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gure 4.1.2

A. Photograph of a person standing in the measurement system.

B. Photograph of a person lying in prone position in the measurement system,

C. Close up of the tip.
drifl head
D. Flexible shaverblade inserted in the shaver holder.
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A. Photograph of the drilling . = ! Figure 4.3.6
device clamped onto the working s - N

bench to simulate the drilling R ”‘ =, ) ) A. Photograph of the posterior side of one cadaver ankie showing the posterior facet. Half of the posterior facet (till the top of the joint) is machined with
process. To simulate the milling . R B o the flexibie instrument. This resulted in a smooth surface and equally removed portions of tissue on both surfaces.

process the drilling device was Dremel -
clamped at a 90°-angle with the ‘ ' : . Photograph of the posterior side of the second cadaver ankle showing the posterior facet. The photograph shows that the major part of the joint
pushing direction of the working ‘ . surface of the calcaneus is machined, but the majority of joint surface of the talus contains still cartilage.

bench.

force transducer

A - i - N 8 . Photograph of the second cadaver ankle, showing the subtalar joint space height after machining the joint with the flexible shaverblade.

B. Five different drills that were 3
tested. From left to right: ; o \ . Photograph of the second cadaver ankle showing the flexible shaverblade inserted in the posteromedial portai.
standard mill used for the Y
machining of metals (5.5 mm), rotational
cylindrical drill of a conventional frequency
shaverblade (5.5 mm Stonecutter

Acromionizer blade, Smith and

Nephew Company, Hoofddorp,

the Netherlands), spherical drill

{5.5 mm), conical drill (diameter

ranging from 2.5 to 5.5 mm), and

prototype (5.5 mm). The

prototype consists of a hollow

tube with a sharp edge.

cartilage

C. Example of a drilling experiment.

D. Example of a milling experiment.

subtalar joint surfaces

Figure 4.2.3

A. Photograph of the inferior side of a talus showing the
axes of the ellipse (letipser and leipse2).

B. Photograph the superior side of a calcaneus showing
the crest line (lrest), Crest angle, and the locations of the E
portals. The alternative crest angle (¢s3) is defined as the . v R after tissue 1
angle between the crest line and the axis along the medial \ N s
side of the calcaneus. ‘ L \. ) posteromediat

\ portal
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Stellingen behorende bij het proefschrift
Technical improvements of arthroscopic techniques
Gabriélle Tuijthof
Dat er geen consensus bestaat over de optimale stand van de achtervoet ten
opzichte van het been van een individuele patiént is niet verwonderlijk omdat er

geen eenduidige en reproduceerbare maat voor deze stand bestaat.
(dit proefschrift)

. Het is verwonderlijk dat er consensus bestaat over de absolute noodzaak van

een helder zicht tijdens arthroscopische operaties, terwijl er geen consensus is
over optimale spoelingscondities of eenduidige richtlijnen. (dit proefschrift)

Alle subtalaire arthrodeses zijn via een minimaal invasieve techniek uit te
voeren in het bijzonder indien de achterste benadering wordt benut.

Voor een aantal ziektebeelden zouden arthrodeses overbodig zijn als men
beschikt over geschikte prothesen.

In tegenstelling tot de beitelmethode waarbij twee platte botopperviakken
gemaakt worden tijdens het uitvoeren van een arthrodese bevordert het
aanbrengen van minimaal letsel, waaronder het congruent houden van de
oppervlakken, de vergroeiing van de botten.

Het loont de moeite om niet te voortvarend aan de slag te gaan als ingenieur.

Dankzij de vergrijzing van de populatie vraagt de orthopedie een versnelde
ontwikkeling.

In tegenstelling tot in de laparoscopie is de ontwikkeling van ergonomische
handvatten voor arthroscopie nog niet begonnen.

. Niettegenstaande de derde wet van Newton is het verschil in tackelen of

getackeld worden opmerkelijk groot: de lekkerste tackels maak je zelf.

Ondanks dat vrouwen beter in staat zijn over hun gevoelens te communiceren
hebben lesbiennes korte relaties.

Deze stellingen worden verdedigbaar geacht en zijn als zodanig goedgekeurd door de promotoren
Prof. Dr. Ir. H.G. Stassen
Prof. Dr. C.N. van Dijk
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Reader’s guide

This thesis describes the improvement of arthroscopic techniques. Readers who are interested
in the approach that was applied throughout the work are advised to read Chapter 2 for the
general introduction, and Sections 5.1, and 6.1 for more specific analyses. The work presented
addresses three seperate topics: the development of a new arthroscopic technique for
performing a subtalar arthrodesis (Chapter 3 and 4), the optimization of arthroscopic view
(Chapter 5), and the development of a steerable punch (Chapter 6). Each of these chapters can
be read independently. Furthermore, nearly all sections are based on papers, which has the
advantage that they can also be read separately. The consequence is that there is often a small
overlap, when reading a chapter completely. Chapter 7 will tie all chapters together and
evaluates the design approach in this thesis.

Readers without a medical or an orthopaedic background are strongly advised to read Section
1.2 and all introductions of the three seperate topics. There, the necessary medical information
to comprehense the rest of the work is briefly given. If additional detailed infomation is
desirable, the literature, which is given per chapter, can be consulted. An elaborate list of terms
is added in which the medical terms that are used in this thesis are clarified.

For readers without a technical background it was attempted to describe the principles as clear
as possible supported by drawings, and formulas were built up step by step. Again it is advised
to consult the literature if additional information is required. An elaborate list of symbols was set
up to prevent confusion.
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1. Introduction

1.1 Arthroscopy

In the past twenty-five years orthopaedic surgery has made a tremendous progress by means
of the development of minimally invasive surgery."* The minimally invasive field of orthopaedic
surgery is called arthroscopy which is derived from the Greek words arthro- (= joint) and skopein
(= to examine). This implies that the operation is performed through small incisions in the skin,
and that the operation area is visualized by means of an arthroscope (Figures 1.1.1 and 1.1.2).
The main difference between an open orthopaedic and an arthroscopic procedure is the size of
the incision through which the operation is carried out. This difference has great impact on every
aspect of the procedure. As is indicated in numerous documents*® the main advantage of
endoscopic surgery is the quicker recovery of the patient due to the shorter operation time as
well as the facts that the patient does not have to be hospitalized, the risk of wound infections
is diminished, and the patient can be completely recovered within a couple of weeks due to less
trauma to healthy tissues. However, the arthroscopic techniques require good surgical skills and
knowledge of the anatomy. Especially, the limited workspace within joints, the limited choice of
available access locations in combination with indirect sight, and less available degrees of
freedom of the instruments due to the incision make the performance of a treatment difficult.’

Camera

;

A

o
Iight'caby"-\

e

lower leg

instrument

To be able to perform an arthroscopic operation a number of instruments and devices has been
developed, which can be divided in a basic set of instruments and equipment, and additional
instruments that are used for specific procedures. In the following chapters, any specific
procedure (subtalar arthrodesis, meniscectomy) that is addressed to will be described in the
chapter in question. The basic instrument set used for arthroscopic procedures will be described
here, followed by an introduction to specific arthroscopic treatments in which important
characteristics are elucidated.

Figure 1.1.1
A) An overview picture of the
operation room.

B) Close up of an operation
on the ankle joint performed
with a two-portal approach.

C) Example of a typical
arthroscopic view of a

subtalar joint that is located in
the hindfoot. The white
cartilage can be clearly seen
as well as the magnification of
the view, which can be
derived from the size of the
curette which is 3.5 mm.
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Basic instruments ¥ monitor

Figure 1.1.2
Arthroscopes (diameter 2.7
and 4 mm), light cable,

camera, and monitor.
2,7-mm arthroscope

4-mm arthrascope camera

light cable

Arthroscope, light cable, camera and monitor (Figure 1.1.2)

To visualize the interior of a joint a 30°-angled arthroscope is usually used. Due to its angled
viewpoint the arthroscope can be used as a periscope. For operations in larger joints (knee,
shoulder), a 4-mm arthroscope is used, whereas for small joint surgery (wrist, elbow, and toe)
a 2.7-mm arthroscope is used. For the ankle joint both 4-mm and 2.7-mm scopes can be
routinely used. A light source is integrated in the scope to illuminate the operation area, and a
camera is attached to the scope that projects the 2D-images on a monitor.

Probe, punch, curette, and forceps (Figure 1.1.3)
The probe is an important instrument that gives tactile information on the condition of tissues
to the surgeon. It is accomplished by visual inspection of the tissue that is being probed. The
punch is used for the cutting of tissues other than bone, for example ligaments, menisci, and
Figure 1.1.3
Probe (diameter is 3.5 mm),
punch, curette, and forceps.
curette

probe

small forceps
l punch
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adhesions. A large number of punches is available
that have a slightly different end-effector (Chapter
5). The curette is used for the removal of cartilage
tissue. With a forceps relatively large pieces
(about 10mn?’) can be removed from a joint.

Irrigation system (Figure 1.1.4)

An irrigation system serves to irrigate a joint from
blood and debris with liquid and to achieve
distention of a joint by the liquid pressure during
the operation. Several types of irrigation systems
are available, of which the gravity pump is the
most commonly used pump and operates by the
pressure difference generated by a height
difference between a liquid reservoir and the joint.
Automated pumps aim at facilitating the irrigation
process in order to give the surgeon the
opportunity to focus on the treatment itself. The
automated pumps consist of one or two
volumetric pumps that are controlled by a

feedback controller that uses the pressure at a certain location as control input. In Chapter 4

both types of irrigation systems will be elucidated in detail.

Sheath and cannula (Figure 1.1.5)

The arthroscope is inserted in a sheath that
protects it when moving the arthroscope around in
a joint. A separate cannula is used in the large
joints (knee, shoulder) as a separate in- or outflow
channel for faster irrigation. The combination of
the sheath and cannula provides the in- and
outflow of irrigation liquid to the joint.

Shaver and suction punch (Figure 1.1.6)

The shaver is a cutting device with which soft
tissue as well as bony tissue can be cut, and
immediately removed by suction. The shaver
consists of two concentrically placed tubes of
which the inner tube can rotate with a variable
speed. Suction can be performed with a separate
suction device when using the gravity pump. In
several automated pumps the suction is integrated
in the pump. The tissue is tensioned in the shaver

1. Introduction

sheath

obturator

\@ Figure 1.1.4

cannula

Color illustration see cover.
Two types of irrigation
systems: the gravity pump
(GP), and an automated
pump (AP). More specific
information can be found in

g Chapter 5.

Figure 1.1.5

Sheath (inner diameter is 4.5
mm and outer diameter is 5
mm) and cannula.




Figure 1.1.6

Shaver system with different
shaverblades (diameters range
from 1.9 to 5.5 mm), and
suction punch (diameter is
5.2).

Figure 1.1.7
Tourniquet.

suction punch

by means of suction, which enables easy cutting. This facility is missing in a punch which
sometimes gives difficulty to cut soft tissue. To solve this problem a suction punch has been
developed, but the pieces cut with this device are often too large for easy suction.

Tourniquet (Figure 1.1.7)

The tourniquet is placed proximally around the upper leg when operation takes place below the
hip joint. By pressurizing this device, the blood supply to the extremity is blocked and less
bleedings occur during an operation.

tourniquet

leg holder

Arthroscopic treatments

Treatments in arthroscopy can be roughly categorized in removal surgery and reconstruction
surgery. Examples of removal surgery are the meniscectomy, and the removal of loose bodies
(bone fragments) and adhesions. A meniscectomy is a procedure in which the damaged parts of
menisci, located in the knee joint, are removed (Chapter 5).

The procedures belonging to the category of removal surgery can be divided in an opening
‘phase in which access is created to the joint, and the joint is visually inspected to verify the

MSIT
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diagnosis. This is followed by the treatment (tissue removal) phase, and a closing phase in which
the joint is irrigated and the incisions are sutured. Examples of reconstruction surgery are the
cruciate ligament reconstruction, tendon transplantation, and rotator cuff repair.!*** The cruciate
ligament is located in the knee joint, and serves to resist loads on the knee joint. The ligament
can be torn, caused by trauma, and reconstructed again with the help of an autograft or an
allograft. The autografts most often used are the middle 1/3 of the patella tendon or part of the
hamstrings. In cases of posterior tibial tendon dysfunction (located medially of the ankle joint),
one of the possible treatments is transplantation of the peroneal tendons to restore the muscle
balance around a joint. The rotator cuffs consist of three muscle/tendon structures, and shoulder
dysfunction occurs when they are damaged.

The procedures belonging to the reconstruction surgery category can be divided in five phases.
The first phase consists of the same opening phase as for removal surgery. In the second phase
the reconstruction is prepared, followed by the reconstruction itself in the third phase, and in
the fourth phase verification of the intended reconstruction takes place. The last phase is the
closing phase which is the same as for removal surgery. The description of specific techniques
for joints or pathologies can be found in handbooks*"****, and the different techniques will be
described in the chapter in question.

1.2 Development of arthroscopic instruments

As was stated by Sjoerdsma?®®, there are two main groups of people involved in the development
of surgical techniques and instruments. There is the group of experimental orthopaedic surgeons
who try to solve problems experienced in clinical practice. They suggest only little adjustments
or they give advice on using a certain technique usually published in a technical note.”*? In
addition to this, it is common in orthopaedics to present the development of new portal
placements, and the testing of new devices (for example electrosurgical devices, lasers, anchors,
or knot tying) as new developments. However, in most articles of this kind, no attention is paid
to the construction or conceptual design of the actual instrument. An aspect may be that
surgeons do not have a sufficient technical background to specify the inconveniences they
encounter into technical specifications and designs. Finally, surgeons are usually so used to their
techniques that they cannot always indicate inconveniences.

Another group that introduces new techniques in the field of arthroscopy is the community of
manufacturers of arthroscopic instruments. These companies sometimes receive feedback of the
clinical practice from their salesmen, who mostly lack an engineering background, and they can
merely transmit the problems signaled by the surgeons. In addition to this, the main interest of
the companies is to make profit which leads to the development of techniques that are profitable
like implant (hip and knee prostheses)* or fixation techniques®. In addition to this, less attention
will be paid to other techniques as for instance small joint arthroscopy or soft tissue
endoscopy.®* To reduce the costs of development, the existing instruments are often slightly
adjusted or devices are developed that stem from existing technology which is applied to the
surgical field.** This bears the risk that devices are brought to the market that do not fulfill the
requirements of the surgeon or to which insufficient attention is paid to the human-machine
interaction. Examples are the large number of punches with only slightly different end-effectorsl
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(Chapter 5), and the introduction of laser technology. The laser systems have high potential, but
are not always rewarding, because these systems are difficult to use when sufficient technical
background or training is missing.

In literature, a report was found on instrument-related complications in which for example the
fabrication methods are addressed.”® A number of these complications is solved, nowadays.
However, from personal communication and the great number of technical notes, it can be
stated that surgeons still endure inconveniences when operating. These can be solved by the
development of simple mechanical instruments once the actual problem is analyzed.

1.3 Goal and approach

As appears from Section 1.2, in the development of arthroscopic instruments sufficient
communication between the users and the developers or manufactures is missing, leaving
unsolved problems indicated by surgeons or developing instruments with limited use. The point
of attention in this thesis will be the improvement of the techniques and the instruments used
in arthroscopy. To achieve improvements, the philosophy is emphasized that developments
should be guided by the clinical practice and by the requirements of the surgeons. The opinion
is that starting a thorough analysis of the requirements or inconveniences from scratch will lead
to the development of useful and simple instruments that can be straightforwardly handled. If
the arthroscopic techniques are improved and are facilitated according to the needs of the
surgeon, it is expected that an operation can be performed more safe, efficient (defined as fast
while performing a minimum number of actions), accurate, and with less damage of healthy
tissue. This will result in a quicker recovery of the patient. Furthermore, the development of
useful mechanical instruments will be necessary even if complete joints could be replaced in the
future by means of tissue engineering, or when computer aided surgery will be used in daily
practice. Telemanipulators also need useful mechanical end-effectors. Finally, mechanical
instruments will also be necessary to perform joint replacement.

In this thesis, a straightforward method is presented to take into account the human-machine
interaction in every stage of the development of an instrument or technique. This method implies
that the surgeons are closely involved in the design process, to point out problem areas, and to
share their experience with the currently available techniques. This method is called clinically
driven approach and is further developed in Chapter 2. With the help of the application of the
clinically driven approach, it was possible to accentuate the problem definitions.

