water jet diameters resulted in holes in bone tissue (Fig. 3). Significant 
predictive models were determined to calculate the VRR for each nozzle diameter 
when using the BV/TV or Tb.Th. as a dependent factor (Table 2 and Fig. 4). The area 
covered by the 95% confidence interval overlapped for all nozzles. For the 0.6 mm 
nozzle model, the significance and R2 was lower and the slope less steep than for the 
other three nozzle diameters (Table 2). No significant models where found using the 
Tb.Sp. as a predictor.

A linear regression analysis with the BV/TV, Tb.Th. or Tb.Sp. combined with 
the added volume of water as predictors showed the following three significant 
models to calculate the removed bone tissue: 

18.4 8.4 3.3rembonetissue water
BVV V
TV

= ⋅ − ⋅ +

20.4 20.4 . . 2.6rembonetissue waterV V TbTh= ⋅ − ⋅ +

16.5 16.6 . . 4.4rembonetissue waterV V Tb Sp= ⋅ + ⋅ −

(p<0.001, R2=0.78)     (4)

(p=0.001, R2=0.77)     (5)

(p<0.001, R2=0.70)     (6)

Table 2. Statistical outcomes of the experiment of the VRR by different nozzle diameter.

Nozzle
BV/TV Tb.Th. Tb.Sp.

R2 p R2 p p
0.3 mm 0.47 0.01 0.51 0.01 0.78
0.4 mm 0.64 <0.001 0.55 <0.001 0.35
0.5 mm 0.57 <0.001 0.55 <0.001 0.80
0.6 mm 0.17 0.05 0.19 0.04 0.45
All nozzles 0.47 <0.001 0.36 <0.001 0.64
R2: coefficient of determination. p: significance of the regression analysis.

Figure 3. Drilled holes in porcine femora using water jets with various nozzle diameters.
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Figure 4. The influence of the nozzle diameter, BV/TV, Tb.Th. and Tb.Sp. on the VRR. The 
dashed lines represent the outcomes of linear regression analyses for the individual nozzle 
diameters. The overlap in VRR and regression trend lines indicate an absence of influence of the 
nozzle diameter on the VRR. No trend lines were depicted in the Tb.Sp. graph due to the lack of 
significance of the regression analysis for the individual nozzle diameters (Table 2).
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Discussion

No evidence was found that the nozzle diameter affects the efficiency when 
water jet drilling in bone tissue. The individual measurements as well as the predictive 
models overlap for all nozzle diameters (Fig. 4). Hence, the VRR and thus the efficiency 
is not influenced by the nozzle diameter. Consequently, the total volume of added 
water appears to be a leading factor for the drilling capacity. For nozzles smaller than 
0.6 mm, a clear decline in VRR is present for an increase in BV/TV or Tb.Th. An 
explanation for this trend can be the that the BV/TV and the Tb.Th. determine to a 
large extend the mechanical properties of the bone [10]. A higher BV/TV or Tb.Th. 
results in an increased maximum tensile strength, compressive strength and modulus 
of elasticity of the tissue [11, 12]. The increased strength has a negative effect on the 
machinability of bone with pure water jets [13]. Thus, it is not the efficiency of the 
water jet that changes, but the mechanical properties of the material that is drilled in, 
which makes the removal of the bone more difficult.

Regardless the overlap, the 0.6 mm nozzle seems to be less affected by the 
Tb.Th. and BV/TV than the other nozzles. An explanation of this can be that the 
width of the water jet exceeds the average width of a trabecular strut, which was 
0.48 mm in the experiment. This causes the water jet to fully enclose the strut in 
its devastating stream of water, washing it away entirely instead of nibbling bone 
material away at the sides of the strut, which is the case for smaller nozzle diameters.  

The experiment supports previous research [8, 13, 14] that the velocity (Eq. 
(1)) and the volume of water (Eq. (2)) that is directed towards an object is leading 
for the total volume of material removal. By keeping Vwater constant, D, t and P can be  
chosen arbitrarily to remove a certain volume of material. However, the results cannot 
be extrapolated for all machine settings. Especially extreme low or high settings of 
D, t and P the model will be inaccurate. Eq. (2) suggests a linear influence of jet time 
(t) on the material removal. Previous studies showed that the drilling depth increase 
is maximum after initiating the water jet [15-19], and, after the first few tenths of 
a second, increases almost linearly until a maximum depth is reached. The linear 
phase is therefore limited to a specific range of t. The same holds for P and D in their 
respective ranges. For P, a minimal threshold needs to be met before bone material 
is removed, which lies between 30 and 45 MPa depending on the bone tissue and D 
[20-22]. The pressure range in which the pressure can be considered to have a linear 
influence is up to 120 MPa [17, 23]. Thus, the volume of and velocity of the water is 
a good measure for the total volume of material removal, but only when no extreme 
values for D, t and P are used to achieve this volume and velocity of the water.

Limiting factors could have influenced the results. In the experiment, the VRR 
was used to normalize for the differences in Vwater that is caused by differences in 
nozzle diameter. Keeping Vwater constant by adjusting t (Eq. (2)) might have resulted 
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in different outcomes, as no compensation per unit volume of water would have 
been required. A drawback of adjusting t would have been the increased influence 
of the attack time, which is the time required to build up the water pressure. In this 
experiment, the attack time was 0.3 s, which consistently increased the jet time by 
6% for all holes that were drilled. When various jet times would have been used, the 
influence of the attack time would not have been constant. Therefore, the results were 
normalized using the VRR instead of adjusting t.

The predictive models (Eq. 4, 5 and 6) can be used for procedures where a 
predetermined volume of bone material needs to be removed, such as osteotomies 
and bone tumor removal. For these procedures, using the BV/TV to predict the 
volume of removed material (Eq. 4) is favorable since the BT/TV can be measured 
in conventional CT scanners that are available in hospitals. Additionally, the BV/TV 
model provides the highest accuracy of the three equations. Using Eq. (1) and (2), P 
and D can be determined for a given t. For time critical surgery, a low t can be chosen. 
For delicate procedures that require increased precision, a high t can be used, causing 
P and D to be lower providing the surgeon more control by the slow bone removal 
process.

Conclusion

For the development of surgical instruments for bone surgery that rely on 
water jet technology, a water jet diameter can be chosen in accordance to the specific 
requirements of the surgical procedure without affecting the total volume of water 
that is required to remove the specific volume of bone tissue. If an irrigation system 
is required for the removal of superfluous water, a smaller nozzle is advised to stay 
within the limits of the maximum capacity of the pump. For 70 MPa, this would mean 
a nozzle diameter smaller than 0.37 mm. For developments in minimally invasive 
surgery where the space in a joint is limited, the instrument should be equipped with 
a small nozzle, which allows thinner tubing but leads to an increased jet time. For 
time critical surgery, a larger nozzle is advised.

The total volume of added water combined with the Tb.Th., BV/TV or Tb.Sp. 
is a leading measure for the volume of bone material that is removed, which can 
be described by linear models described in this paper. The models can be used to 
determine the water jet machine settings for procedures where a predetermined 
volume of bone material needs to be removed, such as osteotomies and bone tumor 
removal.
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Colliding jets provide depth control for water 
jetting in bone tissue

Steven den Dunnen, Jenny Dankelman, Gino M.M.J. Kerkhoffs, 
Gabrielle J.M. Tuijthof

“Colliding jets provide depth control for water jetting in bone tissue”
Journal of the Mechanical Behavior of Biomedical Materials, vol. 72, p. 219-228, 2017

In orthopaedic surgery, water jet drilling provides several advantages over 
classic drilling with rigid drilling bits, such as the always sharp cut, absence of 
thermal damage and increased manoeuvrability. Previous research showed that the 
heterogeneity of bone tissue can cause variation in drilling depth whilst water jet 
drilling. 

To improve control over the drilling depth, a new method is tested consisting 
of two water jets that collide directly below the bone surface. The expected working 
principle is that after collision the jets will disintegrate, with the result of eliminating 
the destructive power of the coherent jets and leaving the bone tissue underneath the 
focal point intact. To assess the working principle of colliding water jets (CWJ), the 
influence of inhomogeneity of the bone tissue on the variation of the drilling depth 
and the impact of jet time (twj) on the drilling depth were compared to a single water 
jet (SWJ) with a similar power.