In addition to this, once problem areas are assessed by the clinically driven approach, the focus
of attention will be another aspect of the human-machine interaction. The anatomic variability
amongst the population has stochastic characteristics for which the average and standard
deviations are important parameters to define the range of variations and orders of magnitude
for design criteria. Stochastic processes are opposed to deterministic processes which are
routinely used in engineering and do not have to deal with matters as probabilities. In consumer
product design, the engineer also has to deal with variations of human beings (ergonomics,
anthropometry, and even psychology), and therefore this approach was adapted. To derive
actual technical values for the set up of design criteria, it is necessary to build up a database
lwith data on technical characteristics of joints and tissues that are sufficiently accurate, but easy
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to assess. With this approach, it is aimed at the creation of simple technical innovation. 1t is
| believed that in this stage continuous feedback with the actual users, leads to an effective and
| useful contribution to the treatment of patients undergoing arthroscopic surgery. In this thesis,
the proposed method is shaped and is applied to three identified problem areas: the
development of a new arthroscopic technique for performing a subtalar arthrodesis,
the optimization of arthroscopic view, and the development of a steerable punch.
Each problem area is investigated from different levels ranging from the set up of a new
arthroscopic technique to the design of an instrument for one specific treatment. Technical
improvements are assessed by the development of instruments.

1.4 Structure

As was indicated, the concept of the clinically driven approach is further depicted in Chapter 2.
This resulted in the identification of six problem areas within the arthroscopic field. It was
decided to investigate three problem areas in this thesis: the development of a minimal access
technique for subtalar arthrodesis, the optimization of arthroscopic view, and the development
of a steerable punch for the performance of a meniscectomy. Chapter 3 addresses the subtalar
arthrodesis procedure. The current limitations of the subtalar arthrodesis techniques are
established by means of a literature study in combination with observations made during the
attendance of several operations. From this analysis a strategy for a new arthroscopic technique
was set up, and the required instruments that have to be developed in order to implement the
technique are pointed out. In Chapter 4, a start is made with the implementation of the proposed
technique. For two of these instruments, a measurement system to measure the preoperative
and the peroperative alignment of the hindfoot and an instrument for cartilage removal, design
criteria were set up with the help of the dimensions derived from the hindfoot and working loads
derived from experiments on bony and cartilage tissue. For each instrument several concepts
were set up that lead to the fabrication of a prototype for each instrument that was tested in

the laboratory. Chapter 5 concentrates on the optimization of arthroscopic view. In this chapter,
research is performed to elucidate the behavior of the irrigation systems for which guidelines are
defined to optimize irrigation. In addition to this, a new sheath is developed that enables quicker
irrigation of a joint. The last problem area considers the meniscectomy. In Chapter 6, design
criteria are derived for a new cutting instrument that increases the reachability in the knee joint.
Not only attention is paid to the tip of the instrument, but also to the handle of this instrument,
since the surgeon has to control two degrees of freedom (cutting and steering) when using this
instrument. Finally, overall conclusions on the performed research are drawn and suggestions for
future research are indicated in Chapter 7.

]
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2. Design of arthroscopic instruments: a clinically
driven approach

This chapter is based on the article Design of arthroscopic instruments: a clinically driven
approach, by G.J.M. Tuijthof, C.N. van Dijk, J.L. Herder, P.V. Pistecky, which is submitted to the
Journal of Knee Surgery, Sports Traumatology, Arthroscopy.

Keywords: arthroscopy, interview, clinically driven approach, evaluation

Abstract: In this paper, a clinically driven approach is used as the starting point for the
development of arthroscopic instruments, and the approach can be divided in two phases. Phase
1 is a combination of observations and discussions with a limited humber of surgeons that
resulted in the definition of clinically relevant research topics. Phase 2 consists of an interview
which aims an analysis of the general opinion on arthroscopy, and which assigns a priority
ranking in the topics. Six research topics were defined: optimization of a clear view during
operations, development of soft-tissue endoscopy, development of a minimal access technique
for subtalar arthrodesis, optimization of the treatment of osteochondral defects, development of
multifunctional instruments, and the assessment of quality of the procedure. Based on the
collected information it is concluded that the surgeons are satisfied with the current arthroscopic
techniques. A majority gives priority to the optimization of cartilage treatment and the design of
a steerable instrument. A minority gives priority to the expansion of arthroscopic techniques.

Introduction ;
Arthroscopy is becoming more complex due to the continuous development of techniques and
instruments that enables the performance of more difficult procedures. If the available
technology is chosen as the starting point to develop surgical instruments (technology driven
approach), there is a risk that instruments are developed that do not fulfill the needs of the
surgeon.! Furthermore, endoscopic instruments are frequently introduced without proper clinical

testing, or even without evident clinical need.? The development of surgical instruments is !
therefore preferably done by a clinically driven approach.** The clinically driven approach can be {
best described as a design process where the physician (in this case the orthopaedic surgeon) |
and the designer (in this case the engineer) first analyze in close collaboration the specific needs !
and problems independent of a technical solution.® For a successful analysis, it is important that

the orthopaedic surgeon and the engineer learn to communicate and to understand the |
background of their respective disciplines. Such a thorough multidisciplinary problem analysis
guarantees that research and development are performed for clinically relevant topics and that
instruments are designed that fulfill the requirements of orthopaedic surgeons.®® To the
knowledge of the authors, the clinically driven approach has not been recommended before for

the design process of arthroscopic instruments.

To be able to communicate effectively with the orthopaedic surgeon and to start the clinically

Idriven approach the engineer has a number of tools at his disposal. These are observations |
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during operations, discussions, interviews, questionnaires and brainstorm sessions. The goal of
this chapter is to elucidate the clinically driven approach as it was applied to the arthroscopic
field using observations, discussions and an interview. These tools were also evaluated. The
expectation was that observations from a person who is not experienced in the common
practice of arthroscopy are essential to start a discussion. It was expected that the observer
could possibly detect problem areas that an experienced surgeon does not experience as such,
because he is used to the situation. Furthermore, it was expected that discussions with individual
surgeons were essential to define the specific needs and problems. Lastly, from the interview it
was expected that this tool would be essential to reach a larger population of orthopaedic
surgeons in order to prevent instruments being developed according to the preferences of only
one particular surgeon.

Materials and methods

The clinically driven process was divided into two phases. In Phase 1, 70 arthroscopic operations
were attended at seven different hospitals. In Table 2.1, the specific procedures and the number
of attended procedures are given. Each operation has been recorded on video or documented
in a so-called feedback report. Feedback reports were used consisting of a general section, an
instrument section, an observation section, and a concluding section (Table 2.2). The purpose
of the feedback reports was threefold. Firstly, a detailed database for general purposes was built
up. Secondly, the reports were used as a start of the analysis of arthroscopic operations. Thirdly,
the reports were also used in discussions with surgeons to identify clinical problem areas.

In Phase 2, an interview was set up to ask a larger population of orthopaedic surgeons for their
opinion on arthroscopy in general and problems with certain techniques or instruments in
particular. The interview consisted of three sections: (I) open questions, (II) structured
questions about clinical problem areas that were already defined as a result of Phase 1, and (III)
indication of a priority ranking of these problem areas. The interview questions are presented in
Table 2.3. The surgeons were questioned orally. The Dutch Society of Arthroscopy was asked for
a list of fifteen surgeons who are considered to be experts in the field of arthroscopy. Eleven of
them agreed to participate. There were nine orthopaedic and two general surgeons distributed
amongst peripheral and academic hospitals. The average surgical experience of this group was

type of procedure number Table 2.1

ankle adhesions 12 Number and type of
. . procedures that were

subtalar or triple arthrodesis open procedure 4 attended and analyzed.

jumper’s knee 2

cruciate ligament reconstruction 2

meniscectomy 33

knee diagnostic and adhesions 7

shoulder 1

wrist 5

others 4
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10 years (varying from six months to sixteen years) and the surgeons perform an average of
330 arthroscopic operations a year (varying from 120 to 700 arthroscopic operations a year).
This number is about 60% of the total number of operations that the arthroscopists perform
each year.

In addition to the opinions of experts in the arthroscopic field, a number of other criteria was
taken into account to decide which clinically relevant topics to start researching in. These criteria
were: scientific and engineering relevance, availability of a clinical partner, facilities, technical
expertise in the research group, milestone after four years, personal interest, and competition
with industry.

Table 2.2
Example of a feedback report. Feedback I ePOI't
Date: 16 June 1999
Hosphtul: 1sselland Hospital
Type procedure: Knee arthroscopy (adhesions)
Duration: 50 minutes
Surgeen: Dr. Surgeon
Instrument set. _
Name Brand | Reusable Function D(mm) Number
Arthroscope | Storz Yes Visuslization operation 4 1
(30 field
Needie Ye Positioning of portals i o i
[ Sheath Yos Protection scope s rY ] 1
inflow of irvigation fluid
Obturator Yes Save nsertion of shesth | 4 1
Canrula yes Outflow of imigation fluid | § 1
Probe Yes Fecling of tissuc 2 1
Shaver Yos Cutting sd removal f | 4 1
soft tissue
Punch yes Culling of soft lissue 34 1
Porial placement:
cannuia
arthroscope instrument
and sheath
M K
. ! NN
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Feedback report

Date: 16 June 1999

Hospital: IJsselland Hospital

Type procedure: Knee arthroscopy (adhesions)
Duration: 50 minutes

Surgeon: Dr. Surgeon

Observations:

Diagnosis/Pathology:

This patient has had an anterior cruciate ligament reconstruction and hispopliteus tendon is torn. At the moment, he
has serious functional limitations of his knee joint. He is able to flex the knee by only 20 degrees.

Description pracedure :

Firstly, the surgeon inspects the knee joint to establish the intra-articular condition of the knee joint. It is difficuit to
insert the canula and sheath. After the sheath is inserted the knee can be flexed until 40 degrees. After inspection it is
diagnosed that indeed adhesions cause the serious function limitation. These adhesions are cut with a punch and a
shaver. Finally, the knee can be flexed until 90 degrees. The menisci are in tact. However, due to the adhesions there
is minor cartilage damage. This cannot be treated.

Ergonomics:

The surgeon operated while sitting in a chair and the monitor is placed in direction with his viewpoint. From an
ergonomical point of view this is a good posture.

Questions/Conclusions/Ideas:

Questions:
Which options are available to treat osteochondral defects?
Is it possible to treat all locations in the joint where osteochondral defects are present?

Instrument usage:

The shaver and punch are continuously interchanged during the operation, while they in fact have the same function.
What is your opinion on an instrument in which the shaver and punch are integrated? This would allow for less
instrument exchanges.

Results

The results of Phase 1 (combination of observations and discussions) and Phase 2 (interview)
will be given simultaneously. The reason for this is that from Phase 1 a total of six clinically
relevant research topics is defined, each of which is addressed in Section II of the interview.

Section 1. Open questions

Nine of the eleven arthroscopists sometimes experience discomfort during arthroscopic
operations. The main causes are malfunction of instruments, poor view inside the joints caused
by debris or synovial tissue, compactness of the joints and improper functioning of irrigation
systems.

The arthroscopists are satisfied with the current instrument set. However, there are still wishesl

2. Design of arthroscopic instruments: a clinically driven approach
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Table 2.3
Questions that were asked | Section I:
during the interview,
translated from Dutch. | gq,, many years are you a practicing orthopaedic surgeon?
Do you have a specialization in the field of arthroscopy? If so, which procedure?
What is the number of arthroscopic procedures that you perform per year?

What percentage is this of the total number of procedures that you perform per year?

Do you experience annoyances during certain arthroscopic operations? If so, what are the annoyances?
‘Which factors cause these annoyances?

Are there certain instruments that do not function well? If so, what is the problem?

Are there procedures for which an arthroscopic technique is desired? If so, which ones?

What are the current limitations that make it impossible to perform the procedure arthroscopically?

Section II:

How often is the view unclear during an operation? What are the causes?

How often is the overview insufficient? What are the causes?

Would the arthroscopic operations be easier to perform if the view was optimized? If so, what is the reason?

What is the number of soft tissue endoscopy procedures that you perform per year?
What are the most difficult phases in the procedure(s)?
Does soft tissue endoscopy offer advantages over the current open techniques? If so, on what conditions?

What is the number of subtalar arthrodeses that you perform per year?

What are the most difficult phases in the open technique?

‘Why is there no arthroscopic technique so far?

Do you think that an arthroscopic technique for the subtalar arthrodesis would be beneficial? If so, on what conditions?

What technique do you use to treat osteochondral defects?
‘What is the number of osteochondral defect treatments that you perform per year?
How often is it impossible to treat an osteochondral defect because of technical limitations?

Which instruments are present in your basic set?

How often do you perform an instrument exchange during a normal procedure?

What is usually the reason to interchange the instruments?

What is your opinion on instruments with curved end-effectors?

What is you opinion on a punch with a steerable end-effector?

Is it true that the major part of the treatments consists of the removal of tissue?

What is your opinion on a universal cutter with which soft and hard tissue can be removed?
‘What is your opinion on an instrument with a combined scope and forceps?

How do you judge if the protocol for a certain procedure is performed thoronghly?

‘What is your opinion on a method to determine the percentage of meniscus tissue that has to be removed during a
meniscectomy?

Which items would you want to know during a meniscectomy?

Could you indicate for which arthroscopic procedures it is desired to establish its success more accurately? What would you
want to measure during these procedures?

Section III:
Could you indicate which of the topics discussed in Section II have your priority?

14 Technical improvement of arthroscopic techniques 2. Design of arthroscopic instruments: a dinically driven approach
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for improvements, predominantly for fixations and to access the posterior side of joints.

The general opinion of the interviewed arthroscopists is that there are a few areas in arthroscopy
that can be explored. Three arthroscopists expected changes through the development of soft-
tissue endoscopy, an improved operation for rotator cuff ruptures and improved instruments for
cartilage transplantations. Restrictions in performing arthroscopic operations are the lack of
manipulation space and the limited possibilities to insert implantations.

Section II. Questions related to clinical problem areas defined in Phase I

1. Optimization of a clear view in joints

From our observations during operations, it appeared that the view in a joint is often
suboptimal.**! In particular during difficult operations and crucial actions, the view is often
impeded. An optimal method to create and to maintain a clear view during operations has not
yet been formulated.

All surgeons interviewed agreed that a good view is crucial for a safe and fast operation. The
interview revealed that the view is most often impeded during meniscectomies and shoulder
arthroscopies. The causes are: bleedings, malfunction of irrigation systems, improper functioning
of the camera, the scope or the light cable, synovial tissue in front of the camera, and
compactness of the joints.

2. Development of soft-tissue endoscopy

In soft-tissue endoscopy a treatment takes place in artificial cavities in the body, e.g. around
tendons.™* This is a relatively new field and the arthroscopic equipment is not always apt to this
type of procedures. It is for example important to keep the intra-articular pressure on a constant
and appropriate level to avoid collapse of the cavity or excessive liquid extravasation.

The most frequently performed procedure is the acromioplasty (an average of 18 per surgeon
per year), followed by the endoscopic carpal tunnel release (4 per surgeon per year). Difficulties
during an acromioplasty are the creation of a clear view and the determination of the correct
amount of bone removal. 80% of the arthroscopists interviewed regards soft-tissue endoscopy
to be advantageous if a clear view can be created in the artificial cavities, and if they are able
to build up experience.

3. Development of a minimal access method for subtalar arthrodesis

The open procedure for subtalar arthrodesis gives unsatisfactory results, whereas the available
arthroscopic techniques demand very high surgical skills."**¢ In the discussions with several
surgeons they indicated a tendency to perform more operations in small joints. The subtalar joint
is one of the joints that is hard to access with the current straight instruments.

The determination of the amount of hindfoot correction, and the access to the joint are identified
as the most difficult steps in the open procedure. 80% of the surgeons expects potential
advantages of an endoscopic method. The main advantage would be that the neurovascular
structures in the foot and ankle could be saved. This new minimal access technique should have
a steep learning curve. In addition to this, instruments have to be developed to perform
eventually a correction via the minimal access approach. l

2. Design of arthroscopic instruments: a clinically driven approach
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4. Optimization of the treatment of osteochondral defects

During observations and discussions with surgeons it became clear that some osteochondral
defects cannot be treated adequately, because the location deep inside the joint cannot be
reached. The treatment of osteochondral defects is done according to different methods.”* 70%
of the arthroscopists performs debridement and drilling. They indicate that these methods
sometimes cannot be performed due to lack of proper instruments to reach the location. 30%
of the subjects performs cartilage transplantation. The difficulty of this technique is the
placement of the transplant exactly in a correct position.

5. Instruments

It was noticed that for certain treatments, e.g. meniscectomy procedures, quite a number of
instruments is needed with exactly the same function, but with a slightly different shape. The
arthroscopists interviewed indicated that they had to exchange instruments on an average of 8
times per operation, because they either needed an instrument with another function or could
not reach the location with the instrument.? To enlarge the efficiency and safety of the
operations, several suggestions were made for the development of instruments.’®? These
suggestions are: the combination of a scope with a forceps (50% of the arthroscopists were
positive), a universal cutter that can cut soft and hard tissue (all arthroscopists were positive),
and a punch with a steerable tip (all arthroscopists were positive).

6. Quality of operations _

The interview indicates that surgeons base their judgment on the quality of operations on their
experience. Quality is here defined as the verification of the preoperatively planned outcome of
the procedure with the actual outcome. If this result could be quantified, it would be possible to
set up an objective quality measure. This measure can be preoperatively applied to plan the
treatment actions and postoperatively to judge the results of the outcome due to the
operation.** To determine quantitative measures of quality, criteria and measurements are
necessary. Depending on the choice of the quality measure, variables have to be indicated for
which measurement instruments or procedures have to be developed.

The arthroscopists interviewed judge the outcome of their treatment by visual inspection or by
pressing tissue. Examples of factors that could improve the quality of arthroscopic operations are
the determination of the percentage of meniscal tissue that has to be removed, the size of a
cartilage defect and the amount of bone resection for an acromioplasty. Furthermore, surgeons
indicate the need for a national registration system of all arthroscopic operations that are
performed.

Section III. Priority ranking

The arthroscopists were asked to give a priority ranking of the proposed research topics. The
results are given in Table 2.4, in which each number stands for the number of arthroscopists
who marked that category. The three proposals for instrument development are indicated
separately.

16

MDIT

Technical improvement of arthroscopic techniques 2. Design of arthroscopic instruments: a clinically driven approach



none barely average high very high Table 2.4
> Priority ranking of the
Clear view 0 2 4 4 1 research topics. Each surgeon
soft-tissue endoscopy 1 4 3 3 0 was allowed to place one
a1 H mark at a research topic.
minimal access tec_hnlque for Some surgeons placed a mark
subtalar arthrodesis 2 3 3 3 0 in between two categories
treatment of osteochondral defects 0 0 0 8 3 ‘t’xd that score was divided in
. . 0.
punch with a steerable tip 0 1 2.5 5.5 2
universal cutter 0 3 2 4 2
combination of scope with forceps 0 3 4.5 2.5 1
measurement method for
operation quality 0 1 4 4 2

Discussion
The objective and quantified observations of operations performed by the engineer provided
detailed technical knowledge of arthroscopic techniques and were used to perform time-action
analyses on certain operation phases.>* A regular observation was the fact that the surgeon is
used to perform the operations with the available equipment, and therefore he often does not
recognize certain problems or does not experience them as problems anymore.? However,
discussions with surgeons were needed to document clinical needs and ideas. Therefore, by
applying a combination of observations and a discussions, an environment was created where
the advantages of both tools were used to integrate the knowledge of engineers and surgeons,
and to define clinical problem areas. A similar phenomenon occurred during the interviews where
the arthroscopists had some difficulty in answering open questions concerning arthroscopy. For
three of the interviewed arthroscopists a combination of the observation tool and interview tool
was applied. Feedback by means of the observations, made the surgeons reconsider their
answers.
Only a few surgeons were involved in Phase 1, and therefore these topics are colored with their
specific interests and expertise. When starting a clinically driven approach, this has to be
recognized. Therefore, Phase 2 was started to reach a larger population of surgeons. It is
proposed to use more than 11 surgeons for this purpose. This is based on the observation that
most arthroscopists have a specialization within arthroscopy and their professional attitude
varies also.
With the results and the additional criteria, the choice was made to start with the development
of a minimal access technique for the subtalar arthrodesis procedure. The main reasons were
that the senior surgeon has ample experience with ankle arthroscopy, the research group has
ample experience in the design of mechanic instruments, and there is little competition with the
industry. Furthermore, an instrument developed for the subtalar joint can probably also be used
in other small joints. Research is also initiated to improve the visualization of joints and to
develop a sideways steerable punch, because these two topics were given a high priority.

|
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Conclusions

This paper describes a clinically driven approach to identify clinically problem areas by a two-
phase clinically driven approach. This approach worked well to set up a fruitful communication
between surgeons and engineers. The available tools were applied in an advantageous manner.
In Phase 1, a combination of observations and discussions with surgeons resulted in the
definition of clinically relevant research topics. In Phase 2, the interview tool could best be used
as a subsequent phase of the clinically driven approach, because detailed questions have to be
asked to come to results. The study resulted in the choice to focus on a minimal access
technique for subtalar arthrodesis, to optimize the view in joints and to develop a sideways
steerable punch.
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Figure 3.0.1

Bones en ligaments forming
the hindfoot, whereby the
focus is on the subtalar joint.
The calcaneus, and talus as
well as the three facets of the
subtalar joint are shown in
detail. Anatomic illustration is
based on Sesam Atlas™.

3. Subtalar arthrodesis: analysis for a new technique

In this chapter the development of a new technique is presented to perform a subtalar
arthrodesis by means of a minimally invasive approach. The subtalar joint is located in the
hindfoot (Figure 3.0.1). When a surgeon performs an arthrodesis, the joint is fused. On the one
hand, this identified problem area did not receive a high priority from the interviewed surgeons
(Chapter 2) because the operation is not performed frequently (426 procedures in 2000 in the
Netherlands).! On the other hand, a minimal access technique for this procedure would
potentially be beneficial for the patient, the participating surgeon has ample experience with
arthroscopic ankle joint surgery, and this project offers technical challenges. These challenges
are that the shape of the subtalar joint is complex, and that the new arthroscopic instruments
designed to facilitate the reachability in this joint could probably also be used to enable easy
arthroscopic access in other joints (e.g. joints in the foot or wrist).

Sections 3.1 to 3.3 are based on the paper Subtalar arthrodesis: current limitations and criteria
for a new technique, by G.J.M. Tuijthof, C. N. van Dijk, and P.V. Pistecky, which is submitted to
Foot & Ankle International.? In Section 3.1, the anatomy and function of the subtalar joint and
the procedure for subtalar arthrodesis are elucidated in more detail. In addition to this,
observations from clinically practice are included. A literature overview of the open and
arthroscopic subtalar arthrodesis techniques is given, as well as the current limitations (Section
3.2). The analysis from Sections 3.1 and 3.2 made it possible to set up a strategy for a new
subtalar arthrodesis technique (Section 3.3). The chapter is concluded with a discussion in
Section 3.4.
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3.1 Subtalar joint and arthrodesis

Subtalar joint

Hindfoot motion is possible through the subtalar, talonavicular and calcaneocuboid joint (Figure
3.0.1). The subtalar joint consists of three separate articulations of the calcaneus and talus.® The
curvature of the subtalar joint is complex and it may be considered as convex and concave ovoid
surfaces.* This type of curvature makes it difficult to visualize the posterior facet completely
when performing open as well as arthroscopic surgery. The orientation of the subtalar joint axis
results in a spatial motion of the subtalar joint, which is referred to as either pronation or
supination (Figure 3.1.1). According to Isman and Inman’, the average angle between the
subtalar joint axis and the horizontal plane is 42°, and the average angle between the subtalar
joint axis and the midline of the foot is 23°, but there is a remarkable variation amongst the
population. The subtalar joint allows the foot to rotate medially or laterally while remaining
vertical and it helps in the prevention of foot slippage.® The motion of the subtalar joint is started
on heel contact.” The eccentric position of the body weight and the center of heel contact causes
a torque about the subtalar joint. The joint moves into eversion which is a quick passive motion
that stresses the surrounding ligaments of the subtalar joint.* When the subtalar joint is in
eversion, the axes of the transversal joints are parallel, which allows the forefoot to be flexible.?
Inversion of the subtalar joint occurs at heel rise of the foot. The axes of the transversal tarsal
joints are divergent at this moment and allow the midfoot to act as a lever to raise the body.

Indications

Subtalar arthrodesis is known to be an accepted surgical procedure for isolated subtalar
problems unresponsive to conservative treatment. The categories of problems requiring a
subtalar arthrodesis include degenerative joint disease after calcaneal fracture, foot deformities
occurring with poliomyelitis and cerebral palsy, subtalar dislocation or instability, different types
of arthritis isolated to the subtalar joint, dysfunction of tendons around the ankle joint and failure
of previous subtalar arthrodesis.*** Osteoarthritis is a pathology that mainly takes place in older
people, whereas foot deformities and dysfunctional tendons usually occur at young ages.
Calcaneal fractures mainly result from falls from height and motorcycle accidents. Approximately
three-quarters of the calcaneal fractures (2% of all bone fractures) are intra-articular and

Figure 3.1.2

Picture of the lateral incision
that is made to access
thesubtalar joint. A lamina
spreader is inserted in the
Jjoint to create more working
space. The surgeon holds a
chisel in his hand with which
he removes cartilage from the
subtalar joint surfaces.
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Figure 3.1.1

Movements of the ankle that
are possible through the
presence of the subtalar joint.

eversion inversion
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Figure 3.1.3

A) Picture of a Steinmann pin
inserted through the subtalar

joint.

B) Fluoroscopic picture of the
subtalar joint to verify the

location of a guide wire,
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eventually require a subtalar arthrodesis."* The patients in this group are aged between 25 and
45 years. The reasons of performing a subtalar arthrodesis are pain relief, correction of
instability, and restoration of the function and alignment of the deformed hindfoot. In the early
years, a triple arthrodesis was performed to alleviate the painful symptoms. For children, an
advantage of performing a subtalar arthrodesis instead of a triple arthrodesis is that the former
hardly interferes with the growth of the child’s foot.® Furthermore, surgeons sometimes prefer a
subtalar arthrodesis over a triple arthrodesis, because the foot remains more flexible than the
rigid foot after a triple arthrodesis.** It is indicated that a subtalar arthrodesis causes more
stress on neighboring joints. Some believe that this could lead to progressive osteoarthritis in
these joints, but so far this is not the case.”

General procedure

The general subtalar arthrodesis procedure can be described as follows: access is created to the
subtalar joint, cartilage is removed, correction of the foot is performed, the calcaneus is fixed to
the talus and the wound is closed. Access is usually achieved from the lateral side via an 8 to
10 cm incision over the subtalar joint area, whereby the patient lies in a lateral decubitus position
with the effected leg on top (Figure 3.1.2). The subtalar joint is exposed with a lamina spreader.
The cartilage and subchondral bone layers of the subtalar joint are removed with the help of a
chisel and curettes. After the surface layers are prepared a guide wire is placed through the
subtalar joint and to verify the fixation position fluoroscopy can be used (Figure 3.1.3). A
cannulated screw is placed along the guide wire, which is then removed. The gaps in the
subtalar joint are filled with bone grafts, and the incision is sutured.

Analysis from clinical practice®
Five open subtalar or triple arthrodesis operations were attended, performed by four different
surgeons, and one arthroscopic subtalar arthrodesis performed by another surgeon on a cadaver
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ankle was attended. A number of comments can be made with regards to the observations and
discussions with the surgeons in question.

The main indications to perform a subtalar arthrodesis are posttraumatic or rheumatoid arthritis
and the main reason to perform a subtalar arthrodesis is pain relieve. The surgeon determines
the alignment during an operation by visual inspection, for which he uses the following
guidelines for a correct foot position: when the foot is at an angle of 90° with the lower leg, the
hindfoot should be in slight valgus position and the forefoot should be flexible enough to allow
for both abduction as well as adduction.® Both the amount of malalignment preoperatively, and
the correction postoperatively are controlled with a lateral weightbearing radiograph.
Peroperatively, the joint is preliminary fixated with a guide wire. When the position is checked
bone grafts are inserted in the gaps present in the former joint. It is indicated that the method
to determine the alignment of the hindfoot is not very accurate, and is performed by visually
inspection only.

When the hindfoot is severely deformed it is of no use to preserve the contour of the joint to
keep the biomechanics in tact. Bone is removed in thicker layers to ensure enough flexibility for
fixation in an anatomically correct position. In cases where not only the subtalar joint is fused
but also other joints, a minimal access technique would be useful if all joints can be accessed
arthroscopically. In this case it is probably useful to develop 3D-visualization support to define
more accurately the direction for bone removal in the joints. In cases where there is no
malalignment, the preservation of the surfaces of the subtalar joint is important when
performing a subtalar arthrodesis. In these cases it will be advantageous to perform an
arthroscopic subtalar arthrodesis. However, this requires high surgical skills, because orientation
in the joint and portal placement are difficult, and the removal of cartilage is time consuming.
The surgeons indicate that the subtalar joint space is usually about 2 mm, which forces them to
use small straight instruments. The limitations of these instruments are that they cannot follow
the surface contour, they are fragile, and the small shaver suction passages get blocked. In
addition to this, it is very difficult to create smooth congruent surfaces which is important for
optimal fusion.

3.2 State of the art and current limitations

Introduction

By means of a clinically driven approach problem areas in the field of arthroscopy were assessed
(Chapter 2).*® One of the projects implies the development of surgical instruments for
arthroscopic operations. From our research?, it was indicated that a minimal access technique
for the subtalar arthrodesis could definitely have advantages over the current open procedures
for the patients, and that this new technique should be easy to learn and to perform.

The goal of this section is threefold. Firstly, a thorough literature study is performed to analyze
the different existing techniques for subtalar arthrodesis. Secondly, from this analysis general
limitations of the procedures are pointed out, so that factors can be defined that influence the
outcome of a subtalar arthrodesis. Thirdly, analyzing the techniques from a technical viewpoint
with the help of these factors, a strategy will be presented (Section 3.3) that can lead to an easy-‘
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to-perform and reproducible minimal access technique.

A search was done for literature on the following topics: biomechanics of the subtalar joint, open
and arthroscopic arthrodesis techniques, and arthroscopy of the subtalar joint. Since the project
goal is to develop a new operation technique, it is not claimed to give a complete review of all
articles about subtalar arthrodesis, but the review mainly concentrates on articles that present
new techniques or articles that often appear in reference lists of articles about subtalar
arthrodesis.

Review: techniques, results, complications, and limitations

Techniques

The general subtalar arthrodesis technique can be described as follows: access is created to the
subtalar joint, cartilage is removed, correction of the foot is performed, the calcaneus is fixed to
the talus and the wound is closed. In order to be able to analyze the different approaches and
techniques, it is proposed to subdivide the subtalar arthrodesis procedure into separate phases.
These phases are: measurement of malalignment, access, cartilage removal, correction, fixation
and postoperative care. Table 3.2.1 provides an overview of this subdivision on open and
arthroscopic techniques for subtalar arthrodesis along with the literature sources. Additional
sections to the phases are pathology and type of bone graft, and the access phase is divided
into the sections: patient position, location of incision and distention method. For brevity, only
the first author and date of publication are mentioned in the phases of Table 3.2.1; and only
phases of the arthrodesis technique are taken into account that are explicitly described or
referred to, e.g. the Grice- procedure. Not all articles indicated in Tables 3.2.1 and 3.2.2 are
explicitly mentioned in the text. If an author is mentioned twice or more in certain phases, he
uses each of those items, e.g. Burton et al.?? use both Steinmann pins and fluoroscopy to
establish fixation. If a category contains the term ‘all other authors or not mentioned explicitly
in the text’ it means the most authors do not explicitly mention this item, but it is assumed that
they perform the standard actions that all techniques require and that they do not use additional
tools other than those explicitly mentioned. Fixation is sometimes performed with more than one
screw, this is indicated between brackets. The number of weeks of nonweightbearing is added
between brackets if this is explicitly mentioned in the paper. Open subtalar arthrodesis
techniques give rise to a significant number of complications and the procedure has some major
technical limitations. As arthroscopy is becoming a widely accepted approach in orthopaedic
surgery, several surgeons have successfully performed arthroscopic subtalar arthrodesis.?*
According to these authors, an arthroscopic approach causes significantly less morbidity and
enhances proprioception, shortens length of hospitalization, the possibility of early motion and
weightbearing, less complications, and allows careful resection of the cartilage, leaving the
geometry of the joint intact. These authors are also included in Table 3.2.1 and indicated by the
names printed in bold face. Instead of incisions they use portals to reach the joint, as is indicated
separately.