98 holes were drilled in 14 submerged porcine tali with two conditions CWJ 
(impact angle of 30 and 90 degrees) and SWJ.  The water pressure was 70 MPa for all 
conditions. The water jet diameter was 0.3 mm for CWJ and 0.4 mm for SWJ. twj was 
set at 1, 3, 5 and 8 seconds. Drilling depth and hole diameter were measured using 
microCT scans. A non-parametric Levene’s test was performed to assess a significant 
difference in variance between conditions SWJ and CWJ. A regression analysis was 
used to determine differences in influence of twj on the drilling depth. Hole diameter 
differences were assessed using a one way Anova. A significance level of p < 0.05 was 
set.

Condition CWJ significantly decreases the drilling depth variance caused by 
the heterogeneity of the bone when compared to SWJ. The mean depth for CWJ was 
0.9 mm (SD 0.3 mm) versus 4.8 mm (SD 2.0) for SWJ. twj affects the drilling depth less 
for condition CWJ (p< 0.01, R2=0.30) than for SWJ (p< 0.01, R2=0.46). The impact 
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angle (30 or 90 degrees) of the CWJ does not influence the drilling depth nor the 
variation in depth. The diameters of the resulting holes in the direction of the jets is 
significantly larger for CWJ at 90 degrees than for 30 degrees or a single jet.

This study shows that CWJ provides accurate depth control when water 
jet drilling in an inhomogeneous material such as bone. The maximum variance 
measured by using the 95% confidence interval is 0.6 mm opposed to 5.4 mm for 
SWJ. This variance is smaller than the accuracy required for bone debridement 
treatments (2-4 mm deep) or drilling pilot holes. This confirms that the use of CWJ 
is an inherently safe method that can be used to accurately drill in bones.
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introduction

Water jet technology has increasingly gained popularity in surgical treatments 
[1-4]. Advantages over conventional rigid mechanical instruments are the lack of 
thermal damage [5, 6] and the always sharp cut. Additionally, it allows the design of 
instruments with increased manoeuvrability, since the water can be provided by a 
flexible tube [7]. Current commercial products are primarily used to treat soft tissue 
[1, 4, 5]. Recent developments do show that water jet technology can provide similar 
advantages for cutting or drilling through bone tissue [8-11]. This study focusses on 
water jet drilling for orthopaedic treatments such as drilling pilot holes for screw 
fixations and bone debridement treatments [12-14].

A challenge for orthopaedic water jet surgery lies in controlling the drilling 
depth, which is of utmost importance to prevent unintentional damage of healthy 
tissue during the procedure. The natural inhomogeneity of bone tissue causes local 
variances in its density, which affect the local mechanical properties. As a result, 
different hole depths are created when water jet drilling with identical machine 
settings [8, 9, 15]. Though the correlation between the bone density and drilling 
depth has been thoroughly investigated and can be compensated for to achieve a 
pre-set hole depth [9, 15], acquiring the local bone density in a clinical setting can 
still be difficult due to the absence of proper imaging protocols and prolonged data 
processing that compromises the workflow in the hospital. Therefore, a novel concept 
for water jet drilling was investigated: colliding water jets (CWJ). The pursued 
working principle is as follows: two separate jets are focused to collide just below the 
surface of the bone tissue (Figure 1). The energy density of the individual jets exceeds 

Figure 1. Left: working principle of colliding water jets. After water jet collision the coherency of 
the jet is compromised, resulting in spray with an elliptical surface area with a lower energy 
density than the individual jets. Right: an enlarged view of the colliding water jets. The impact 
area Ai is nearly constant up to a specific Dcp where Ai is equal to 2An. Further increasing Dcp will 
result in quadratic rise in Ai. The dashed areas represent the various shapes and sizes of the 
impact area (Ai) and the cross sectional area of the water jet (An).
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the threshold for machining bone, and will therefore penetrate the bone tissue. At the 
focal point where the two jets collide just below the surface, the coherency of both 
jets is compromised causing energy dissipation. As a result, the energy density of the 
water jets drops below the threshold required to penetrate bone tissue. At this point, 
no further drilling will occur and depth control is achieved regardless of local bone 
density.

In this manuscript, this concept of drilling depth control by CWJ is studied and 
compared to a standard single water jet drilling (SWJ). By determining significant 
differences between CWJ and SWJ in drilling depth, drilling depth variance and the 
influence of the drilling jet time (twj, s) on the drilling depth, the potential of CWJ as 
inherently safe depth control concept is verified.

materials and methods

Theoretical overview
A theoretical overview is given that forms the basis for the concept that CWJ 

improves drilling depth control compared to SWJ. Before actual water jet drilling 
of a material takes place , a specific threshold needs to be exceeded. This threshold 
can be expressed in many units, such as the material’s compressive strength, yield 
strength [16] and shear stress [17] in combination with the water jet’s pressure [8, 15], 
nozzle diameter [9], jet time or transverse speed [18]. For this study, the threshold is 
expressed using a power density Pd ([W/m2] or [kg/s3]) model, which can be applied 
universally for assessing whether a material is being machined. Pd models include the 
natural disintegration of the water jet to express the diminishing machining capacity 
of a water jet [19, 20]. The decrease in machining capacity can be expressed by an 
increasing distance from the center axis of the water jet or the distance between 
water jet initiation and the impact site [21-23]. When the minimum power density 
for machining is met, the total energy of the water jet Ewj (J or W s) that interacts 
with the material determines the volume of bone that is removed. Pd is calculated by 
dividing the power of a jet pwj (W or kg m2/s3) by the impact area of the water jet Ai  
(m2), as provided in Equation (1):

P
P
Ad
wj

i

=

The power and energy of a water jet can be expressed with Equation (2) and (3) 
respectively,

(1)
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P p qwj wj wj� � 

E p q twj wj wj wj� � �

where pwj is the pressure (Pa or N/m2), qwj is the volume flow rate (m3/s) and twj is the 
water jet time (s). Using the simplified Bernoulli equation, the volume flow rate can 
be expressed as

q c A v c d
p

wj d n wj d n
wj

w
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2
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where An is the surface area of the nozzle (m2), vwj is the velocity of the water jet (m/s), 
dn is the nozzle diameter (m) and ρw is the density of the fluid (kg/m3). cd is the 
coefficient of discharge of the nozzle, which compensates for losses in flow due to the 
shape of the nozzle, compressibility of the water and physical phenomena such as 
vena contracta. The value of cd is usually between 0.6 and 0.9 [24-26]. Substitutions 
of Equations (3) and (4) in Equations (1) and (2) result in:

Pd can be used to determine whether a material is being machined or not. For 
a full coherent water jet, Ai   is equal to An directly after the initiation of the jet. This 
makes Pd  solely dependent on the machine setting pwj, since vwj is also a product 
of pwj (Equations 4 and 5). This indicates that the size of the nozzle diameter does 
not influence the capability of machining, which was also concluded in a previous 
study [27]. In that experiment, the volume of material removed did increase with an 
increase in nozzle diameter since the total energy of the water jet was larger (Equation 
3 and 7). However, per added volume of water (which can be considered equal to the 
energy), no significant differences were found in the volume of removed material.

The impact angle can have an effect on the drilling depth, variance in drilling 
depth and shape of the hole. After the collision of two water jets, the individual 

.
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coherent jets will break up in many small droplets which are spread over a greater 
area than the combined cross sectional area of the water jets (Figure 1, right). 
Comparable to a particle hitting a surface, a water droplet will reflect and proceed its 
path in the opposite direction with a similar or shallower angle after a collision. Some 
particles are pushed outwards in perpendicular direction. The resulting spray forms 
into a cone shape with an elliptical cross section (Figure 1), with minimal spray 
outside this cone. Pilot experiments showed that the angle of the cone in the plane of 
the water jets is equal to the impact angle of the two jets, with a fictitious origin at the 
first location where the two water jets collide (Figure 1, right). The angle of the spray 
cone perpendicular to the plane of the water jets is approximately 2/3 of the impact 
angle (Figure 1, left). Therefore, it is expected that the shape of the hole is not fully 
circular (Figure 1). The area (Ai ) over which the power of the water jet (pwj) is spread 
can be determined by Equation 8 for impact surfaces that are larger than the combined 
cross sectional areas An of the individual water jets. A smaller Ai  than twice the cross 
sectional areas of the water jets would imply compression of water during the 
collision, which is not the case for pressures that are used for bone surgery. Instead, 
the colliding water pushes the outer sides of the water jet that is still coherent further 
outwards, resulting in a cross sectional area that is at least equal to the combined 
cross sectional areas of the water jets. In practise, this means that up to a specific 
distance from the collision point Dcp (m), which is defined by the nozzle diameter Dn 
and the impact angle θ, Ai  is considered to be nearly constant (Equation 9). For larger 
values of Dcp, Ai  increases quadratically over distance from the collision point (Dcp) 
and linearly to the impact angle (θ) of the water jets (Equation 8), thereby rapidly 
lowering the energy density Pd (Equation 6).