Results and complications
lIn order to derive factors which are important in the different phases of the operation to reach
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an optimal outcome, the results and the complications were analyzed, too. Table 3.2.2 gives the
results in chronological order. In the first column, the first author and publication date are
mentioned, followed by the number of operated feet and patients. The term clinical result is
defined as an objective outcome assessed by the surgeon. The percentages indicating a positive
clinical result are given (fourth column). Patient satisfaction indicates the subjective opinion of
the patient about the outcome of the arthrodesis. The percentages of patients that were satisfied
or satisfied with minor reservations are presented in the fifth column. Combined scales contain
both objective and subjective criteria to judge the outcome, e.g. the AOFAS-scale (American
Orthopaedic Foot and Ankle Society).” The results of combined scales are given in the sixth
column, where the maximum AOFAS-scale scoring is 94 points.” Furthermore, about half of the
papers mention explicitly whether or not the patient has residual pain since this is an important
reason to perform an arthrodesis in the first place. The percentages of patients that have
residual pain are presented in the seventh column. The numbers of patients and feet can differ
slightly from the numbers in the original articles, because only the feet that had enough follow
up time according to the original papers are taken into account. The percentage of good clinical
results and complications is determined by division the number of pertaining feet by the total
number of feet, wheras patient satisfaction is determined by division of the pertaining patients
by the total number of patients.

The complications are categorized as early complications and late complications and are
presented in the same manner as the results (Table 3.2.3). Early complications include infections
and damage to neurovascular structures (Table 3.2.3), because they occur during the operation.
Not every author mentions the occurrence of these early complications.

Technical limitations

The limitations of techniques as indicated by authors are presented in Table 3.2.4. A number of
authors indicates difficult phases in the procedure for the open as well as the arthroscopic
procedure. For the open procedure the main limitations are the difficulty to measure the amount
of malalignment or to determine residual deformity, next to wound closure, assessment of
radiographic consolidation, removal of cartilage and accurate placement of the fixation screw. A
number of authors advises against the use of cortical bone grafts alone. Others suggest that it
is not necessary to use a bone graft.

For the arthroscopic technique the limitations are different. Especially the establishment of the
portals and the creation of access to the entire surfaces of the subtalar joint are difficult. These
limitations, together with the fact that the indication for a subtalar arthrodesis is infrequent,
require a highly skilled surgeon. Lastly, it is not possible to perform a subtalar arthrodesis when
correction of the hindfoot is needed.

Discussion

This section will discuss each of the operation phases successively. No effort is made to perform
a statistical analysis of the results, since there is no uniform evaluation protocol, and even the
scales, that are similar, are sometimes interpreted differently by the authors. Instead, factors are
identified and trends are derived for each operation phase, that probably are important tol

3. Subtalar arthrodesis: analysis for a new technique

Technical improvement of arthroscopic techniques E

25



[8661] wyeq [9661] epp uawy [9861] puepion [¥£61] wounsbug
[8661] uaring [e661] usewoy [98611 nsH [#961] 320110
[866T103seL  [£66T] ed0RUN [8661] o3ses [e661] uen [s86T] oW [zs61] 2ot sioy3 ne|

b peaids euiwe) 1 |EAQWUD 4 3NSSI) 3OS uonuUA SIP)
8667 ] Yso[E 666T] uojuelds sioyy ne

|enuaA “1ejoaaysod
/ |essop Jauupysod sjepod
S10p pur pue |enuan /aippuu frousyue
oudjue JejosRue soudlsod foudue

[000Z] 183 [6661] Sueny [9861] puERIOW [9£67] uosfuuaq

[6661] unubne] [866T] wyeq [9867] nsH
[9861] nsH [8661] 022 wWuES [9661] uosiatpiy [s86T] IDOW
[9261) ssoo [8661} utew [€66T] wey [6861]uolPW  [Z867T] uos sueyor LP961] 34201
[8961] 4nouras; 55 [£661] suoBew [6261] HaoNE [8861] mossny [o861] ssoy [z561] 2010 si0y ne|

pauaee |esa3ejoaa3sod

3. Subtalar arthrodesis: analysis for a new technique

yed ouajue adeys-1 jesielelawl Yy @ enquy dn [eutpnyibuog 15423 S nuis .Ba o Ajenbiiqo uoisidu ||
666T] uoeids]

[8661] wiel [0002] 433s1u314
f£661] wew |p4 . [8661] wiing

[6661] uoiuens  [gg6T]1mossmy i [¢661] Doy sioyyng
diy pa1ensis ypmaurdns jsod uan ed

[8661] uoun: s [86611 wyeq [2661] z1eupag
[6661 Juojuesds; [£66T] auobuely > [8661] uang [9661] uong
perayiuApdide  [866T] o3se. ) e [z661] exoewy  [9661] eppus Wy

pauopua jou lo  [866T]yosoe [oooz] semutd  [£66T] uew |pd [e661] usewoy [s861] I1EOW

siopnesayio iy k66T uas pun : [8661] weW [£6611 wyd [1661] uojuelds suoy3 ne|

JuduwiaanNseaw|

10 /pueaad)ia3y
auou 0 Ajjensia S43}aWol uob yioq ydeiboipes annjesado sad uawu Bijesiw|

1 [8661] 002 WuUES [s861] haw

[8661] uwewW [1661] uojuens [2661] exouy ¢.[0861] ss0Y
[£661] 0B [886T]1MOSSNY {68611 vOi P [9¢61] s01D [¥961] 120110 g
[¢661]z10UBg [886T] wew [9g61]puepion  [9/61] uosiueq [2567] 301D suoyyne B4

S$3anjlely |esueded paxiw ¥ Abojoyyed

Technical improvement of arthroscopic tech

B ERPRES S gLERLeSEYRES =
SR N CH =
EeSTNEoS8s8y855eSE
23858608838, 8 0888 =
SEH " PERSKILE3XR EQ >
SR SR R B ESSNEE
A B
fpicdefiplsElings
SRES88S8 SR8Fe-v8uty
3538555 gE2888 R3S
38 SEES £ EgS £y
L) BgEL 8 N3¢ € Vo)
& S8 § ¢ 9 3 ~
e} & Q b1 Y ﬁ =3
a g m. S




27

MniﬁT

[s861] leoW
(o1 e 8) [6667] Bueny [0861] ssoy

[8667] wiing [z661] uep [8861] 12D
[666T] {8661] wea [9661] eropuawy [9861] Puej2ion

Technical improvement of arthroscopic techniques

uojuRIdS
[oc0z ] A1 {z661]sudbue  [g66T] usewoy [z861] uossuewpg (z1) [L661] 2aRupag  (Z1) [p£61] woasbul
{6667] uowens [¢661] eXOEUY [e661] uuey [££6T] Mowerey ; e . (8)[9667] png  (8) [8961] nowAss
[8661] wew [£667] uuewyja4 [6861] uojan [¥96T] >polIcd £ u i h ; (8) [9861] nsH (zr) (256112210 sioyne

Buieaqiyblam syaamg buueaq E.m_wz. ‘Mg buuieaqiyb e muou ased
7 arybramuou 'm g > SPIM < I0g anesadojsod

e [6861] uoiiew [z267]) yawery
[vesT : : ] [9861] puepion [9¢67] ss0D
(8 . [sg6T]NsH [p£61] woasbua

[s861] 12PN

[6661] Euen : [es61] uossueyor
[e661]uuen [o861] ssoy [4961] ¥ (I
[8867] uuep | [6£61] 319N [25611320 sioy 1ne

{ydesboipes 1o Adoxsouon) N (opinb |y Lu ‘3N D)
sajdeys ann esadosad) maixs ML MIIDS OU uone xiy
. [1661] uojue 15

[£661] ysewoy & [oo002] sos101314

-foseL] Seen [z861] uossueyor ¢ [8667] cosennues
Wk [6¢61] 190N [8661] wyeg [9261] ss0B
[z661]uuewyay  [££61] npueiey [266T] exo ey

[9661] Yora [£961] 2awoyy I [e661] wen sioy ne
deb pa) €242 Ul }20|g 3uoq |eAowai 3uoq u013234103

9661) Yra .

[oo0z] &15Wad [9661] eiopuawy [8661] uaning
[6661] uoe 15 [8861] mossmy [6867] uoew [2£6T1 (Yowepy
[866T] DOR WWES [8861] 122 [98611NsH [£961] sewoyy
[¢661] vap [9261] ssom [5861] neow [#961] %0 11y
[£661)2IRUpPRE [8961] nowAss [2867] uos sueyor [zs61] 9910 S0y ne

3 uoq jyueq ) jjesboine exy ’ ye 160N e SNojjRURD0 AU M@ yesbauoq
[6661] uojue.og

i) [866T] yosouar
ayiul moide
pauonuaw YU 10

sione Jayp Iy

[1661] uoens [2£6T] iyowepy

[z861] uos sueyor [ 9z61] uostuuaq
[6261] 210N sioyne
|eaowal @ bejped

[2661]uueUn>y

3. Subtalar arthrodesis: analysis for a new technique




(6661 | uolueg

68 25 SOV
%9/ 9|25 aMO)-snbuy
9/ €05 SY40Y
££ IS SY40V
0/ e3s SY40V

3. Subtalar arthrodesis: analysis for a new technique

9/ L3S SYOV
SL 9E3S SY40V
7L 9235 SYH0Y
%EL
(sunsay Ajes) 94001

%8 .., [8y61] mios
0%EL - [896

%TL
%96
%S

%9¢

%001
%ES
%06
%68
%08

%9 1
i i 4 %88 e . .
:_mn_@:n_wwh mw_mumvw:_nc._ou:o_uu.&m_ummu:w_umn u_:mmﬁ_mu_c:u

N g
~N

~ 3
8§
|RE
~ @
£
m
[~4

g
g
3
s
5
g

§
g
Q
3
5
m
©
h~]
S
8
3

4]
g
c
;
.W
£
"o
‘5
5
m
2
2
E
i
c
:

jon

ories.

An asterisk (*) indicates the

are mentioned in the

categ
authors who perform a
subtalar arthrodesis together
patients.

with a tendon transplanta
for the majority of their

28




achieve a successful subtalar arthrodesis and that could be improved by additional technical
support. This implies that from the facts gathered in the tables more conclusions could be
derived that are worthwhile to notice, but these are outside the scope of this chapter.

Scoring scales

It is hard to compare the results of different articles and therefore a few remarks about the
presentation of the results are appropriate. Till the eighties, the surgeons only used two criteria,
consolidation and residual deformity, to rate the results. However, it is doubtful whether
radiographic assessment of consolidation is reliable and accurate.'**** Furthermore, it is unclear
how clinical union can be assessed accurately, and how residual deformity should be assessed.
Nowadays, a combination scale of patient satisfaction and functional outcome is a more
important scale containing better defined and more relevant criteria, and it is widely accepted
(AOFAS-scale). Unfortunately, many authors provide only mean values of this AOFAS-scale so
that information on its variance is absent. Bednarz et al.® have addressed this item and
presented the AOFAS-scale in a graph showing the individual improvements, and allows to derive
proper conclusions. Another shortcoming in using the AOFAS-scale is that the minimum score
corresponding to a satisfactory result is not defined. Flemister et al.* are the first ones to define
a minimal score of 69 as a satisfactory result.

Patient satisfaction is usually higher than surgeon satisfaction (Table 3.2.2). This can be
explained as follows: a patient who has no or less pain after the operation and can do some daily
activities or go back to work is probably quickly satisfied, but this does not imply that the
operation was performed optimally. Furthermore, the patient is dependent on the surgeon, and
therefore giving a satisfying answer could continue a good relationship with their physician.
Looking at the results in Table 3.2.2, a number of authors presents a high satisfaction rate, even
though a large number of their patients still has some daily pain or residual deformity. In
conclusion, the scoring scales do not have clearly defined measures to determine which result is
truly satisfactory.

Pathology

Table 3.2.1 shows that a subtalar arthrodesis was primarily indicated to correct foot deformities,
and the results of these operations appear to be less satisfactory (Tables 3.2.2 and 3.2.3) than
results for other disorders. This can be attributed to the fact that deformities are difficult to
correct, since not only the shape and relative position of the talus and calcaneus have to be
adjusted, but also the balance of muscle forces has to be restored. This requires a thorough
understanding of foot and ankle biomechanics to judge whether or not an additional tendon
transfer is required. The subtalar arthrodesis procedure is indicated for isolated subtalar
disorders in later years and gives more rewarding results (Table 3.2.2). Recently, it became
possible to perform the operation arthroscopically, which provides advantages for the patients.”
% From the section pathology in Table 3.2.1 and the results in Table 3.2.2, it can be concluded
that it is more likely that a subtalar arthrodesis procedure will succeed if the anatomy of the
hindfoot is minimally disturbed, the trauma is minimal and if there is no defect in the balance of
muscle forces around the hindfoot. l
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Measurement of malalignment
To be able to fuse the hindfoot in a correct position it is important to measure the amount of
malalignment. Apart from this, the surgeon should be able to verify the amount of correction
per- and postoperatively. A lateral weightbearing radiograph is often used to determine a couple
of variables related to the alignment of the foot (Table 3.2.1). However, these variables are
difficult to measure and to reproduce from radiographs (Table 3.2.4). Furthermore, the
conditions for taking the radiograph have to be exactly determined, the bony landmarks
necessary to measure the variables are not always clear, and the relationship between these
variables and the functional outcome is questionable.* Flemister et al.* found no correlation
between the talar declination angle and the AOFAS-score.
None of the authors use the results from the radiographs for accurate preoperative planning of
the correction. One of the reasons is that these radiographs are taken in a weightbearing
position, whereas during the operation the foot is in a non-weightbearing and different position.
‘ Laughlin and Payette®?, Mallon®, Kitaoka and Patzer?, and Mann® state that it is essential that
| the forefoot has a certain amount of flexibility to have a successful functional outcome after
‘ subtalar arthrodesis. Therefore, it is useful to measure and to compare the range of motion of
| the forefoot pre- and postoperatively. However, some authors measure only the hindfoot
flexibility (Table 3.2.1), whereas forefoot flexibility is not measured quantitatively by any of the
authors. Therefore it is unclear how this flexibility is defined and what its range should be. It is
also unclear what the ideal configuration is for fusion of the talus and calcaneus. Some authors
simply state that the foot deformity has to be corrected. Moreland and Westin* indicate that the
foot has to be fused in a neutral position, and Lian® and Mann® suggest that the hindfoot is best
fused in 5° valgus, because then the forefoot is flexible. Scranton* and Astrém™ state that there
exists no such thing as an ideal foot, but it is natural for a human to be symmetric. They suggest
that, in establishing correction of the pathologic foot, symmetry has to be sought with the
opposite foot, except in cases where both feet are deformed.
In conclusion, a clearly defined quantitative measurement of the degree of malalignment and
per- and postoperative correction is not present in the current subtalar arthrodesis techniques.
This fact is at least surprising, since one of the main goals is to achieve a good alignment of the
hindfoot. A correct foot position is not defined in literature, but it seems logical to aim for a
correction in which symmetry with the opposite foot is sought for in a weightbearing position.

Access and cartilage removal

Little attention is paid to the position of the patient in the operation room (Table 3.2.1). This
can, however, be an important issue when trying to measure the alignment or amount of
correction peroperatively, especially when this is done by visual inspection. With the patient lying
in a lateral decubitus position, it is difficult to find an anatomical reference axis to determine the
amount of correction.® If the patient is lying in a prone position, the opposite leg and foot can
be used as reference axis to judge the established correction of the hindfoot.

The necessity to make a large incision when performing an open technique introduces the risk
of infections, neurovascular damage, and problematic wound closure (Table 3.2.3).%* In
addition to this, surgeons indicate that the access phase is one of the difficult steps in thel
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procedure.*? The arthroscopic techniques significantly reduce these complication risks (Table
3.2.3).2* However, for the surgeons this arthroscopic approach is demanding (Table 3.2.4),
since the geometry of the subtalar joint is irregular. The Batchelor-technique® can be marked as
a minimal access technique. This procedure is supposed to be easier to perform than the Grice-
technique™ and gives immediate firm fixation of the joint.*** Gross® reports a non-union rate of
as much as 41% (Table 3.2.3) and advises against the use of the Batchelor-technique. The
reasons for failure are according to Gross®: too short period of non-weightbearing, the use of
cortical bone graft, and too little compression force in the subtalar joint. Another major factor
could be the fact that the cartilage is hardly removed. If there is no bone-on-bone contact, fusion
cannot take place. For the Batchelor- technique, fusion can only take place by means of the bone
graft, but since there is only a small bone on bone contact area, the bridge can easily break,
even after some time. This is confirmed by Feliman and Zollinger® who found that insufficient
cortical bone had been removed in their two cases of nonunion. Hsu et al.* presented a
combination of the Grice- and Batchelor-technique, but the advantages of this combined
technique are not evident.

In open surgery, tissue is removed to create workspace. If soft tissue removal is inadequate to
inspect the entire joint, a lamina spreader is used, and sometimes a distractor. Excessive
distraction can cause nerve damage.”* A method to avoid access to the entire joint and to
create extra distraction is the partial removal of the cartilage and subchondral bone of the
subtalar joint at the lateral side (Table 3.2.1). However, this method does not enhance quick and
solid fusion of the joint (Tables 3.2.1-3.2.3).

In conclusion, firstly, it is favorable to place the patient in a prone position to be able to perform
a measurement of alignment in the operation room and use the opposite healthy foot as
reference. Secondly, an arthroscopic or minimal access to the subtalar joint has obvious
advantages. Thirdly, even though no explicit references could be found, it is derived from the
discussion that the feathering of the entire posterior, medial, and anterior facet on the talar and
calcaneal sides is an important factor to obtain quick and solid fusion.

Bone graft

A lot of different types of bone graft have been applied and they all have their advantages and
disadvantages. A cortical graft is strong and stiff and can be used to correct a deformity, but it
does not enhance fusion as well as a cancellous bone graft does. The corticocancellous bone
graft seems therefore a good compromise and is used by many authors (Table 3.2.1). Grice®*and
Thomas® advise against the use of cortical bone grafts. It can indeed be concluded that
surgeons who use only cortical bone grafts report good results, but have more cases of non-
union (Table 3.2.1-3.2.3). If there are no deformities, it seems more favorable to use a
cancellous bone graft or no bone graft at all, to optimize the conditions for fusion.?*** The
main advantage of not using a bone graft is that it reduces the morbidity of the patient, since
no additional operation is necessary to obtain a bone graft. The use of an allograft or bank bone
also reduces the morbidity for the patient.*® However, the results for these types of bone graft
are mixed. Engstrom et al.* advise against the use of allograft, whereas Michelson and Curl”,
and Easley et al.** detected no significant relationships between the type of bone graft that had
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* Consists of transfixing the subtalar joint with a fibular graft inserted at the anterior part of the neck of the talus, without removal of cartilage and subchondral
bone in the subtalar joint.
" Consists of a lateral approach to remove the cartilage and the subchondral bone layers, followed by insertion of bone grafts in the sinus tarsi to perform
correction of the hindfoot.
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been used and the results achieved.

In conclusion, solid fusion can be obtained without the use of bone grafts. The authors who
present results thereof denude the entire subtalar joint on the talar and calcaneal side. This
supports the hypothesis that the removal of cartilage is essential for a solid fusion. When a bone
graft is used a cancellous autograft is advised. When correction of a deformity is needed a
corticocancellous autograft can be placed.

Correction

Deformity is a primary reason to perform a subtalar arthrodesis. Therefore, correction of the
deformity is important, and it is a crucial phase in the operation.® Patterson et al.”” mention that
the major cause of failure of a hindfoot arthrodesis was undercorrection of the deformity by the
surgeon at the time of operation. It is remarkable that little attention in the literature is paid to
methods for correction.

The current correction methods used (Table 3.2.1) are inaccurate and unreliable®*, since, as it
was already pointed out, it is hard to visually judge the degree of correction. Only Easley et al.*
and Chan and Alexander™ report measurement of the gap between talus and calcaneus and the
size of bone graft. From the analysis of this operation phase, it seems that surgeons lack tools
to accurately perform a correction.

Fixation

It is important that the joint is fixated firmly to obtain fusion (e.g. Gross*). The magnitude of
this compression force and how long it is necessary to maintain this force, is not found in
literature. Looking at the results and especially the nonunion rates, it can be concluded that
fixation with bone grafts alone does not put the joint in enough compression. Seven authors
(Tables 3.2.1 and 3.2.3) who perform a bone block distraction technique report considerable
rates of non-union and malalignment in comparison with results achieved by applying screw
fixation.

Nowadays, the arthrodesis is often fixed by positioning a screw in the center of the two joint
surfaces. This results in the weakest possible connection between the talus and calcaneus from
a mechanical point of view. E.g. when two steel rods are welded to one another, they are fused
at the outer circumferential surfaces of the rods, because this results in the highest resistance
to bending and torsion. Surgeons have noticed that the fixation with one screw is not always
sufficient, and a number of surgeons*2# solves this problem by using two screws to fixate the
joint.>* Kuwada™ has adjusted the fixation technique for specific patient groups and Thomas®
suggests a technique to prevent screw removal. It is, however, questionable if a screw is the
most suitable device for fixation, because of the current fixation location, and because the
patients often require a second operation for screw removal (Table 3.2.3).

In conclusion, compression of the two bone surfaces of the subtalar joint is important to achieve
union. Assessing the conditions for optimal fusion requires a great deal of mechanical
engineering background.
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Postoperative care

As far as the postoperative care is considered, most authors advocate 6 weeks nonweightbearing
cast followed by six weeks of a weightbearing cast. Early weightbearing resulted in a
considerable percentage of failures.®®**% Buch et al.”*, Bednarz et al.” and Huang et al.*, who
present techniques and results for malunited comminuted calcaneal fractures, are more careful
with the healing process, because these operations are usually more demanding. The authors
presenting an arthroscopic technique tend to let their patient walk at an earlier stage than 6
weeks, because of the already mentioned advantages of less morbidity and reduced damage to
neurovascular structures. In conclusion, there seems to be evidence that the more the structures
are left intact the faster the patient recovers.

Technical limitations

| The subtalar arthrodesis procedure is a demanding technique. One of the reasons is that the
| indication for subtalar arthrodesis is not frequently made, which impairs surgeons to acquire
experience with this procedure. Another reason is that the subtalar joint is very tight and has a
geometry that is difficult to reach. An arthroscopic technique is even more demanding, because
the access and workspace are more restricted. In conclusion, there is a need for additional
technical support to make this procedure easier and more accurate to perform, and to minimize
morbidity of the patient.

Conclusions

An analysis of the open and arthroscopic techniques for subtalar arthrodesis reveals that there
is @ number of limitations using these techniques: no well defined, accurate and reproducible
measurement of malalignment and bone correction, difficult access to the subtalar joint, and a
weak fixation. In addition to this, factors are derived that are important to achieve a successful
arthrodesis: minimal damage to structures, removal of all cartilage and the necessity to
compress the joint surfaces to enhance fusion.

3.3 Strategy of a new technique

From Section 3.1 and 3.2, it appears that several factors are important in achieving a successful
subtalar arthrodesis. For the patient the important requirements for a new technique are fusion,
no residual deformity, no morbidity, no pain and a quick recovery. Therefore, it is chosen to
approach the subtalar joint arthroscopically. For the surgeon it is important that he can easily
and accurately perform the procedure. It is necessary to assist him by biomechanical analysis
and development of additional instruments: a measurement system, an instrument for cartilage
removal and a fixation device. In this section, a strategy is presented containing guidelines to
optimize the procedure for both the patient and the surgeon, and indicates what instrument
should be developed to be able to implement this new technique. The proposed technique is
described according to the subdivision in phases presented in Section 3.2: measurement of
malalignment, access, removal of cartilage, correction of subtalar alignment and fixation. Each
phase will be elucidated. l
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Measurement of malalignment

To achieve adequate correction of the hindfoot deformity it is necessary to perform a
preoperative and a peroperative measurement of any axial deformity. To achieve this it would
need the development of a measurement device. The following criteria can be formulated for
this device: possibility to measure in weightbearing (functional situation for the patient) and
nonweightbearing situations (in the operating room), measurement of forefoot flexibility, and
determination of the size of a bone graft. Secondly, a quantitative, reproducible measurement
that can be determined with sufficient accuracy should be developed. Considerations for this
measurement - which will be most likely an angle - are choice of axes that determine this angle,
and usage of the opposite healthy leg as a symmetric reference to determine the amount of
correction. More criteria will be derived in Section 4.1.

Access

It is chosen to place the patient in a prone position, since this gives good reference possibilities
for measurement of correction, because the unaffected contralateral side can be use to seek
symmetry. In addition to this, the patient’s legs are in a straight position and their axes can also
be used as a reference to perform adequate correction of the hindfoot. We feel that it is
advantageous to access the subtalar joint by means of an arthroscopic approach. There are
portals defined for anterolateral subtalar arthroscopy®* %, but those portals all require the lateral
side of hindfoot to be placed upwards, which is contrary to the requirement of the preferred
prone position placement of the patient. Recently, a two-portal endoscopic ankle approach with
the patient in the prone position has been described that can also be used for access to the
subtalar joint.*

Removal of cartilage

For a solid fusion, all cartilage has to be removed from both surfaces. Although it is possible to
visualize the complete joint¥, it requires skills to remove all cartilage and to create a smooth
surface with the current straight instruments, since the joint space is very narrow.

To solve this problem there are two options, namely to create more workspace or to develop a
flexible instrument that can follow the contours of the joint and thus makes it possible to reach
the entire joint. Furthermore, this instrument can be designed such that it can be used in
combination with a routinely used shaver system, which enables easy tissue removal. Creation
of more workspace demands more soft tissue resection and ligament release. The more
structures are left intact the quicker the patient is likely to recover. It is therefore suggested to
develop an arthroscopic instrument that meets the following demands: easy and quick removal
of cartilage and subchondral bone, leaving a smooth surface and preserving the shape of the
joint.

Correction

Bone correction via an arthroscopic procedure is currently not possible and this is a major
disadvantage for the choice of an arthroscopic procedure. Jerosch® brings little pieces of bone
!chips inside the joint. These chips probably are too small to serve as ‘bone block’. There are two
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profitable solutions. The first option is insertion of bone grafts via one of the portals. If the bone
grafts are too large, it could be possible to create a larger access portal by removal of fat tissue
anterior to the Achilles tendon. The second option is to integrate the correction function in the
fixation device. Then, only cancellous bone chips have to be inserted via the portals to enhance
fusion. Further investigation is necessary to make a decision.

Fixation

The screws currently used as fixation device do not give an optimal performance. It is necessary
to investigate a number of factors to formulate design criteria and specifications: determination
of the minimum compression force to create optimal conditions for quick union, determination
of the optimal fixation locations, and bone adaptation to the foreign material. The optimal
location for fixation could for example be the most loaded area in the subtalar joint during
standing or walking.®>* It might be advantageous if the screws bear less load when time passes
or even dissolve like bioabsorbable materials. This would also prevent an additional operation for
screw removal. Lastly, attention should be paid to the integration of the correction and the
fixation function into one device.

Subtalar endoprosthesis

The subtalar arthrodesis procedure is commonly used to relief chronic pain complaints in the
subtalar joint. In addition to the proposed minimal access to enter the subtalar joint, a step

forward would be to replace the joint instead of performing a fusion. The first phases of the
proposed technique can also be used for the joint replacement technique.

3.4 Discussion

In this chapter, the clinically driven approach was used only after the engineer had performed a
thorough literature study of the current techniques for performing a subtalar arthrodesis. The
initiative for starting research in this area came from clinical practice. However, this type of
operation is not frequently performed via an open procedure, and not performed via an
arthroscopic approach in the Netherlands. Thereto, the engineer had to get acquainted with the
topic via literature in order to be able to start a useful interview with experts in the field. From
literature, it was possible to set up a new strategy for a minimal access technique, which was
mainly due to the fact that the engineer was able to investigate the literature from a different
point of view. Seeking for feedback of each idea remained an important step in the process,
since surgeons can judge if a new or different step could be possible in clinical practice. The
interviews with experts supported the new strategy, and revealed a couple of nuances to the
new technique. For example, a new measurement system to determine the hindfoot alignment
of a patient will probably be more frequently used in severe cases. It is concluded, that the fact
that the interviewer was familiar with the topic and asked detailed questions lead to the
gathering of useful information. Analysis from a technical point of view revealed limitations that
can be solves by development of simple additional instruments that improve that quality of the
procedure.
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4. Subtalar arthrodesis: implementation of a new
technique

In Chapter 3, a strategy was set up for the performance of a subtalar arthrodesis, including the
necessary instruments that have to be developed to implement the technique. In this chapter,
design criteria are set up for two of these instruments. For each instrument a prototype is
constructed and is evaluated. Section 4.1 concentrates on the development of a measurement
system to measure the alignment of the hindfoot pre-, per-, and postoperatively. The second
instrument aims at the removal of cartilage and subchondral bone from the joint surfaces of the
subtalar joint while preserving the shape of the joint surfaces. Thereto, Section 4.2 presents the
set up of a model of the subtalar joint space, and experiments to determine the machining forces
of bone and cartilage. These data are necessary to define the actual values for design criteria of
the flexible instrument. In Section 4.3, the set up of the design criteria, the conceptual design,
and a prototype of the flexible instrument are elucidated. The chapter is concluded with a
discussion (Section 4.4).

4.1 Measuring malalignment of the hindfoot

This section is based on the article Measuring malalignment of the hindfoot, by G.J.M. Tuijthof,
J.L. Herder, P.E. Scholten, C.N. van Dijk, P.V. Pistecky, which will be submitted to the Journal of
Biomechanical Engineering.

Keywords: subtalar joint, alignment, clinical evaluation, reliability

Abstract: In about half of the cases where a subtalar arthrodesis is performed, a correction of
hindfoot alignment is necessary. To improve the quality of the operation, a measurement system
was developed which can measure the hindfoot angle pre-, per-, and postoperatively. This device
was evaluated with four observers and eight subjects, for which measurements were performed
in standing weightbearing position and in prone nonweightbearing position. The results were
compared with hindfoot angles determined by using posterior ordinary photographs. In
conclusion, the measurement system measures a clinically relevant hindfoot angle in
weightbearing and nonweightbearing positions. The measurement system performs slightly
better (intra SD is 1.3°, inter SD is 1.7°) in comparison to weightbearing photographs (intra SD
is 1.4° inter SD is 2.8°). Further investigation is necessary to assess if both methods are
accurate enough to use them in a clinical setting, since the intertester reliability is poor (ICC
0.64). A strict measurement protocol, in combination with adjustments to the prototype could
improve the intertester reliability.

Introduction

In subtalar arthrodesis operations, a correction of the hindfoot alignment is necessary in about
half of the cases.' In practice, surgeons use pre- and postoperative lateral weightbearing
radiographs, and / or peroperative visual inspection to realign the calcaneus with respect to the;
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leg.! This method is not accurate?, and not reproducible, since the bony landmarks are not
always clear on the radiographs. The relationship between variables on the radiographs and the
functional outcome is questionable.? Furthermore, radiographs are of no use inside the operation
room, because during the operation the foot is in a different and nonweightbearing position.
Unsatisfactory alignment is obtained in 4% to 21% of the cases after a subtalar arthrodesis.**"
In addition to this, it is unclear what the ideal configuration is for fusion of the talus and
calcaneus. Fusion in a neutral position, fusion in 5° valgus®**, and fusion where symmetry with
the opposite foot is sought®* are all indicated.

A number of studies involves the measurement of subtalar alignment in vivo and in vitro, as well
as subtalar motion.>?* Two subtalar joint positions are used in the measurement of subtalar
alignment. For the nonweightbearing subtalar neutral position several definitions are given.*
»2%3 In this paper, the subtalar neutral position is defined as the position for which the
posterior midline of the calcaneus is vertically aligned with the midline of the lower leg.?**#3
Although the definition is explicit, clinical assessment of this position is unreliable.”?%* The
weightbearing resting foot position, which is measured relative to the vertical by placing an
inclinometer on the midline of the calcaneus® or relative to the midline of the calf**, shows a
good intratester reliability of 0.85 and a fair intertester reliability of 0.67%%,

So far, the systems that have been used to determine subtalar neutral position or range of
motion cannot be easily used inside the operating room with the patient in a nonweightbearing
prone position.??#3% An advantage of the prone position in comparison to other positions
(lateral decubitus, and supine with elevated hip) is that the unaffected contralateral side can be
used to seek symmetry when performing the correction. This nonweightbearing prone position
is part of a new surgical technique to perform a subtalar arthrodesis (Chapter 3).!

The goal of this study is to present the development and evaluation of a measurement system
that can be used pre-, per-, and postoperatively to determine the malalignment and correction
of the hindfoot in a quantitative, sufficiently accurate and reliable manner. In addition to this, a
second method is applied which uses posterior weightbearing photographs in which the hindfoot
angle is drawn. A comparison is made between both the methods.

Materials and Method

Conceptual design

From prior study (Chapter 3), it was analyzed that the measurement system should fulfill a
number of requirements. Additional requirements are easy in handling, lightweight, sterilizable,
and a quick and noninvasive measurement.