Since a minimal threshold in Pd is required before machining is feasible, it is 
expected that below the point of collision the combined water jet will not be powerful 
enough to erode the bone tissue any further. At this point, depth control is achieved.

In Figure 2 (top), the distance after the collision point Dcp is plotted against the 
theoretical power density Pd for several impact angles by rewriting Equation 6 and 8. 
In previous studies, the most conservative pressure setting to water jet drill in bone 
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Figure 2. Top: the power density Pd plotted against the distance after the collision point Dcp for 
several impact angles θ. The Pd of a colliding jet is maximized to the Pd of an individual jet 
according to Eq. 8. The two horizontal lines represent the minimum and maximum power 
density thresholds required to machine bone tissue with a water jet. The threshold is not constant 
for bone due to the natural inhomogeneity of the tissue. Bottom: the two power density thresholds 
plotted in a Dcp/θ graph. In this graph, Dcp is equivalent to the predicted drilling depth. The 
difference between the lines represent the potential variance in drilling depth that can occur due 
to natural inhomogeneity of the tissue. Both graphs were plotted for a pressure of 70 MPa, a 
nozzle diameter of 0.3 mm and a Cd of 0.8.
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tissue ranged between 30 and 50 MPa, depending on the bone density [8, 15, 28]. 
Assuming full jet coherence at the impact site and a Cd of 0.8, the power density Pd 
to start machining bone tissue lies between 5.9*109 (low density bone) and 1.3*1010 
W/m2 (high density bone) (Equation 6, horizontal lines in Figure 2 (top)). In Figure 
2 (bottom), Dcp is plotted against θ using the power density thresholds for reference. 
When the collision point of the two jets (Figure 1) is set at the surface area of the 
material, Dcp values in Figure 2 (bottom) are equal to the expected drilling depths. 
The potential variance that can occur due to natural inhomogeneity in bone is the 
difference between the two threshold lines. The expected drilling depth and variance 
is affected by θ. To make the influence of θ more concrete: when two individual 
water jets collide under an angle of 30 degrees with an initial pressure of 70 MPa, 
the low density bone threshold is being exceeded up to 1.8 mm after the water jet 
collision, whereas high density bone threshold is exceeded up to 1.2 mm after the 
water jet collision. The difference, 0.6 mm, is the potential variance that can occur 
due to differences in bone density. For a collision angle of 90 degrees, the power 
density thresholds are exceeded up to 0.50 mm (low density bone) and 0.34 mm 
(high density bone), with a potential variance of only 0.16 mm. Hence, the drilling 
depth and variance will drop for an increase of θ.

To summarize, a water jet requires a minimum power density to machine 
a material (Equation 6). Once this threshold is met, the total energy of the water 
jet that is directed towards the material determines the volume of the material that 
is machined (Equation 7). When using colliding water jets, the minimum energy 
density to machine materials is met before the collision (Equation 6), but drops 
below the threshold promptly after the collision (Equation 6 and 8, Figure 2). From 
this point, the total energy directed towards the material does not play a significant 
role in the machining of the material since the minimum requirement for machining 
is not met. An increase in impact angle will result in shallower holes with a smaller 
variance, but a larger hole diameter. 

experiment conditions and considerations

Nozzle diameters and pressure
The nozzle diameter and pressure were chosen to meet two requirements. 

First, before collision, the individual water jets should be able to machine bone tissue 
to allow comparison between the colliding and single jet nozzle conditions. Secondly, 
considering the future application in orthopaedic surgery, a minimal volume flow is 
strived for to minimize the quantity of xenobiotic substances for the patient and to 
allow commercially available irrigation systems to remove the superfluous water at 
the surgical site [27]. The nozzle diameter has a larger influence on the volume flow 
than the pressure (power of 2 versus power of 1.5, Equation 4). Therefore, to achieve 
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a minimum flow, the smallest nozzle diameter in combination with a fixed pressure 
was pursued. In previous studies, the smallest volume flow (Equation 4) to machine 
bone tissue was determined, which was achieved by the following machine settings: a 
nozzle diameter of 0.3 mm, a pressure of 70 MPa and a jet time of 5 s. These settings 
resulted in drilling depths between 4 and 8 mm [9, 15, 27], which are sufficient for 
bone debridement treatments where holes between 2 and 4 mm are required [29]. 
Therefore, two 0.3 mm diameter nozzles were used to create the colliding water jet 
condition. To allow direct comparison with a SWJ, the total energy Ewj (Equation 3) 
of the CWJ directed towards the bone should be equal to that of the SWJ [27]. For 
identical jet times, this means the power pwj of the water jet should be in the same 
order of magnitude (Equation 5). With an assumed cd of 0.8, pwj for each individual 
jet of the CWJ is approximately 1480 W (Equation 4), thus multiplied by two gives 
the required power for the single jet. The commercially available nozzle diameter that 
comes closest to this magnitude is 0.4 mm in diameter (expected power of 2640 W), 
which was therefore used for the SWJ.

Specimens
Fourteen bone specimens were obtained freshly from one batch of 7 pigs 

(weight approximately 82 kg, similar age, nutrition and race) after termination of 
an animal experiment of different purpose. Talar bones (2 per animal) were frozen 
directly after harvesting. Talar bone was used since it is a part of an articular joint, 
which is similar to bone that is treated in clinical bone debridement treatments. The 
cartilage on the tibial dome of the talus was removed using a scalpel to allow the 
water jets to drill directly in to the bone. Three hours prior to the experiment, the 
bone specimens were thawed to room temperature whilst frequently adding a 0.9% 
saline solution.

Impact angle and collision point
Besides the potential effect on the drilling depth, drilling depth variance and 

hole diameter, the impact angle of the colliding water jets also affects the minimum 
size of the design of the nozzle. To create coherent water jets, the individual water jet 
requires a minimum inlet distance in front of the orifice. This causes the total size of 
the nozzle to increase when using larger angles (Table 1). For arthroscopic surgery, 
the size of the nozzle is to be kept minimal. Therefore, a small impact angle is strived 
for. To determine whether a small impact angle performs worse, two different impact 
angles were tested: 30 (CWJ 30) and 90 (CWJ 90) degrees (Table 1). To determine 
whether CWJ can machine bone tissue regardless its density, the collision point of the 
water jets was set at the bone surface, allowing both hard subchondral tissue (bone 
surface) and the underlying trabecular bone of lower density to be exposed to the 
colliding water jets. 
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Jet times
The jet time twj linearly affects the total energy of the water jet Ewj (Equation 7), 

which is a measure for determining how much bone is being machined. Therefore, 
twj has a direct effect on the drilling depth and on the variance in drilling depth due 
to the inhomogeneity of the bone tissue. The extent of the influence of twj for SWJ 
has been determined in previous research [15, 30]. The working principle of CWJ 
eliminates the influence of twj on the drilling depth since the threshold for machining 
bone is not dependent on the jet time (Equation 6 and 8). To determine a difference 
in influence of the jet time on the drilling depth of condition CWJ with respect to 
condition SWJ, four jet times were tested for the CWJ: 1, 3, 5 and 8 s. Condition SWJ 
was tested six times for jet times of 1,3 and 5 s (Table 1).

Figure 3. (left) Height and perpendicular alignment. (center) Alignment drilling location to the 
water jet. (right) Specimen and nozzle are submerged in water in an aquarium.

Table 1. Specification of the three nozzle conditions that were tested in this study.