Choice of measure

It is assumed that correction mainly takes places in the frontal plane, and that the correction
angle has no relation with the anatomical axis of the subtalar joint, since the subtalar joint will
be fused. Several options are available to define the hindfoot alignment: angle of the midline
calcaneus with a vertically located axis, angle of the midline calcaneus with the midline of the
'Iower leg, or angle of the midline calcaneus with the entire leg axis.?*** The entire leg axis is
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preferred as the reference axis, however this is
practically difficult to determine from the outside.
Therefore, we chose the angle measured in the
frontal plane from posterior view between the > Hindfoot angle
midline of the calcaneus, and the midline of the :
lower leg. The latter is defined by a line through the
middle between both malleoli and the middle of the
knee joint as measured at the level of the joint line
which can be palpated quite easily (Figure 4.1.1).2*
In case of genu varum or valgum, the surgeon can
compensate the to be corrected hindfoot angle
accordingly by means of a radiograph of the entire
leg. The exact definition to determine the calcaneus
axis was not found. Therefore, a logical definition of
the calcaneus axis was set up: the midline between
two pairs of locations on the calcaneus. Two
locations (Figure 4.1.1: A and C) are on the medial
side of the calcaneus, and two (Figure 4.1.1: B and
D) on the lateral side as seen posteriorly in the frontal plane. The lowest pair of locations (A and
B) were chosen at 10 mm above the footsole, and the highest pair (C and D) were chosen to be
at 25 mm above the first pair, in order to create a large as possible distance between the two
pairs.

Weightbearing and nonweightbearing

Measurement in weightbearing position is necessary, since the patient needs a normally aligned
hindfoot to stand and to walk properly, whereas a measurement in a nonweightbearing prone
position is necessary, since the patient lies nonweightbearing in the operation room.! As a
consequence, either the standing position has to be imitated in the prone position or an
unambiguous regression has to be determined between these two positions. To keep the system
simple, it was chosen to determine a relation between the weightbearing and the
nonweightbearing positions, and to place the subject’s feet on a platform in a fixed distance from
each other. The platform can be positioned on a table as well as in 90° rotated fixated to the
table (Figure 4.1.2). An average foot distance for the natural resting position was not found, and
an average step width seemed too large®. Therefore, the foot distance was chosen to be the
average shoulder width minus two times the average foot width (Appendix 4A.1). In addition to
this, it was found that during weightbearing measurement the knees are in slight flexion, which
can also be imitated in the prone position by placement of a cushion underneath the ankles.
(Figure 4.1.2.B)

Use of system in relation to accuracy
The necessary accuracy is difficult to determine and depends on the use of the measured
hindfoot angle. Therefore a couple of options will be discussed. For a unilateral subtalarl

Figure 4.1.1

Photograph of the posterior
side of a person.

The locations that are used to
determine the midline of the
lower leg (white bullets), and
calcaneus (black builets) are
indicated.
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Figure 4.1.2

Color illustration see cover.
A) Photograph of a person
standing in the measurement
system.

B) Photograph of a person
lying in prone position in the
measurement system. The
measurement is performed as

follows. The knee joint space *
is palpated and marked. The

subject is positioned in th

platform with his medial *

malleoli placed against the
medial black support, and his
heel against the edge of the
platform at the posterior side.
The calcaneal device is
positioned in a groove (Figure
4.1.4) and the rods are
alternately moved inwardly
until the device is fixed to the
calcaneus. The lateral
malleolus plate is moved
medially until it touches the
lateral malleolus. The lower
leg device is positioned
through the ring and the
upper rods are positioned on
the marks and moved
inwardly.

i«C) The 0°-line is positioned
1, parallel to the lower leg
device, and the hindfoot angle
can be read on the
goniometric scale.

Figure 4.1.3
Schematic drawing from the
posterior view of the
calcaneus and talus to show
the relation between the size
of the bone graft, the width
of the subtalar joint, and the
correction angle.

i"

|

‘ \N

platform

arthrodesis, the surgeon can subtract the preoperatively measured hindfoot angles of both sides
to calculate the correction angle. This method assumes symmetry of the left and the right side.
However, no data were found to determine if people are sufficiently symmetric, besides when a
bilateral subtalar arthrodesis takes place the surgeon cannot use the opposite side. Another
method to use the hindfoot angle could be that the surgeon judges the deviations from the
ordinary anatomy of the lower extremities. Based on his experience he chooses an optimal
hindfoot angle for realignment. The chosen hindfoot angle could be verified after initial fixation
of the subtalar joint with a Steinmann pin. Eventually, an option would be to use the measured
hindfoot angle to calculate the height of the bone graft when using a bone block distraction
technique. With the help of the calculation of the size of the bone graft an estimation of the
necessary accuracy can be given (Figure 4.1.3):

. a ;
hbonegraﬂ =2-b talus * sin (M) (411)

2

where h,,...« i the height of the bone graft, b, is the width of
the subtalar joint measured posteriorly in a frontal plane, dpreion IS
the correction angle measured in degrees. An estimation of the
accuracy can then be derived, if it is assumed that the size of the
bone graft, and the subtalar joint width can be measured with a
certain accuracy. With the help of Figure 4.1.3 and Eq. 4.1.1, the
equation for the measurement error of the correction angle
(A0t corecion) 1S derived. Thereto, SiNareaon IS linearized with a Taylor-
equation.” hy...« added with an error Ah,,.... iS subtracted by
Noonegratr @NA Noonegrore 1S SUbStituted by Eq. 4.1.1. After assuming that
Oeometion (I 1adians) is small, the equation for the measurement
€rror Admecion I1S:
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Ahbonegraft — acorreciion ) Abtalus

Aacorrecﬁon = b (4.1.2)

talus

where Ad.aon iS the error of the correction angle in radians, Ah,,,..« is the error of the size of
the bone graft, and Ab,,, is the error of the subtalar joint width. If it is assumed that b,,,. and
Roonegat CAN be measured with £ 1mm, it is calculated that the necessary accuracy of the
correction angle should be + 1°. Notice, that this is merely an indication.

Measurement system

A mechanical prototype of the measurement system was built to determine if the chosen
hindfoot angle is a correct measure, and to get a grip on the possible accuracy that can be
achieved. Several options are available for the construction: a spring mechanism, a screw
mechanism, and a rolling link mechanism. Screw transmissions were implemented in the
prototype, which is common in measurement of accurate positions. The prototype of the
measurement system consists of three parts: a platform, a lower leg device, and a calcaneal
device (Figure 4.1.2). The dimensions of the measurement system were derived from
anthropometric data (Appendix 4A.1 and 4A.2).*** A subject can stand in the platform with his
medial malleoli at a fixed distance against the inner malleoli plates (Figure 4.1.4). The platform
can also be attached to a table to measure the patient in prone position (Figure 4.1.2). Rods
placed at equal distance from a centre beam determine the midlines of the lower leg and
calcaneus (Figure 4.1.4). The rods can be moved simultaneously inwards or outwards with the
help of threaded shafts by which accurate motion is achieved. The lower leg device and the
calcaneal device can be interchanged between both the extremities, and they are limited to
motion in the frontal plane (Figure 4.1.4). The determination of the midline through the
calcaneus is performed by two pairs of rods containing a ball at their ends, which are moved
inwards until firm fixation is achieved on the calcaneus. Determination of this axis is the most
critical factor, since the distance between the two pairs of rods is only 25 mm. This implies that
an error of 1 mm results when the midline error is 2°. The measurement system is a non-
invasive device, and where possible lightweight materials were used to reduce the weight.
Further investigation is necessary to choose materials that can be sterilized. So far, little attention
was paid to a quick measurement, but the operation of the system is straightforward.

Evaluation

Systematic errors of the measurement system were determined with the help of photographs
taken of the measurement system with an inelastic dummy leg. The hindfoot angle was
reconstructed on the photographs using a computer program (Visio Technical 4.5, 1991-1997).
No systematic errors were detected for the measurement system.

Three hypotheses were tested with the measurement system:

. There is no difference or a predictable correlation between the hindfoot angle
measured in weightbearing standing and in nonweightbearing prone position.
. The accuracy and reliability of the measurement system are sufficient. This implies
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Figure 4.1.4
Photographs to point out a upper part of ::‘Q?c:eal Sphere
number of details of the lower leg device

measurement system.

A) The shaft of the lower leg
device that move the rods
inwards and outwards are rod
threaded. On one end the

threading is clockwise and the N . groove
other end counter clockwise. ! medial malleolus
This way the rods can be F plate
positioned simultaneously
inward or outward, so that
the midpoint of the shaft is

RN
clockwise thread counterclockwise

always halfway between the N thread
rods. Clearance is eliminated - lateral

by pieces of Teflon which are mallieolus
fixed in the brass rings. plate

B) Frontal view of the - . . . s ° .
calcaneal device, showing the that it is strived to achieve a standard deviation of 1°, and to achieve an IntraClass

four spheres that indicate the Coefficient (ICC) of 0.85 or higher for good intratester and intertester reliability.*>*
Calcaneal axis. o There is a correlation between the hindfoot angle measured with the system and the
C) Detailed photograph of a visual inspection performed by the surgeon.
Weca;ecg::;ﬁ d‘;’\‘/ itchee To evaluate these hypotheses eight healthy subjects (four males and four females) were selected
" that had a hindfoot alignment ranging from vaigus feet to varus feet. The average age of the
D)Top view of a part of the subjects was 25.5 years (SD 1.5), the average length was 1.76 m (SD 0.1 m), the average weight
D e e areove. Was 69 kg (SD 13 kg); all subjects had a right dominance, and a normal to high activity level.
located in the platform to limit Four observers measured each subject for three conditions: 1) standing position with the
wﬂfmg&m measurement system, 2) prone position with the measurement system, and 3) with the help of
rests on a cylinder that allows @ photograph taken from the posterior side in standing weightbearing position (Figure 4.1.1).
for S’t';,d;"g and Wﬂ%ﬁ"’g Measurement of the hindfoot angle with posterior photographs was applied before. This
plane. For the lower g CONdition was added to compare the values of the hindfoot angle measured with the
device thfo h;rhn;taﬁior? asf r;;ont;o'rsr measurement system. In the prone position no extra force was generated to simulate the body
achieved by 2 g,mv:that . Weight. Each measurement was performed on the left and right side, and was repeated four
slid along the pins located in times. One of the observers was an experienced surgeon, and the other three had a medical
the ring. The ring remairis i background. The standard deviations as well as the standard error of measurement within
e middle of the malleoli N
plates owing to the fact that it Observers and between observers were calculated to determine the accuracy of the three
movgstetg'f;g; eg‘slts é;,sla”tf conditions. The intraclass coefficients were used to determine the intratester and intertester
" reliability.** The hindfoot angle for each foot was determined. The existence of symmetry of the
hindfoot angle within a subject was determined with a paired t-test (p < 0.05) as well as possible
differences between weightbearing and nonweightbearing measurement. The correlations
between the three conditions were determined. With the help of a two-way analysis of variance
test for repeated measures (ANOVA, p< 0.05) significant differences were determined for the
hindfoot angle between the conditions (n = 3), the observers (n = 4), the left and the right side
(n = 2), the repetitions (n = 4).
The surgeon who participated was asked to diagnose the alignment of the subjects as is
|commonly performed by visual inspection, and to classify the feet in five categories (large varus,
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varus, neutral, valgus, large valgus). In addition to this, another experienced surgeon was asked
to do the same by inspection of the posterior photographs of the subjects, where the subjects
were placed in the same foot position as in the measurement system. For each category, the
range of hindfoot angles was determined by indicating a minimum and maximum value.

Lastly, a simple experiment was done to assess the average natural stance of persons and to
determine what the intra-subject standard deviation is for repeated standing in the natural
position. Eighteen subjects were asked to stand in their natural resting position and the distance
between the medial parts of the calcaneus was measured. This was repeated five times, while
the subjects had to walk around in between each measurement.

Resuits

The chosen dimensions and ranges were such that all subjects could be measured with the
measurement system. The ANOVA-test shows no significant differences for the conditions, the
observers, and left and right side. For the repetitions there is a significant (p < 0.05) difference,
for which the value of the second measurement is always higher for all conditions and observers.
The t-tests show that only two subjects had no significant difference between left and right side,
whereas the other subjects had a difference of 1° up to 2° between left and right hindfoot angle.
This could imply that individuals are sufficiently symmetric to be of use in this application.
Only two subjects had no significant difference between weightbearing and nonweightbearing
measurement of the hindfoot angle, which shows that the hindfoot angle in this experiment is
significantly different for the two conditions. The correlation between weightbearing and
nonweightbearing is also low (R = 0.48), which rejects Hypothesis 1, so far.

Using the measurement system, the hindfoot angle is measured more accurately in comparison
to the usage of photographs (Table 4.1.1). Both methods almost meet the estimated necessary
accuracy. The intratester reliability is good for both methods, but the intertester reliability is fair
(Table 4.1.1). The intertester reliability improves when taken into account only the first
measurements. These results lead to the rejection of Hypothesis 2.

In Figure 4.1.5, the average hindfoot angles per foot are given as classified by the surgeon who

Tab]e _4_.1.1 )
intratester intertester intertester e e aations,
condition reliability reliability (CIEV AT and the Standard Error
Measurement (SEM) for the
three conditions measured
ICC average SEM ICC average SEM ICC with 8 subjects by 4
SD SD observers. The interobserver
standard deviation was
calculated with the average
1. weightbearing 0.88 1.3 0.5 0.68 1.8 1.0 0.61 hindfoot angle per observer.
2. nonweightbearing 0.82 1.3 0.6 0.63 1.6 1.0 0.78
3. photographs 0.9 1.4 0.4 0.63 2.8 1.7 0.66
(weightbearing)
4. Subtalar arthrodesis: implementation of a new technique Technical improvement of arthroscopic techniques
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Figure 4.1.5 . .

Diagrams showing the A WEIghtbearlng R =0.99
average hindfoot angles of
eight subjects. The
experienced surgeon
categorized the feet
qualitatively with the help of
the posterior weightbearing
photographs. Per category the
results of the feet assigned
this category are presented.
The grey areas indicate the
suggested hindfoot angle
range for each category:
varus (-6° to —2°), neutral (-
2° to 2°), valgus (2° to 6°),
and large valgus (6° to 10°).
Large varus was not indicated
within the subject population,
but the categories can be B
logically extended to both
sides with ranges of 4°. The
three conditions are plotted

4 testers
=

(s

hindfoot angle (°), n

nonweightbearing R = 0.97

4 testers
=

separately:
12
A) weightbearing in the 10
measurement system, I
- 8
B) nonweightbearing (prone ~~ 6
position) in the measurement o 4
system, and Py 2
C) weightbearing E’ 0
i photographs. © 2
The average hindfoot angle of o] Al
the left and right side of each o 4
subject is plotted. The given T 6 - ;
standard deviation indicates £
the variation between four < -8
observers whose average C photograph R = 0.83
hindfoot angles of four v
measurements were taken. o 16
£ 14 ]
I »
‘I'I' 10 I.l
c 8
~ 6
e 4 ‘{
Q
2 []' Hi H
c 0
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large varus varus neutraal valgus large valgus
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diagnosed the weightbearing photographs. A large correlation is present between the average
hindfoot angles of the subjects in each category and the average value of the suggested range
per category for all three conditions. The classification of the subjects by the common method
of visual inspection showed less correlation with the measured hindfoot angle (R = 0.7). These
results are in favour of Hypothesis 3. This result shows that the average distance of the natural
stance for eighteen subjects was about 140 mm, which is smaller than the chosen distance (180
mm Appendix 4A.2). The average standard deviation is 22 mm.

Discussion

Both methods, the measurement with the measurement system and the usage of weightbearing
photographs, indicate hindfoot angles that are consistent with the common diagnosis performed
in clinical practice, and with values found in literature.* The intratester reliability and intertester
reliability are also in the same range as found in literature, whereas the accuracy of the
presented methods are slightly better. This holds also for measurements in nonweightbearing
prone position, which supports the possible application of this concept in dinical practice.
Although the current results do not show a significant correlation between weightbearing and
nonweightbearing hindfoot angles, some interesting remarks can be made. In Figure 4.1.5, it
can be seen that the hindfoot angles of the varus feet as well as the neutral feet are at least
located within the defined ranges, whereas the hindfoot angles of the valgus feet tend to
decrease in nonweightbearing prone position. This can be explained by the fact that feet in varus
have locked joints and act as a lever that resist the body weight, whereas feet in valgus are
flexible and move in eversion on weightbearing. Thus, imitation of weightbearing is especially
important for valgus feet in nonweightbearing situation. In the operating room this can be
realized by using the tourniquet to create a reaction force on the platform. Ideally the body
weight should be applied which could be verified by means of an unster.

The experiment shows that the subjects are not exactly symmetric, but the difference is probably
small enough to use the contralateral side as a reference. Thus, the prone position of the patient
inside the operation room provides good reference conditions.

The choice of using a fixed distance between the feet results in a high correlation between the
hindfoot angle and the visual inspection of the surgeon even though the subjects did not stand
in their natural stance. Remarkable is that the correlation with the visual inspection with the
actual subjects is lower. The natural stance does apparently also influence the value of the
hindfoot angle. A simple experiment was done to establish if individuals can consistently stand
in their so-called natural stance. The average standard deviation is rather large, and indicates
that persons generally do not stand in one single natural stance. Therefore, either a fixed
distance should be chosen, or during the first measurement the natural stance should be
documented.

Further investigation and discussions with surgeon should indicate if the current accuracy and
reliability are sufficient for use in daily practice. The main cause of the variations within
observers is probably caused by the application of the calcaneal device to the hindfoot. This
device should therefore be improved to completely eliminate any human aspect in using the
device. Another possibility could be to take photographs with a digital camera in combination‘

4. Subtalar arthrodesis: implementation of a new technique

Technical improvement of arthroscopic techniques E

51



with a platform to simulate weightbearing and with which for example only the natural stance
can be adjusted. The hindfoot angle can be reconstructed on the digital photograph with a
simple computer program. This requires a very strict definition of the calcaneal axis and the
same camera adjustments for each photograph that is taken. Independently of the method, it is
recommended to perform each measurement more than one time, which increases the accuracy.
In conclusion, the measurement system has potentials. In a future prototype, attention should
be paid to a more ergonomic handling of the system, and the implementation of a mechanism
to imitate the weightbearing force in prone position.

4.2 Technical data of the subtalar joint

This section is based on the paper Technical data of the subtalar joint, by G.J.M. Tuijthof, J.L.
Herder, C.N. van Dijk, P.V. Pistecky, which will be submitted to the Journal of Clinical
Biomechanics.

Keywords: subtalar joint, technical characteristics, cadaver material, machine loads,
measurement

Abstract: Due to the complex shape of the subtalar joint and its tightness, it is difficult to reach
all locations with the conventional straight instruments. To improve the reachability of the
subtalar joint, and to facilitate the arthroscopic preparation of the joint for fusion, a new flexible
instrument has been developed. This paper presents a method to determine an order of
magnitude of the characteristic dimensions of the available subtalar joint space, as well as an
order of magnitude of the machining force of bone and cartilage. The data are required to set
up design criteria for the flexible instrument. The posterior facet of the subtalar joint space can
be modeled as an ellipse shape curved around a cylinder. The average length of the axes of the
ellipse are 37 mm and 24 mm. The estimated maximum force to machine bony tissue was
experimentally measured to be approximately 50 N for slicing, drilling and milling.

Introduction

This study is part of the development of a complete minimally invasive technique to perform a
subtalar arthrodesis.! One of the objects of this new technique is to facilitate the minimal
invasive preparation of the subtalar joint for fusion. It was chosen to use the two-portal posterior
hindfoot approach as is described earlier® (Section 3.3). Since the subtalar joint has a curved
shape, it was decided to develop a flexible instrument with which the reachability in the subtalar
joint would greatly be improved. To start the design process, criteria have to be set up to
establish the functions of the flexible instrument, but also to define the geometry, stiffness, and
strength of the new flexible instrument. To specify these geometric and load criteria, data are
required of the dimensions of the available subtalar joint space as well as the machining forces
of bone and cartilage tissue.

In literature, several sets of dimensions of the subtalar joint were found. These include the size
of the surface of the posterior, medial and anterior facets”, the length of the crest line, the crest
|angle, and the intrafacet angle (Figure 4.2.1)®. In addition to this, we found that Verdult*
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presented data on the machining forces to drill human vertebrae. These data are helpful, but
not sufficient to quantify the design criteria.

A method is introduced with which the technical characteristics of the subtalar joint can be
derived, straightforwardly. These data give an order of magnitude for the geometric and load
criteria for the proposed flexible instrument, but could also be used to design other instruments.

Materials and methods

In this paper, the main attention is paid to the geometric dimensions of the posterior facet, since
its surface is the largest of the three facets* and its curvature gives the boundary condition for
the necessary flexibility of the new flexible instrument. It is known that anthropometric
dimensions differ greatly.** This is also true for the surface of the posterior facet of the subtalar
joint. Barbaix et al.” established an average value of 582 mm? and a standard deviation of 103
mm?. Thus, it can be expected that there is also a variation amongst the other dimensions of
the subtalar joint. As a consequence, it is not preferable to measure the data of one subtalar
joint accurately. The challenge is to design a flexible instrument that can be used effectively in
all subtalar joints. Therefore, in our study orders of magnitude are determined of the dimensions
of the subtalar joint. Estimations of maximum and minimum values are used to start the design
process.

The machining forces
are important to
calculate the strength
of the mechanism for
the proposed flexible
instrument. Not only
the type of machining
process is important
in establishing the
machining forces, but
also the composition
of bony tissue. The
composition varies
with location (for
example cortical bone
located at the outside
vs. cancellous bone
located at the inside).

posterior facet

Ielllpsel
crest line
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Figure 4.2.1

Anatomic of model of the
talus and the calcaneus. The
proposed model of the
surface of the posterior facet
is shown in between the two
bones. The dimensions that
define the proposed model of
the posterior facet are
indicated. The crest line (line
that divides the posterior
facet into a posteromedial and
an anterolateral portion), the
crest angle (angle between
the crest line and frontal
plane), and the intrafacet
angle (difference between the
angles of the surface of the
calcaneus of the
posteromedial and
anterolateral portion in lateral
view) defined by Ebraheim et

8 al.“ are indicated as well. The
B direction of lgy,se; Was chosen

parallel to the interosseous
ligament (Figure 3.0.1), and
its length is the maximum
possible distance following the
talus or calcaneus contour
from one side to the other.
letipse2 1S Chosen perpendicular
t0 letjpser-
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Figure 4.2.2

A) Photograph of a fresh
frozen cadaver ankle in the
frontal plane indicating the
posterolateral and
posteromedial portals with
Steinmann pins.

B) Photograph of the same
ankle in the mediolateral
view. The 3D-orientation of
the portals is determined by
the angle in the transversal
plane (@), and the angle in
the mediolateral view
perpendicular to the
Jongitudinal leg axis and the
i transversal plane (p,).

C) Photograph of the
calcaneus and talus
oonstructed with the help of
the Visible Human project.®

Dimensions of the subtalar joint and portal location

The geometric criteria (required stiffness, diameter, and length of the instrument) are dependent
on the available space in the subtalar joint, and the location of portals®. Several options are
available to document additional anthropometric dimensions of the subtalar joint: subtalar joints
of cadaver material, radiographs, MRI-scans, CT-scans, anatomic subtalar joint models,
arthroscopic views, and external biomechanical measurements. We chose to perform direct
measurements on cadaver material. Furthermore, we used subtalar joint models** to assess

their usefulness in relation to fresh cadaver material.

To define characteristic dimensions of the subtalar joint the available joint space was modeled.
The posterior facet was of main interest, and it was modeled as an ellipse with a thickness that
is curved around a cylinder (Figure 4.2.1). The important dimensions of this ellipse-shaped

postero- -
medial
portal

talus

calcaneus

model are the two main axes (/.. and
Lixe2) @nd the thickness of the ellipse

} (h), the crest line*® (I, indicates the

axis of curvature of the ellipse around
the cylinder), and the diameter of the
cylinder (d.). The latter dimension is
believed to be a more suitable measure
to determine the instrument’s stiffness
than the intrafacet angle. To complete
the model, the portal locations at the
edge of the posterior facet (ellipse-
shaped model) were necessary to
document as well as their orientation in
space. Three fresh frozen cadaver
ankles were investigated. The actual
size of the posterior facet of one of the
three ankles was measured and
compared with the estimated area of
the surface of the ellipse. Each
measurement was executed three
times. The measurements took place
according to the following protocol®:

) The posterolateral and posteromedial portals were established with Steinmann pins
(diameter 2 mm). The angles ¢,, and ¢,, which were measured with a goniometer

(Figure 4.2.2), defined the 3D-orientation.

. The calcaneus and talus bones were dissected.

. The axes of the ellipse (1. and l,.;) were measured with the help of a robe and
vernier calipers on the inferior portion of the talus (Figure 4.2.3).

J The crest line was determined on the calcaneus by visual inspection. An alternative crest

angle (p;) was measured with the help of a photograph of the superior calcanei and a

computer program (Visio 4.5) (Figure 4.2.3).
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o The location of the portals was determined by measuring the distance (arc) of a portal
along the edge of the posterior facet to the approximated end point of |, (Figures

4.2.3).

. The diameter of the cylinder (d,) was measured by fitting the talus on templates that
had different diameters.

o To determine the thickness of the cartilage layers (h.......) the talus and calcaneus were

cut through the middle. The cartilage thickness was measured by removing a piece of
cartilage and by establishing the difference in height at this location with an
undamaged part of the cartilage layer.

The same measurements were
performed, where possible on an
anatomic model of the talus and
calcaneus®, and on a model of the
calcaneus and talus derived from the
Visible Human project on the
Internet®. This Visible Human project
has made photographs available of a
man sliced in pieces of 1 mm. A 3D-
model was constructed by cutting the
contours of the talus and calcaneus,
and piling these photographs (Figure
4.2.2). In addition to this, a silicon
mould was made of the positive
subtalar joint space of one cadaver subtalar joint.*> The available range of motion of the
Steinmann pins in both the portals was assessed for another cadaver ankle.

It appeared to be difficult to reconstruct the proposed model of the subtalar joint space on the
computer with the gathered data. Therefore, a paper model was constructed for each cadaver
ankle (Figure 4.2.4). With the help of these models, a curve from each of the two portals was
constructed to three extreme points on the ellipse-shaped surface (Figure 4.2.4). Each curve is
characterized by two angles (B, and $,) and a diameter (d_). In total, 18 curves were obtained
this way (three from each portal times six). The curve composed of the smallest value for d. and
the largest value of B, determines the minimal required flexibility of the shaft of the new
instrument as well as the minimal length to reach the entire posterior facet in a wide range of
subtalar joints.

Figure 4.2.3

Color illustration see cover.
A) Photograph of

the inferior side of a talus
showing the axes of

the e”ipse (Iellipsel and Iel/lpsez)'

B) Photograph the superior
side of a calcaneus showing
the crest line (lqest), Crest

¥ angle, and the locations of

B the portals. The alternative
crest angle (¢3) is defined as
the angle between the crest
line and the axis along the
medial side of the calcaneus.

Machining forces on cartilage and bone

The load criteria are determined by the machining forces that are necessary to cut cartilage and
bony tissue. It was chosen to perform mechanical removal of the subchondral bone in order to
generate bleeding contacts. Before an experimental protocol was set up, the tali and calcanei of
the three cadaver ankles were machined with existing surgical instruments (shavers, surgical file,
chisel, curette, surgical knife, punch) as well as ordinary hand tools (rasp, steel brush,
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Figure 4.2.4

A) Paper model of one of the
three cadaver ankles showing
the subtalar joint space
including the posterolateral
and posteromedial portals
(black sticks). With the help
of this model curves are
reconstructed from each
portal along the contour of
the subtalar joint space to
both end points of lyypsez, and
the farthest end point of
letipser (white spots).

B) Each curve is characterized
by two angles (8, and ;)
and a diameter (d,). B, is the
angle between the portal and
the line through the starting
point of the contour of the
subtalar joints space and the
top of the same contour, B, is
the angle of the arc of the
contour of the subtalar joint
space fitted with by a circle,
d, is the diameter of the circle
fitted with the contour of the
subtalar joint space.

C) Assembly of all curves
determined from the three
paper models of the subtalar
Joint spaces. The striped
areas indicate the proposed
range that has to be reached
by the flexible instrument.
Most portal lines do not fit in
the striped area, which
implies that a more suitable
portal placement is proposed
to access the subtalar joint.
The advantage of this portal
placement is that less bending
of the flexible shaft is
necessary.

posterolateral

portal posteromedial fitted curve

portal

posterior
facet

Ie|lipse1

Iellipsez : . —

sandpaper, saw).* The instruments were judged qualitatively. It took the least effort to cut the
cartilage and the subchondral bone with the surgical knife and the saw. The tali and calcanei
were also statically and dynamically penetrated with nails (diameters ranging from 1.2 to 1.8
mm).>* From this initial experiment, it was derived that the supply of dynamic energy caused a
greater penetration of the nails than static energy, and an initial value of the machining force of
bone was estimated at 75 N.*

The machining forces depend on the machining process. In this study, three potential
mechanical processes have been investigated in more detail: slicing, drilling, and milling. The
condyli of two previously frozen human femur bones were used in this experiment, since this
material was readily available and it is expected that the bone structure in the knee joint is about
the same as in the subtalar joint. A machining bench constructed by MTO (AMC, Amsterdam)
was used (Figure 4.2.5). The bench can pull or push with different speeds, and has a force
sensor that can measure force in three directions. To simulate the slicing process, a mechanism
in which different types of knives could be clipped was attached to the force sensor, and the
vertical motion was blocked (Figure 4.2.5). Both cartilage and bone were investigated with the
slicing process. Thereto, pieces of different sizes were cut from the condyli to create an as
constant as possible cross-section. The influence of a number of variables was studied: slicing
velocity (v = 2, 10, and 20 mmy/s), width (b,..., ranging from 3.2 to 4.2 mm) and thickness (h,...,
ranging from 0.1, to 0.3 mm) of the sliced bone chip, cutting angle of the blade (... = 30°, 45°,
and 60°), and knife type (Stanley knife, surgical knife, and razor blade) (Figure 4.2.5). The
sample frequency was adjusted per velocity (50 Hz for 2 mm/s, 250 Hz for 10 mmy/s, and 500
Hz for 20 mm/s). The existence of relations between the maximum force and the variables were
investigated, if no relation could be found the variable was kept constant at a convenient value.
This way, the number of variables that was tested could be decreased. For the slicing process
the maximum force per experiment (F,...) per cross-section (A,...) was considered. In addition to
this, the applied energy was calculated by means of the area underneath the force curve:

Eqie = Al EFslice,i (4.2.1)
| i-0
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where, E,. is the applied energy when slicing, Al is the sample distance, and F,., is the slicing
force at sample i. With the help of the applied slicing energy (E,,...) per removed volume of bony
tissue (Vie), and the volume of the entire posterior facet (V,....), @ rough estimation can be
made of the necessary energy to machine the posterior facet. An estimation of V ... Can be
calculated with the ellipse shaped model:

TI
Vpostfacet 4 lelllpse1 elhpsez

hcamlage (4.2.2)

bone )

where, h,... is in this case the thickness of the subchondral bone layer that has to be removed.
The value of this thickness was measured to be about 1.5 mm. The power (P) used per
experiment was calculated according to:

vV

Ty (4.2.3)
bone

where v is the slicing velocity, E; is the necessary energy to machine bone with machining
process i, | is the length of the bone chip that is machined or the length of the drilled hole.
The slicing process showed a stick slip path. Stress was built up against a piece of bone until the
ultimate bone stress was achieved, and a piece of bone would break loose. Through the blocking
of motion in the vertical direction this effect was partly overcome. The surgical knife and the
razor blade were so thin that buckling occurred when slicing the bone, and no further
experiments were conducted with these knives.

To study the drilling and milling processes, a drilling device (Dremel 398, Dremel BV) was
attached to the working bench which supplied the rotational movement for the milling and
drilling. The rotational frequency of the drill was kept constant at 5000 rev/min. The push
velocity of the working bench that moves the drill forwardly was first set at 2 mm/s (sample
frequency was 50 Hz), but this appeared to be to fast for the set up, and was later changed to

B knife
transducer

bone graft with
cartilage layer

ball bearings
that limit
vertical motion

[

slicing dlrectlon

Figure 4.2.5

Experimental set up that was
used to measure the
machining forces for the
slicing process.

A) Photograph of the working
bench.

B) Schematic drawing to
clarify the experimental set
up.

The working bench is limited
in vertical direction to ensure
the knife to cut straight
through the tissue.
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Figure 4.2.6

Color illustration see cover.

A) Photograph of the drilling
device clamped onto the
working bench to simulate the
drilling process. To simulate

the milling process the drilling

. device was clamped at a 90°-
angle with the pushing

direction of the working

bench. g

B) Five different drills that
were tested. From left to
right: standard mill used for
the machining of metals (5.5
mm), cylindrical drill of a
conventional shaverblade (5.5
mm Stonecutter Acromionizer
blade, Smith and Nephew
Company, Hoofddorp, the
Netherlands), spherical drill
(5.5 mm), conical drill
(diameter ranging from 2.5 to
5.5 mm), and prototype (5.5
mm). The prototype consists
of a hollow tube with a sharp
edge.

C) Example of a drilling
experiment.

D) Example of a milling
experiment.

0.2 mm/s (sample frequency was 25 Hz). Five drills were tested for drilling, and the three best
ones were tested for milling (Figure 4.2.6). The average and standard deviation of the maximum
forces required to push the drill through the bone (F,, or F,,) were documented. The applied
energy was calculated according to Eq. 4.2.1 and the power according to Eg. 4.2.3. Since, the
condyli had curved surfaces, it was difficult for the milling process to determine the volume of
removed bone, accurately.