Collision angle 30 90 -
Nozzle diameter 2 x 0.3 mm 2 x 0.3 mm 1 x 0.4 mm
Pressure 70 MPa 70 MPa 70 MPa
Jet times (n) 1 (10), 3 (10), 5 (10), 8 (10) s 1 (10), 3 (10), 5 (10), 8 (10) s 1 (6), 3 (6), 5 (6) s
Estimated power (Cd = 0.8) 2960 W 2960 W 2640 W
Abbreviation CWJ 30 CWJ 90 SWJ
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experiment set-up and procedures
A custom made water jet set-up was used to create a water jets within 0.3 s 

with an accuracy of +- 0.2 MPa [9, 15]. Pressures were monitored at the nozzle using 
a KLPT-WH pressure transmitter (Koppen & Lethem, Newark, United Kingdom). 
For the CWJ, nozzle holders were made that allowed precise positioning of industrial 
sapphire nozzles to achieve a collision of the water jets. Two alignment steps were 
taken to ensure a precise, constant and perpendicular alignment of the (colliding) 
water jet on the superior surface of the talar bones. First, the bone specimen was 
locked in an omni-directional clamp (Figure 3left). A height calliper was used to 
adjust the specimen to the proper height and perpendicular alignment (Figure 3a). 
Subsequently, the fully fixated clamp with the specimen was placed into an aquarium 
and aligned with the water jet (Figure 3center). A continuous low pressure water jet (<0.2 
MPa) was used to verify proper alignment. A misalignment would result in either 
two distinct backsplashes (surface too high) or a large incoherent backsplash (surface 
too low). To mimic arthroscopic surgery, the specimen and nozzle were submerged 
with water to a depth of 40 mm measured from the top of the articular surface to 
the water level (Figure 3right). 98 holes were drilled in porcine tali using the machine 
settings as given in Table 1. Unsuccessful drillings due to potential misalignment or 
pressure under/overshoot were not repeated due to the limited available space on the 
articular surface of the bone tissue.  

measurements
Micro Computer Tomography (µCT) scans were made of each specimen to 

measure the hole depth and diameter using a Scanco microCT 80 scanner with a 
spatial resolution of 37 µm. ImageJ version 1.46 m [31, 32] with the Stack Alignment 
plugin [33] were used to process the mCT scans. The maximum value of the drilling 
depth as measured in the coronal (L1) and sagittal (L2) plane was used to set the hole 
depth (Figure 4). As for several orthopaedic treatments, such as drilling pilot holes 
for screw fixation and bone debridement treatments, the proper diameter of a hole 
determines correct fixation or affects the patients’ healing, the hole diameters were 
measured and compared. The hole diameter was measured in two directions (Dlong 
and Dshort) perpendicular to each other (Figure 4) to allow differences in hole shape 
to be determined for the different nozzle conditions. Three individuals performed 
each measurement. A difference in measurement greater than 0.3 mm resulted in a 
full re-measurement of the specific hole. 

Statistical analysis
To determine an increased control of the drilling depth when using CWJ 

compared to SWJ, at least one of the following three requirements have to be met. 
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First, the variance in drilling depth should be significantly lower for CWJ than for 
SWJ. This is expected based on the theoretical consideration that within a few tenths of 
a mm after collision the Pd drops from the upper power density threshold to the lower 
power density threshold to machine bone tissue (Figure 2, bottom). For condition 
SWJ, the same drop in Pd requires several mm [8, 30]. To verify a significant difference 
in the variance between the nozzles for each jet time (homogeneity of variance), 
a non-parametric Levene’s test was used (p < 0.05) [34, 35]. The non-parametric 
Levene’s test was used because it is considered to be more robust for non-normal 
distributions and unequal groups compared to the standard Levene’s in combination 
with Brown-Forsythe test [34, 35].

Second, the influence of the jet time on the drilling depth should be significantly 
smaller for the CWJ than for the SWJ. The expectation that CWJ is less influenced 
by the jet time is derived from Equations 6 and 7. The total energy of a water jet, 
which greatly depends on the jet time, determines the volume of the material that is 
machined (Equation 7). However, before any machining takes place the minimum 
power density threshold needs to be exceeded (Equation 6). Promptly after the 
collision of the CWJ this threshold is not met (Figure 2). Consequently, the jet time 
nor the total energy of the water jet (Equation 7) is expected to influence the drilling 
procedure for CWJ, whereas these parameters do affect the drilling procedure for 
SWJ (Equation 7). To test the influence of the jet time on the drilling depth, regression 
analyses were performed using a power function as a curve estimation (p < 0.05). The 
power function was chosen, because this proved to be the optimal representation for 

       Axial    Coronal           Sagittal

Figure 4. mCT scans of a hole drilled in a talus bone by two colliding water jets. The diameter of 
the hole is measured in two directions. First, the greatest distance is measured as Dlong. Then, the 
greatest distance of the hole perpendicular to Dlong is measured as Dshort. The drilling depth is 
determined by the maximum depth (either L1 or L2) in the coronal or sagittal plane. Inhomogeneity 
in the bone tissue is visible in the coronal and sagittal plane: the outer layer of the bone is more 
dense. At greater depth the density drops and occasionally cavities arise.
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the drilling or cutting depth over time [16, 30, 36]. R values of the power functions 
are compared to determine differences in strength and direction of the models. 
Coefficient of determination (R2) values of the models are compared to indicate what 
percentage of the drilling depth can be explained due to an increase in water jet time. 

Third, the drilling depth for CWJ should be significantly lower than for SWJ. 
Within a few tenths of a mm after collision of the CWJ, the power density can drop 
below the minimum threshold for machining low density bone tissue causing the 
drilling process to stop (Figure 2, bottom). For SWJ, the power density is almost 
maintained causing continuation of the drilling process. Consequently, the holes of 
SWJ are expected to be deeper than the CWJ for identical machine settings. A Welch 
test with post hoc Games-Howell was used to determine differences in drilling depth 
between the CWJ 30, CWJ 90 and SWJ for each jet time. The Welch test was used due 
to its robust performance for unequal sample sizes and unequal variances in the data. 

Differences in hole diameter between the CWJ 30, CWJ 90 and SWJ were 
analysed per jet time and per diameter measurement (Dshort and Dlong) with a One 
Way Anova test (p<0.05) and a Bonferroni post hoc test to highlight individual 
differences. For a clear overview, Tukey boxplots are depicted to show the results for 
the homogeneity of variance, mean drilling depth and hole diameters. 

Figure 5. Holes are indicated by arrows. Left: two holes drilled by colliding water jets. Right: hole 
drilled by a single water jet.
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results

All conditions resulted in holes being drilled in 
bone tissue (Figures 4 and 5). 3 holes were excluded due to 
incomplete drilling cycle as the maximum-pressure safety 
system was activated (1 hole) or due to an alignment error 
of the bone relative to the nozzle (2 holes).

The variance in drilling depth for the CWJ conditions 
is significantly lower than for the SWJ condition (Figure 
6). The range of the 95% confidence intervals in drilling 
depth where 2-18 times smaller for CWJ than for SWJ 
(Table 2, column CI range). The maximum range of the 
95% confidence interval found for the CWJ condition was 
0.6 mm (Table 2, column CI range, row CWJ30, twj = 5s), 
whereas for the SWJ condition the maximum range of the 
confidence interval was 5.4 mm (Table 2, column CI range, 
row SWJ, twj = 3s). No differences in variance in drilling 
depth were found between the conditions CWJ 30 and CWJ 
90, except for a jet time of 8 s (p = 0.022).

The regression analyses yielded three significant 
power functions (Table 3). The strength (R) and direction 
(R and the power function’s coefficients) of the power 
function of condition SWJ is higher than for the CWJ 30 or 
CWJ 90. The coefficient of determination (R2) indicates that 
approximately 30% of the variance can be explained by the 
jet time for condition CWJ, and 46% for the SWJ. 

Significant lower means of the drilling depth were 
found for CWJ compared to SWJ (Figure 6). The difference 
in mean drilling depth is approximately a factor 5 for each 
jet time (Table 2, column mean drilling depth). For jet times 
of 3 and 8 s, CWJ 30 and CWJ 90 significantly differed by 
0.3 mm with deeper holes for condition CWJ90.

Significant differences were found in Dlong for the 
individual jet times (Figure 7). Condition CWJ 90 resulted 
in larger hole diameters than condition CWJ 30 or SWJ. No 
differences were found between CWJ 30 and SWJ.  

The Dshort showed significant smaller holes for 
SWJ compared to both CWJ conditions for a jet time of 
3 s (Figure 6). When using a 5 s jet time, CWJ 30 and 90 
differed significantly. Ta
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Figure 6. Tukey boxplot of the holes depths for each nozzle condition per jet time. Horizontal 
whiskered lines in the graph indicate significant difference in homogeneity of variance (top) 
or mean drilling depth (bottom). Dots indicate outliers.

Table 3. Power functions that describe drilling depth for a given jet time.

Nozzle Power function p R R2

SWJ L thole wj� �3 0
0 41

.
. < 0.01 0.68 0.46

CWJ 30 L thole wj� �0 60
0 25

.
. < 0.01 0.52 0.27

CWJ 90 L thole wj� �0 75
0 23

.
. < 0.01 0.56 0.32

Lhole in mm, twj in s
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Figure 7. Tukey boxplots of the diameter long (top) and diameter short (bottom) measurements 
for a given jet time. Horizontal whiskered lines in the graph indicate significant difference in hole 
diameter. Dots indicate outliers.
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Discussion

This study confirms the potential inherent drilling depth control by applying 
two colliding water jets compared to a single water jet. This is based on three 
observations: a smaller variance in drilling depth, a lower influence of the jet time on 
the drilling depth and lower means in drilling depth when using colliding water jets.

First, the variation in drilling depth is significantly lower for the CWJ than for 
the SWJ (Figure 6). Expressed using the range of the 95% confidence interval, the 
maximum variance is 0.6 mm and 5.4 mm for condition CWJ and SWJ respectively. 
This value of 0.6 mm is more than three times smaller than the allowed 2 mm 
variation to perform bone debridement treatment [29]. Hence, when colliding water 
jet drilling is performed in bone tissue, the influence of inhomogeneity in bone tissue 
will cause no safety issues with respect to depth control. 

The variance in drilling depth of condition SWJ was smaller than expected 
for a jet time of 5 s, and vice versa larger for a jet time of 3 s (Figure 6, Table 2). 
Previous research showed that the influence of the jet time on the drilling depth 
should be larger [15, 30]. A reason for the more consistent variance in this study can 
be related to the smaller sample size of condition SWJ. Derived from the theoretical 
concepts, the variance for condition CWJ 30 was well within the range of the 
expected maximum 0.6-0.9 mm (Equation 6 and 8, Figure 6, Table 2). The variance 
for condition CWJ 90 was expected to be 0.4 mm smaller than for condition CWJ 
30. However, no significant differences were found (Figure 6). The cause for this can 
be the natural architecture of bone, which consists of struts (trabecula) and cavities 
(trabecular spacing, Figure 4). As a result, removing one trabecula can result in an 
increase in depth with 0.15 to 0.45 mm [27] due to the underlying cavity. This can 
increase the drilling depth, variance in drilling depth and make differences diminish, 
thereby deviating from theoretical predictions.

The second evidence of the increased depth control of condition CWJ is that 
condition SWJ shows a stronger correlation between the jet time and the drilling depth 
for condition SWJ (Table 3: correlation coefficient R). Additionally, the coefficient of 
determination (R2) indicates that a higher percentage of the drilling depth can be 
explained by the jet time for condition SWJ. Thus, condition CWJ is less affected by 
the jet time than condition SWJ, which improves depth control as an overshoot in 
drilling depth due to an accidentally induced increased drilling time is smaller. 

The third evidence of improved depth control is the significant lower means 
in drilling depth of the holes for condition CWJ compared to condition SWJ (Figure 
6). Regardless a similar quantity of energy being directed towards the bone tissue 
(Equation 7), there is a difference in mean drilling depth of factor 5 for each individual 
jet time when comparing condition CWJ to condition SWJ (Table 2, column mean 
drilling depth). Hence, the rapid drop in Pd below the minimum threshold for 
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machining bone for condition CWJ has a greater influence on the drilling depth than 
increasing Ewj. This makes CWJ an inherent stable method for controlling the drilling 
depth since the water jet machine settings play a negligible role on the drilling depth 
after the collision.

Mean drilling depths were expected to be in the range of 1.2-1.8 mm for 
condition CWJ 30 and 0.34-0.5 for condition CWJ 90 (Equation 6 and 8, Figure 2, 
bottom). The measured mean drilling depths were 0.9 and 1.0 mm for condition CWJ 
30 and CWJ 90 respectively. As explained, the cause for the lack of difference may lie 
in the natural architecture of the bone, which diminishes differences in drilling depth 
and variance.

The Dlong measurements for condition CWJ 90 were approximately 2/3 larger 
than the measurements of conditions CWJ 30 and SWJ (Figure 7). This is equivalent 
to the estimation of the length-width ratio of the shape of the water jet cone after 
collision (Figure 1), which was the basis for Equation 8. Condition CWJ 30 showed 
no significant larger Dlong compared to condition SWJ. The nozzle diameter directly 
affects the size of the hole diameter [9, 37]. Therefore, a reason for the lack of 
difference in Dlong between condition SWJ and condition CJW 30 can be that the 
absolute difference is too small due to the narrow impact angle (Equation 8, Figure 
1) when comparing with a SWJ with a 0.1 mm larger nozzle diameter (Table 1). Dshort 
measurements showed an occasional significant difference in diameter between the 
three nozzle conditions (Figure 7). Reasons for the sporadic contingency can be that 
condition SWJ used a 0.1 mm larger nozzle diameter than the CWJ conditions, or the 
smaller sample size of the SWJ condition. For all conditions, the diameter of water jet 
drilled holes are suitable for bone debridement treatments [29, 38]. For drilling pilot 
holes for screw fixations, SWJ or CWJ 30 is advised for consistent hole diameters.

Limitations of the study design might have affected the results. The study 
might have benefitted from an increase sample size for condition SWJ. Considering 
prior knowledge on the influence of the jet time on the drilling depth for condition 
SWJ [15, 30], the limited quantity of bone specimens that were available from a single 
batch (similar age, weight, nutrition), and the limitation that each bone specimen only 
allows a maximum number of holes to be drilled in, the SWJ condition was tested 
six times for jet times of 1,3 and 5 s (Table 1) instead of 10 times for CWJ. A previous 
study performed with a SWJ at three different jet times showed normally distributed 
drilling depths and homogeneous outcomes [15, 30]. For this study, this was not 
the case, which makes statistical analyses more difficult to interpret and outcomes 
occasionally contingent. The conclusions are not affected by the smaller sample size, 
since the mean and variance values for the drilling depth in previous studies was 
larger than in the current study. Therefore, it is likely an increase in sample size would 
have resulted in stronger significant differences.

Though the power of the three nozzle condition were strived for to be equal, 
the SWJ was slightly less powerful. Since deeper holes were drilled with the less 
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energetic SWJ than with the CWJ, the significance would only have increased if the 
power would have been equal. Therefore, it is unlikely that the conclusions of this 
study are affected by this.

Creating two colliding water jets was a constructive challenge, because 
the alignment of the water jets (and thus orientation of the nozzles in the holder) 
required precise manufacturing of the nozzle holder. For a minimal invasive 
instrument that can be used for arthroscopic surgery, achieving this accuracy can 
be even more challenging. Additionally, the collision point should be altered to 
collide approximately 2 mm deep in the bone, as hole depths between 2 and 4 mm 
are required for bone debridement treatments. This can be achieved by lowering the 
two nozzles in to the bone whilst drilling, or by placing the nozzle closer together 
and decreasing the angle collision angle. The latter option minimizes the (large) hole 
diameter, which is beneficial for treatments that require more precise dimensioning 
of the hole shape such as drilling pilot holes. Finally, to achieve coherent water jets, 
the guidance of the water towards the nozzle should be further researched (e.g. using 
one or two tubes). 

The results of this study show that control over the drilling depth, regardless of 
inhomogeneity in bone tissue, can be achieved by using colliding water jets, thereby 
contributing to the safe application of water jet surgery in orthopaedic surgery. 
The small variance in drilling depth makes this method of water jet drilling safely 
applicable for bone debridement treatments and drilling pilot holes for screw fixation. 
For bone debridement treatments, hole depths between 2 and 4 mm are required 
[29]. The maximum range of the 95% confidence interval found in this study for 
condition CWJ was 0.6 mm, which is more than accurate enough for the 2.0 mm 
variance allowed for the treatment. For arthroscopic bone debridement treatments, 
an instrument is strived for with minimal dimensions. Since the impact angle of a 
CWJ has negligible effect on the drilling depth (Figure 6), but greatly influences the 
width of the hole in the direction of the water jets (Figure 1 and 7) and the minimum 
size of the nozzle (Table 1), a narrow impact angle is advised.

Conclusion

Using colliding water jets instead of a single water jet when water jet drilling in 
bone tissue results in a shallower drilling depth, smaller variance in drilling depth and a 
smaller influence of the jet time on the drilling depth. An increase of the impact angle of 
the colliding water jets has no effect on the drilling depth, but the angle does increase the 
diameter in the direction of the individual jets and the size of the design of the nozzle. 
Therefore, a small impact angle is advised for arthroscopic water jet instruments.
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introduction

The aim of this thesis is to develop a compliant arthroscopic surgical instrument 
for bone debridement treatments that is based on water jet technology and ensures 
safety by gaining control over the drilling depth. 

The development of a surgical instrument entails an interactive cycle of research 
and design. This was dealt with by subdivision of the development steps into five 
research questions. The research questions are discussed in the order as presented in 
the introduction and include the answer to the questions, general recommendations 
and the potential applicability of the gathered knowledge outside its intended field. 
Research questions 4 and 5 include summaries of unpublished research focused on 
the development of working prototypes of a minimal invasive compliant water jet 
instrument. Finally, future research required for the further development of the water 
jet instrument is discussed, followed by a conclusion.

1. is it possible to drill holes in articular bone tissue 

using pure water jets?

Yes, it is possible using pure water jets drill holes in bone tissue (Chapter 2). 
The minimum machine settings for drilling in any type of bone tissue are 37 MPa 
pressure and a water jet diameter of 0.6 mm.

Current surgical application of pure water jets primarily involves cutting of soft 
tissue. This research has proved that its application can be extended to the surgery of 
hard tissue, without requiring potentially harmful abrasives.

The minimum water pressure required to machine bone tissue is not constant. 
The density and structure of the bone affect the mechanical properties of the bone 
tissue. Since the density and structure varies within bone tissue, the bone’s resistance 
against the destructive power of a water jet also varies. In a broader context, this allows 
selectivity in material removal when water jet cutting or drilling because different 
materials (or tissue types) have different material properties. For example, a water 
jet can remove the (softer) infected area of a tooth that is affected by caries, whilst 
keeping intact the (stronger) healthy surrounding tissue. Since only the affected area 
is removed, more healthy tissue is spared compared to a conventional dental drill. In 
orthopedic surgery, the less dense trabecular bone can be removed for the insertion 
of an implant without affecting the denser cortical bone. Furthermore, periprosthetic 
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interface tissue, which is a common symptom for hip and knee implant loosening, 
can be removed without damaging the implant, trabecular or cortical bone [1].

Additional research on the application of water jet technology for the selective 
machining of hard tissues is advised. Potential applications can be found in dentistry 
(drilling cavities, drilling pilot holes for implants, plaque removal) and orthopedic 
surgery (implant revisions, cartilage removal, tendon surgery).

2. What hole dimensions in the bone debridement 

treatments result in optimal healing for the patient?

Published studies do not provide enough details to determine the ‘optimal 
surgical technique’. A systematic review indicated that a hole depth variation between 
2 and 4 mm until bleeding or fat droplets show is considered the standard method 
to perform bone debridement treatments (Chapter 3). Combining these hole depths 
with other key elements of the treatments (removal unstable cartilage and calcified 
layer, creating perpendicular rim at cartilage, distance between holes 3-4 mm in a 
spiral pattern) result in a success rate of 81% [2, 3]. An animal study on tali of goats 
indicated that deeper holes, or more holes with a smaller diameter do not influence 
cartilage healing [4]. Yet, different studies performed on other animals and bones did 
indicate an influence on cartilage healing when changing the hole dimensions [5] or 
puncturing technique [6, 7], leaving the matter indecisive. 

Published studies do not provide enough details to determine the ‘optimal 
surgical technique’. Two methods are proposed that can facilitate the exploration 
for an optimal surgical technique. First, describing the executed surgical technique 
in detail (surgical instruments, approach, rinse settings, exerted forces etc.) instead 
of only referring to the inventor of the surgical technique. A detailed description 
increases the power of systematic review studies since more manuscripts are included. 
Additionally, the described subtle differences in surgical technique can inspire 
other surgeons to further improve the technique. Second, surgical treatment can be 
improved by objective measurement of relevant parameters during the treatment. 
Currently, details such as exertion forces on the instruments, pressure at the surgical 
spot, ringing settings and size of cuts are not measured, and thus not documented 
in literature. In cases where dimensions are described in literature [5, 6], estimates 
are given instead of quantitative measurements. Properly performed measurements, 
researched over a longer period, combined with patient outcomes and statistical 
analyses can identify subtle variations in treatment technique that improve healing.
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3. What water jet machine settings are required to drill 

holes in bone of a set depth?

The key machine settings are the water jet pressure PMPa (MPa), nozzle diameter 
Dn (mm) and the jet time tjet (s). An increase in any of these settings will result in 
deeper and wider holes. The key structural property of the bone tissue that allows 
the best prediction of the drilling depth is the volume of mineralized bone per unit 
volume (BV/TV, range 0-1).

Three studies were performed to individually correlate the water jet machine 
settings (pressure PMPa (MPa), nozzle diameter Dn (mm) and the jet time tjet (s)) and 
bone structural properties to the drilling depth. This resulted in significant (p<0.001) 
predictive equations with coefficients of determination R2 >= 0.90 for determining 
the hole depth for given machine settings and BV/TV (Chapter 4). For all three 
studies, identical secondary settings (stand-off distance, angle of attack, attack time, 
suspension, underwater jetting), equipment and measurements protocols were used. 
This allowed the formulation of a novel comprehensive predictive equation by using 
a standard multiple regression analysis, that indicates the influence of each individual 
setting on the drilling depth:

with the drilling depth Lhole in mm.
The predictive models presented in Chapter 4, as well as the comprehensive 

predictive model (Equation 1) show that to achieve a specific drilling depth, multiple 
combinations of machine settings can be used. Surgeons can benefit from this, as it 
allows precise adjustment of the machine settings to a specific need. For example, 
the slow increase of the drilling depth over longer jet times can be advantageous to 
carefully drill to a specific depth, thereby avoiding any overshoot in drilling depth.

The total volume of water that is directed towards the bone combined with a 
bone structural property is a leading measure for the volume of bone tissue that is 
being removed. This provides freedom in the development of water jet instruments 
as the nozzle diameter, pressure and jet time can be chosen in accordance to the 
maximum operating time requirements or dimensional limitations of a design. For 
example, in open spinal surgery, waterjet could be used to remove larger portions of 
bone in a laminectomy (removal of the posterior lamina which provides space for 
compressed nerves) without damaging the underlying dura and nerve structures using 
a larger nozzle with a limited pressure. By contrast, removal of cement surrounding 
an implant in arthroplasty revision surgery [8] would need a smaller nozzle diameter 

0.020 21.37 (1.12 ) ( 21.7) (D )hole jet MPa n
BVL t P
TV

= ⋅ ⋅ − ⋅ − ⋅ p<0.001, R2 = 0.89)    (1)
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to improve maneuvering, but use a higher pressure and jet time to access the entire 
implant surface. For minimally invasive surgery such as bone debridement treatments 
[9], a water jet instrument can be equipped with a small nozzle diameter, which allows 
thinner tubing, improving the instrument’s handling and the ability to maneuver. 
In situations where surrounding tissue is easily damaged by over-pressure, such as 
the removal of periprosthetic interface tissue for treating loosed hip prostheses [1], 
the nozzle diameter and pressure can be lowered to minimize the volume flow. This 
allows an irrigation system to remove the superfluous water at the surgical site [10].

The nature of the thesis aim set us to apply an experimental approach to 
investigate the relationship between all dominant settings. Although we aimed to 
include as many samples as possible for each experiment, the sample size is limited 
due to finite testing times and range in bone structural properties. This has influenced 
the predictive equations, which are a product of statistics. Consequently, it is difficult 
to predict the strength of the predictive model outside of the tested setting ranges. 
Since our results are in line with previous research, extrapolation of the predictive 
equations outside the tested range (50-70 MPa, 1-8 s, 0.3-0.6 mm water jet diameter) 
is likely to return values that are close to empirical tests. More specific, previous 
studies indicated as well a linear correlation between drilling depth and pressure, a 
minimum threshold pressure value, a quadratic correlation of the nozzle diameter 
and the drilling depth, and a power function correlation between the jet time and 
the drilling depth [11-15]. For the lower range of untested machine settings (e.g. 30 
MPa, 0.2 s, 0.2 mm water jet diameter), extrapolation serves no purpose since the 
water jet is not powerful enough to machine bone tissue. For the machine settings 
above the tested range, the predictive equations provide an indication of the drilling 
depths, but one should be aware that the variation will increase and thus the range of 
variation depth.

For predictive models that involve medical applications, the accuracy or 
strength within the tested sample range can be essential for the safe application of a 
novel device. Instead of solely providing the predictive equation, also providing the 
potential variation in absolute values should be considered for future studies involving 
medical equipment. Comparing the maximum variation with the maximum variation 
allowed for the intended treatment should be considered more valuable to judge the 
performance of a novel medical instrument than the significance (p) or coefficient of 
determination (R2). 

A method to indicate the absolute values of the potential variation is by 
specifying the 95% confidence intervals, either as a predictive equation, or with 
example values (Table 1). Additionally, the 95% confidence intervals can indicate 
the strength of the predictive model within the tested range. This allows to identify 
a range of (machine) settings where the medical instrument can provide a higher 
accuracy, which can be beneficial for medical treatments such as spinal surgery [16], 
or for further research to extend the overall accuracy of the predictive model. For 
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example, in Figure 1 the potential variation of the effect of jet time and pressure on 
the drilling depth is presented. The proximity of the two surfaces representing the 
confidence intervals shows that for low pressures and short jet times (surfaces close 
together) the accuracy of the predictive equation is higher. Therefore, for operations 
where the drilling depth is critical, such as surgical dissection in close proximity 
to neural or vascular structures, oncological dissection or in bone that has a close 
relationship with undamaged cartilage., applying these specific machine settings are 
advised. 

Table 1. Example values for the machine settings with the corresponding outcomes of the 
predictive model from Equation 1. 

Tjet (s) BV/TV PMPa(MPa) Dn (mm) 5% CI Model (mm) 95% CI

1 0.3 70 0.3 3.6 4.9 5.3

2 0.5 70 0.3 2.5 3.7 4.4

3 0.7 70 0.3 1.5 2.5 3.3

Tjet: jet time; BV/TV: bone volume fraction; Dn: nozzle diameter; 5% CI: 5% Confidence interval; 
Model: predicted outcome; 95% CI: 95% Confidence interval.

 Figure 1. The 5% (purple) and 95% (green) confidence interval of a predictive model presented 
in Chapter 3. As the pressure increases, the potential variation increases.
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Last decades, research has been published involving the influence of water 
jet machine settings on the machinability of an industrial material [17]. In some, 
material properties of the industrial material were taken in to account [18]. Yet, 
the structural properties of the material are often ignored, whilst this can affect its 
machinability. Open structures in a material can guide the destructive flow of a (pure) 
water jet towards cavities, where the stream is split up and energy is dissipated. As 
a result, shallower cutting or drilling depths are achieved than when machining in 
solid materials. Therefore, the structure of the material should be considered when 
researching the influence of machine settings on the water jet cutting capacity of an 
open structured material.

4. how can drilling depth be controlled considering 

the heterogeneity of the bone tissue?

The natural heterogeneity of bone tissue affects the drilling efficiency of a 
water jet, causing variations in drilling depth. Four approaches were researched in 
gaining control over the drilling depth (Figure 2). These are discussed in an order of 
preference based on safety (avoiding an overshoot in drilling depth) and minimizing 
the dimensions (to allow arthroscopic surgery):

1. Feed forward system where the bone structure acts as input for a controller 
to determine the machine settings.

2. Inherently safe water jet configuration.
3. Feedback system (closed loop) where visual feedback acts as the input for 

the surgeon (controller) to determine the machine settings.
4. Feedback system where the drilling depth acts as input for the water jet 

instrument (controller) to determine the machine settings.
Each approach will be discussed.

1. Feed forward system with pre-operative knowledge of Bv/tv
In Chapter 4, the influence of the primary machine settings and the bone 

structural properties on the water jet drilling depth were researched. This lead to 
a set of equations that allow prediction of the drilling depth when the local BV/
TV is known. Within the lower range of machine settings that were tested (50 MPa 
pressure, 1 s jet time, 0.4 mm nozzle diameter), the accuracy and potential variation 
of the drilling depth is well within the 2 mm allowed variance in drilling depth for 
bone debridement treatments [19]. Thus, depth control is assured.
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Figure 2. Four approaches for gaining control over the drilling depth whilst water jetting in 
heterogeneous bone tissue. From top to bottom: feed forward system, colliding water jets, visual 
feedback system, sensor feedback system.
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For the application of the feed forward approach the bone’s local BV/TV 
is required preoperatively. Methods to measure the local BV/TV in vivo are not 
widely available in hospitals. However, advancements of conventional CT scanners 
indicate that the spatial resolution increases every generation [20], making its BV/TV 
measurements more accurate and usable to water jet drilling. Additionally, micro-CT 
scanners for scanning human extremities are getting more common in hospitals for 
research purposes. Adopting these micro-CT scanners in diagnostic protocols allows 
the local BV/TV to be determined for bones in the ankle and knee.

The big advantage of the feed forward approach is that the nozzle tip does not 
require an additional control mechanism. Hence, the outer dimensions can be kept 
to a minimum, the design can be kept as simple as possible with a minimum of parts 
and this increases the robustness and valorization possibilities. To summarize, the 
evolving medical imaging techniques and the limited dimensions of the water jet 
instrument make the feed forward system a safe and feasible control method for the 
near future. 

2. inherently safe water jet configuration by colliding water jets
A system that inherently cannot drill holes deeper than a pre-set value 

is preferred since it takes away safety concerns of surgeons, induced by errors in 
machine settings or by incorrect interpretation of pre-operative scans. Colliding 
water jets provide inherent depth control[21]. Contrary to traditional water jet 
machining of bone, bone architecture and water jet time barely affect the drilling 
depth when using colliding water jets. The variation in drilling depth indicated by 
the 5-95% confidence interval was found to be maximally 0.6 mm [21]. This is well 
below the maximum allowed potential variation of 2 mm that is required for bone 
debridement treatments. Therefore, colliding water jet drilling is considered a safe 
and viable option for bone debridement treatments.

Challenges in implementing colliding water jets in arthroscopy are the size 
of the nozzle and the increased complexity of the design. The size of a nozzle head 
is larger compared to a single water jet since the water from the tubing is first to 
be separated and then guided towards two orifices that are placed a few mm apart 
from each other. The increased dimensions can impair the maneuverability in the 
tight space of a joint. Additionally, implementing extra tubing and orifices make 
the instrument more complex, which can increase the manufacturing costs. Finally, 
adjusting the drilling depth during an operation requires an instrument change since 
the collision point cannot be adjusted.

Colliding jets can be useful for applications that require precise cutting or 
drilling to a specific depth. For clinical applications, making incisions in soft tissue 
such as skin can be considered [22, 23]. For industrial applications, the mining 
industry can benefit from precise drilling that colliding water jets can offer by not 
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allowing fragile layers of earth to be penetrated. In the food industry, (shallow) cuts 
in food can be made to allow filling or seasoning, without affecting the integrity of the 
food itself. Finally, colliding water jets can prove to be valuable in situations where 
debris has to be removed during rescue missions. For example, salvaging victims 
from earthquake sites currently requires removing debris by hand. Heavy machinery 
(e.g. pneumatic hammer, excavating equipment) either produces too much vibrations 
(risking collapse), or can physically hurt the victims under the debris by the induced 
forces. Colliding water jets do not cause vibrations, and can machine debris up to a 
specific depth, avoiding collateral damage to the victim.

3. Feedback system controlled by the surgeon
For this control system the surgeon (controller) can adjust their actions by 

evaluating the visual feedback of the drilling depth provided by the arthroscope 
(controller input). This control option is similar to the current bone debridement 
treatments with awls. In fact this is in many arthroscopic treatments the manner of 
judging the progress and quality of the surgical procedure. If the surgeon determines 
that a hole is not deep enough, he/she can evoke an additional water jet burst until 
the desired depth is reached. Consequently, the surgeon is in full control and is not 
bound to a predetermined drilling depth. However, visual feedback from arthroscopes 
can only provide rough estimates of the drilling depth, impairing the accuracy. This 
feedback approach distinguishes itself in simplicity by eliminating medical imaging 
based on radiology and by allowing the use of the most basic form of a water jet 
instrument: a pump, tubing and a nozzle. As a consequence, the dimensions of the 
water jet instrument can be kept to a minimum, allowing decent maneuverability in 
the tight joint spaces.

Two requirements have to be met to avoid an overshoot in drilling depth. 
First, the surgeon has to have proper sight on the location where the holes are being 
drilled. Proper sight is crucial as the visual feedback on the drilling depth (or the 
occurrence of blood droplets) provides the information to the surgeon (controller) 
whether further action is required. The second requirement is that the water jet 
bursts are to increase the drilling depth, without causing an overshoot. It is likely 
that the surgeon requires multiple tries, starting at “the safe side”, before the adequate 
(powerful) machine settings can be set. Both requirements for avoiding an overshoot 
are considered achievable, making this proposed feedback loop approach feasible, yet 
with a lower accuracy than approach 1 or 2.

4. Feedback system controlled by the water jet instrument
Instead of the surgeon, the process of evaluating and deciding whether drilling 

is to be continued to achieve a specific drilling depth can also be performed by 
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adding a sensor to the medical instrument. A feedback loop can be introduced that 
automatically shuts down the water jet for a given depth (Figure 2). The input of the 
feedback can either originate internally near the nozzle in the joint, or by an external 
instrument such as a medical imaging device. Three concepts were developed 
where the sensor (depth gauge) and controller (water jet termination system) were 
combined in the nozzle (Figure 3). Additionally, a probe-based depth control system 
was prototyped and tested. For this concept, the sensory input originates at the nozzle 
and is fed back to a controller that is able to shut down the pump.

Probe-based depth control system
A 3D printed nozzle with a build-in water jet orifice and 0.4 mm Nickel 

Titanium depth probe was designed and developed (Figure 4, left) [24]. The depth 
probe allows measurements on the hole depth to be performed, which can be used 
by a controller to either shut down the water jet (real-time closed loop control whilst 
water jet drilling) or to adapt the machine settings for the next water jet burst (iterative 
closed loop control for consecutive drilling). A linear actuator with a displacement 
sensor that is fastened to a load sensor is used to lower the probe in to the hole (Figure 
4, right). As a result, a specific force/displacement profile is generated at the controller 

Figure 3. Three concepts where the part for measuring the drilling depth doubles as a shut-off 
mechanism for the stream of water. As the drilling progresses and the hole increases in depth (1 
-> 2), a gauging rod or nozzle tube is lowered in the hole. When a specific depth is achieved (3), 
the gauging rod cuts off the water supply, by either a stopper mechanism or a valve.

1 2 3 1 21 332

Figure 4. Probe-based depth control system. An integrated probe connected to a load sensor 
allows depth measurements, allowing a controller to execute a water jet drilling strategy to 
achieve a specific drilling depth.
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using the data from the load and displacement sensor. Depth measurements of holes 
with a diameter larger than 1.0 mm resulted in a standard deviation of 0.61 mm. 
Therefore, the probe-based depth control system is considered a viable solution with 
concern to drilling depth accuracy for bone debridement treatments.

In general, closed loop systems where the instrument evaluates and controls the 
drilling depth offer a potential in the development of a water jet drilling instrument, 
but comes at the cost of an increased overall complexity, larger nozzle size and higher 
manufacturing costs.

5. What remaining challenges need to be addressed for 

arthroscopic water jet drilling?

This thesis presents a novel method to machine holes in bone tissue for bone 
debridement treatments by using water jets. Though the main challenge, depth 
control, has been thoroughly covered in the previous chapters, further investigations 
are required for the actual development of an arthroscopic surgical instrument. Four 
key challenges are briefly discussed in the next paragraphs.

Nozzle stability
A water jet at an orifice results in a thrust force in the opposite direction. As a 

result, a nozzle in the articular joint can start moving after the jet initiation, which can 
lead to inaccurate drilling as well as unwanted damage to surrounding tissue. A pilot 
experiment showed that exerting a force of 10 N at the opposite side of the nozzle 
will prevent any movement larger than 0.15 mm, which is acceptable for accurate 
drilling [25]. Exerting a force of 10N can be achieved by compressing the joint after 
positioning the nozzle. Though these preliminary experiments are promising for 
ensuring the stability of the nozzle whilst water jet drilling, further investigations 
are required since these tests were performed with a maximum pressure of 20 MPa, 
which is approximately half the pressure required for drilling in bone tissue.

Tubing and connections
Arthroscopic articular surgery involves dimensional restrictions of the 

surgical instruments. Existing industrial water jet equipment relies on the application 
of massive, strong and rigid materials that are over dimensioned to sustain water 
pressures up to 70 MPa. This is the opposite of the small, compliant minimally 
invasive instrument that is strived for. On-scale prototypes were build and tested for 
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compliance, burst pressure and leakage. Kevlar braided tubing is considered optimal 
for an arthroscopic water jet instrument due to its ability to sustain pressures up to 
110 MPa, the maximum outer diameter of the tubing (< 5 mm), minimum inner 
diameter (> 1.5 mm) to accommodate the volume flow, and its ability to maintain 
a level of flexibility for the placement in joints. Moreover, specific types of Kevlar 
braided tubing have been approved for medical use, which makes the process of 
acquiring medical approval for a novel instrument shorter.

Connecting a nozzle to tubing requires an insert and a shell (Figure 5) that 
are tightened respectively to the inside and outside of the tubing. For industrial 
applications, the length of this rigid connection is usually between 50 and 100 mm. 
For the arthroscopic water jet instrument, flexibility is required. Experiments were 
performed to minimize the length of the rigid connection between the nozzle and the 
tubing by varying the connection shape, length and tightness of the fit. A prototype 
equipped with a 7 mm long connection assembled with a sealant was able to sustain 
72 MPa of pressure. Hence, medical grade flexible high-pressure tubing is available 
and minimizing the length of the rigid connection is feasible. However, cadaver 
testing is required to test the strength of the connection in a clinical setting, and to 
determine whether the length of rigid nozzle impairs the maneuvering in a joint.

Incoherency water jet caused by scaling down the water jet instrument
The custom build water jet instrument used for the research in this thesis 

produced coherent water jets. The relative large dimensions of the water jet instrument 
and lack of curvature of the tubing were the primary contributors for the coherency. 
Scaling down the dimensions to the intended   water jet instrument and introducing 
curvatures in the tubing induces turbulence in the water flow, which can lead to an 
incoherent water jet. An incoherent water jet will dissipate its energy over a larger 
surface area of the workpiece compared to a coherent water jet. As a consequence, the 
drilling performance of the water jet can be impaired.

Preliminary experiments with prototypes that were built to meet the 
dimensional restrictions of arthroscopy indicate that the coherency of the water 
jet is negatively affected by introducing curvature in tubing and reduction of the 

Figure 5. Left: cross section of the prototypes of the minimally invasive water jet instrument. 
Right: prototype. 
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dimensions. However, the drilling performance was only marginally affected as bone 
tissue could still be drilled with similar pressures that were used in the industrial size 
set-up [26]. Cadaver experiments are to be performed to determine the potential 
increase in pressure required to machine bone tissue whilst using arthroscopically 
sized prototypes. 

Ergonomics, shape, level of compliance
The shape and level of compliance of the tubing and the nozzle affect among 

other things the minimum required dimensions of the incision, the minimum 
dimensions of a joint that can be treated, the ability to position the instrument and 
the stability of the nozzle whilst water jetting. Additional research is required with 
respect to the ergonomics of the instrument. For this, testing various prototypes on 
cadavers by orthopedic surgeons should be considered. Three categories of prototypes 
that have been developed can act as a starting point (Figure 6). 

Though the key challenges have to be investigated further for the development 
of an arthroscopic water jet instrument, so far none of the challenges has been found 
insurmountable. Since the feasibility of water jet drilling in combination with depth 
control has been established, the next step in the development of the arthroscopic 
water jet instrument should be in vivo testing on animals. This allows to determine 
whether water jets can provide similar healing as existing treatments and identify 
potential risks. Furthermore, cadaver testing should be performed to further develop 
the on-scale prototypes with respect to nozzle stability, ergonomics and loss of water 
jet coherency.

Conclusion

It is possible to drill in bone tissue by using pure water jets. Inhomogeneities 
in bone structure cause variations in hole depth when water jet drilling in bone. 
Four methods have been developed to demonstrate drilling depth control is feasible. 
The methods differ in complexity, accuracy and dimensional requirements. Outside 
the field of orthopedic surgery, the depth control methods can be used in dentistry, 
mining and food industry. Preliminary tests with prototypes indicated that key 
secondary challenges (stability of nozzle whilst water jetting, connecting nozzle 
to the tube, scaling down dimensions, ergonomics) can be solved. Cadaver and in 
vivo experiments with on-scale prototypes are to be performed as a first step in the 
continuation of the development or an arthroscopic water jet instrument.
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Figure 6. Three categories of prototypes that have been developed. Top: compliant tubing equipped 
with a disc shaped nozzle to provide stability during water jet drilling and counteract potential 
damage to the opposite cartilage surface. Center: rigid tubing, allowing the instrument to be 
smaller than 2 mm in diameter. Bottom: compliant tubing equipped with a 9 mm long rigid 
nozzle.
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