Results

The results of the measurements of the subtalar joint dimensions, as well as the dimensions of
the fitted curves along the portals and posterior facets are shown in Table 4.2.1. The available
range of motion in both the portals of one of the cadaver ankles was about 10° for angle ¢,, and
10° for q,.

The maximum forces to cut cartilage tissue are about two times lower in comparison to the
maximum forces to cut bony tissue, when using the Stanley knife and about four times lower
when using a surgical knife. The results show no strong correlation between the machining force
and the variables, but a larger slicing angle (¢..) tends to increase the maximum force per

L5

rotational
frequency k
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dimension  ankle 1 ankle 2 ankle 3 functional Visible literature?”48

kneejoint Human®®
model 3!
leipse1 40 39 30
lettipse2 24 23 21 28 29
lqest 23.5 22.5 21.7 26 30 21+ 2
Adliipse 767 mm? 687 mm? 495 mm? 851 mm’ 962 mm? 582 mm? =+
103 mm?
d 55 56 34 36 49
03 45° 67° 76° 67° 69° 720 & 9O *x
heartioge 0.8 0.8 1.0
hs 2to 5 16to3 1.2to2
@1 posteromedial | 15° lateral 20° lateral 30° lateral
@2 posteromedial | 10° plantar 12° plantar  0°
Q1 posterdiaterar | 10° medial 8° medal 15° medial
©2 posterciatera | 15° plantar  4° plantar 5° dorsal

contour on minimum maximum criterion intrafacet

paper
models

average

angles

cross-section. The surgical knife gives slightly lower forces per cross-section in comparison to
the usage of the Staniey knife. As was expected, the machining forces for slicing cartilage are
lower than those for slicing bony tissue. Therefore, no further experiments were performed with
cartilage.

The slicing force curves show force peaks that can be as large as 40 N (Figure 4.2.7, page 63).
This is consistent with the observation that no slices of constant thickness could be cut for bony
tissue. No strong correlations were found between the variables and the maximum forces per
cross-section when using the Stanley knife (Table 4.2.2). The slicing angle (¢...) is proportional
to the maximum force per cross-section (R = 0.68), and the thickness and width of the bhone
graft that is sliced (h... and b,,.) are both inversely proportional to the maximum force per
cross-section (R = -0.71, and R = -0.53).

Table 4.2.1

Resuits of the geometric
measurements of subtalar
Joint performed on three fresh
frozen cadaver ankles, and
the two bone models.

All dimensions are given in
mm unless mentioned
otherwise. For the two bone
models the portal directions
and thickness of the joint
space could not be
established. The thickness of
the joint space (hy) is
dependent on the amount of
tissue that is removed during
the procedure and the
amount of distention. The
Steinmann pins (diameter 2
mm) inserted through the two
portals were pushed to the
end of the entire posterior
facet in one of the ankles.

A silicon mould was fabricated
of this configuration. In the
lower part the characteristic
dimensions of the curves
fitted along the contour of the
subtalar joint are presented
(d, B;, and B,). For each
dimension the average,
standard deviation, minimum
and maximum value are
given. By combining the
minimum value of d. and the
maximum value of 8,, a
starting criterion is set up for
the necessary

flexibility of the flexible
instrument.
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Table 4.2.2

Results of the maximum force
measured using a Stanley
knife for the slicing process
and a slice angle (pge) Of
45°. The velocity and the
bone graft size were varied.

The results of the average values for the maximum machining forces, the energy per volume
and the power of the three machining processes are summarized in Table 4.2.3. In comparison
with the slicing process, the maximum forces that occur during drilling with a push velocity of 2
mm/s are higher as well as the used power (Table 4.2.3). The mill, cylindrical drill and spherical
drill required the least maximum forces for drilling (average of 21 N, 53 N, and 54 N,
respectively) (Table 4.2.4). The mill, cylindrical drill and spherical drill were also tested for milling
(Table 4.2.5). The spherical drill required the least maximum forces (average is 11 N, SD is 9 N)
in comparison to the mill (average is 22 N, SD is 29 N) and the cylindrical drill (average is 31 N,
SD is 17 N).

When it is assumed that both surface layers of the posterior facet of one of the three cadaver
ankles have to be removed, and the relation between the volume and applied energy is linear,
it is calculated that the necessary energy is about 6 J.

Discussion

The proposed approximation of the posterior facet by a curved ellipse shape appears to be
sufficient in describing the major part of the available joint space in the subtalar joint with a few
characteristic dimensions. The actual size of the posterior facet of one of the cadaver ankles is
namely 812 mm?, which is about 8% larger than the calculated surface of the ellipse, and the
variation amongst the cadaver ankles themselves is larger than the error caused by the
approximation. The variation of the measured dimensions is within the standard deviation of the
values found in literature.”# The dimensions of the two anatomic models were in the same
range as those of the cadaver ankles. They can be used also as a start in gathering values for
some of the dimensions. The height of the joint space and the cartilage as well as the orientation

The results show the average " .
maximum slicing forces (Fy.,) Of the portal placement could not be established for the anatomic models.
and the standard deviation
are given, as well as the
average applied energy (E,
and the standard deviaﬁong’f# v Ppone Dione Ibone Fglice Fslice/ Abone Egice SD Esice/Vione
the experiments that were [GQULTAIRGLD RGO RG] (N) (N)  (N/mm?) (J) 3 (/mm?)
ti ,
T aeroienes |2 0.30 4.5 17 2 14 18 012  0.06 3.56-04
increasg i g | 10 0.30 36 17 R 24 30 0.13 01  7.1E-03
cross-section (Feiee/Apone)- AS
can be seen m;’ velocity and 0.25 45 17 38 20 34 0.17 0.07 4.9E-04
the width of the bone graft do 0.30 34 19 36 16 35 013  0.06 6.7E-03
correlation with the maximum | 20 0.15 34 12 23 14 45 007  0.06  1.1E-02
force per cross-section, but
the slice thickness has. It is 2 0.20 3.0 18 28 13 47 0.12 0.06 7.4E-04
advantageous to cut a larger
slice. This can be explained | 20 0.30 3.3 18 48 55 48 018  0.23  1.0E-02
by the fact that once the slice
thickness is larger than the 0.10 3.0 18 16 10 53 0.06 0.03 3.7E-04
knife edge, the force per
cross-section does not 0.15 3.0 18 28 6 62 0.11 0.03 6.8E-04
increase. The applied
e volume eovarortiony | 10 0.15 34 12 34 13 67 011  0.08  1.8E-02
m;;';",;g:cg'ﬁg;imngf 2 0.15 35 15 47 28 90 021 014  2.7E-02
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process tissue item average SD Table 4.2.3
Summary of all average

slicing cartilage Fsiice 18N 8N values of the maximum
Fuc/Aone | 22 N/mm? 13 N/mm? tandard deviatons of th
slicing bone Foice 31N 17N ;?gg;tsig" s per machining
Fstice/Aone 54 N/mm? 27 N/mm?
Esiice 0.013 J/mm’ 0.007 J/mm?
Pyice 0.043 W 0.078 W
drilling at 2 mm/s bone Farin 132 N 26N
Earit 0.002 J/mm’ 0.001 J/mm’
Parin 0.107 W 0.042 W
drilling at 0.2 mm/s bone Fari 52N 29N
Eqin 0.001 J/mm? 0.001 J/mm?
Paril 0.003 W 0.003 W
milling bone Fmin 35N 11N
[ 0.0003 J/mm> 0.0002 J/mm?
Prin 0.001 W 0.0005 W

For the experiments with the three machining processes a lot of conditions were involved, and
often only one experiment per condition was performed. Therefore, this research has to be
considered as a pilot study for further investigation in the machining forces of human bony
tissue.

The maximum forces that occur during drilling were higher than during slicing. An explanation
could be that the slicing experiments were performed on subchondral bone, whereas this was
not always feasible for the drilling and milling experiments, where also the harder cortical bone
is machined. A disadvantage of slicing is the difficulty to create a smooth surface.

The mill, cylindrical drill and spherical drill require the least maximum forces for drilling. The
prototype and the conical drill had probably less sharp cutting blades and also problems with the
removal of the cut bone tissue. The conventional mill requires the lowest machining forces and
power, which is probably due to the fact that the cutting edges are the sharpest, moreover it has
sharp edges at its tip. The spherical drill had obviously a too small cutting blade that disabled
sufficient removal of the bone chips. This resulted by a number of experiments in the occurrence
of smoke, and burnt tissue. Furthermore, it was difficult to steer the spherical drill in a straight
path.
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Results ofezzgﬁn:éf{t: drill type v drin Larin Farin Earnr/ VDBone Para)
performed to establish the (mm/s)  (mm) (mm) (N) (3/mm”) w)

forcemat)g’td’l'::;ln b’:g;”ges‘s’ui”;gzg mill 0.2 5.5 10.3 22 0.04 1.6E-04 7.8E04

(S.r as gelv;rtraggfgllnmgﬁg mill 0.2 5.5 14.3 19 0.06 1.8E-04 8.4E04

of the drill was set at 5000 | - mill 0.2 5.5 11.6 23 0.05 1.8E-04 8.6E04

rev/mn cylindrical drill 0.2 5.5 11.3 18 0.07 2.6E-04 1.2E03

cylindrical drill 0.2 5.5 11.0 20 0.07 2.7E-04 13603

spherical drill 0.2 5.5 10.8 21 0.07 2.7E-04 13603

cylindrical drill 0.2 5.5 8.2 54 0.07 3.6E-04 1.76-03

cylindrical drill 0.2 5.5 9.1 56 0.08 3.7E-04 18603

spherical drill 0.2 5.5 9.3 25 0.10 4.5E-04 2.1E-03

cylindrical drill 0.2 5.5 7.3 109 0.10 5.8E-04 27603

spherical drill 0.2 5.5 7.9 64 0.12 6.4E-04 3.0E-03

cylindrical drill 0.2 5.5 2.5 55 0.04 6.7E-04 3.2E-03

prototype 0.2 5.0 3.7 87 0.06 8.2E-04 3.2E-03

prototype 0.2 5.0 2.1 59 0.04 9.8E-04 3.8E-03

spherical drill 0.2 5.5 5.7 51 0.11 8.1E-04 39E03

spherical drill 0.2 5.5 7.4 62 0.18 1.0E-03 48E-03

conical drill 0.2 3.0 5.5 79 0.16 4.1E-03 5.8E-03

spherical drill 0.2 5.5 2.7 103 0.17 2.6E-03 1.2E02

cylindrical drill 0.2 5.5 1.3 59 0.14 4.5E-03 2.1E02

spherical drill 2 5.5 16.4 86 0.42 1.1E-03 5.1E02

cylindrical drill 2 5.5 10.2 140 041 1.7E-03 8.0E-02

spherical drill 2 5.5 9.3 145 0.50 2.3E-03 1.1E01

spherical drill 2 5.5 14.8 146 1.02 2.9E-03 14E01

spherical drill 2 5.5 2.6 143 0.21 3.3E-03 1.6E-01
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Table 4.2.5

Emint Emitt/Vbone Pmin

drill t Results of experiments
nitype @)] (3/mm?3) (W) performed to establish the
maximum required pushing
X . g _ force to mill bony tissue (Fpy)
spherical drill 6 18.2 12 005  O.7E05 | S5E04 | B ety of 03"
spherical drill 6 18.2 10 0.06 1.2E-04 | 6.6E-04 | mm/s and a dril diameter of
5.5 mm. The rotational
cylindrical drill 2.5 20.0 21 0.09 8.7E-04 8.5E-04 frequency of the drill was set
at 5000 rev/min.
cylindrical drill 5 20.0 24 0.10 2.4E-04 9.6E-04
mill 6 20.0 18 0.10 1.7E-04 9.8E-04
mill 6 4.5 26 0.03 2.1E-04 1.2E-03
mill 6 20.0 19 0.13 2.2E-04 1.3E-03
mill 6 20.0 25 0.16 2.8E-04 1.6E-03
mill 6 5.5 26 0.05 3.3E-04 1.9E-03
cylindrical drill 6 15.5 36 0.15 3.3E-04 1.9E-03
cylindrical drill 6 9.8 43 0.10 3.6E-04 2.0E-03
10 Figure 4.2.7
Slicing force curves of ten

experiments performed on
bony tissue. The knife that
was used was a Stanley knife,
v was 20 mmy/s, @gjice Was
45°, Npone Was 0.15 mm, bpone
was 3.4 mm, and lp,,, was 12
mm. In this diagram it is
clearly seen that high force
peaks can occur. The values
of the force are negative,
since the force sensor
measures pulling forces as
positive forces and pushing
forces as negative forces.

Fslice,i (N)

0 5 10 15 20
Ibone (mm)

i
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Conclusions
Considering the results, the following design criteria can be set up:

It is proposed to create the portals more distally, since this enables a C-shaped
entrance of the new instrument to the subtalar joint instead of an S-shaped entrance.
Length of flexible part of the new instrument (/,.,.) should be at least 50 mm.

The flexible part should be able to curve around a diameter of 24 mm (d_), and
requires a minimum force to do so.

Dependent on the choice of the machining process and the location to start the bone
removal in the joint, the maximum diameter of the new instrument lies between 1 mm
(smallest joint space) and 7 mm (two times the surface layer that should be removed
added with the joint space height)

The new instrument should be able to apply a maximum cutting force of 50 N,
independently of the machining process.

When a drilling or milling process is chosen, the cutting blades should be large to allow
bone chip removal, and should be sharp to decrease the required pushing force.

When a slicing process is chosen, attention should be paid to the creation of a smooth
surface.

The estimated maximum power is about 0.1 W. This implies that the higher the cutting
velocity the lower the cutting forces are, and the lower the pushing force can be to drill
or to mill. Furthermore, with the estimated power and the estimated applied energy
(6 J), it can be calculated that it should take about 60 seconds to cut the cartilage and
subchondral bone in the posterior facet. This is a rough estimation, but the removal with
the new instrument is potentially faster than the current method (about 15 to 30
minutes).
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4.3 Flexible instrument to facilitate arthroscopic preparation of a
joint for fusion

This section is based on the paper A flexible instrument for arthroscopic joint fusion, by G.J.M.
Tuijthof, J.L. Herder, C.N. van Dijk, P.V. Pistecky, which will be submitted to the ASME conference.

Keywords: arthroscopy, flexible instrument, subtalar joint, arthrodesis

Abstract: Due to its complex shape and its tightness, it is difficult to prepare the subtalar joint
for fusion by means of a minimal invasive access and conventional straight instruments. The
preparation implies the removal of the cartilage and the subchondral bone layers of both
surfaces to establish bleeding contact. Furthermore, it is desirable to preserve the complex
shape of the subtalar joint to create congruent and smooth contact surfaces for optimal fusion.
A flexible instrument was designed to facilitate the preparation. The instrument consists of a
flexible shaft that is flexible in one direction, to be able to follow the contour of the subtalar joint,
and stiff in the other direction, to be able to machine the bony tissue which is done with a drill.
The drill is actuated with a flexible steel cable and can be powered by a shaver system. A frame
placed in front of the drill allows for passive steering of the instrument and removal of equal
portions of each surface. The flexible instrument was tested in cadaver material, and gives
promising results, but the design needs fine tuning.

Introduction

Specific problems of arthroscopy are related to the limited workspace in joint cavities, caused by
the surrounding bones that are compressed by ligaments, and the limited access to these joint
cavities due to overlying neurovascular tissues. This is also true for subtalar joint arthroscopy for
which several access portals are available.>** One of the techniques that is being developed for
subtalar joint arthroscopy is the subtalar arthrodesis.***% The preparation of the subtalar joint
to perform an arthrodesis consists of the removal of the cartilage and subchondral bone from
both joint surfaces. This way two bleeding bone surfaces are created that will eventually fuse.
Four aspects will probably enhance quick and solid fusion of the joint: removal of the
subchondral bone and cartilage of the entire subtalar joint surfaces (Figure 3.0.1), establishment
of bleeding contact surface areas, preservation of the subtalar joint's shape, and creation of
smooth and congruent surfaces that increase the areas of true contact (Chapter 3).! Even though
several portal options exist to access the subtalar joint, it requires high surgical skills to perform
the operation arthroscopically and to satisfy the conditions for optimal fusion. This is due to the
complex shape and tightness of the subtalar joint, and the current straight arthroscopic
instruments (Chapter 3).'*

The goal of this paper is to present the development of a new flexible instrument that facilitates
access to the entire subtalar joint, and with which the four conditions for optimal fusion can be
fulfilled. It is expected that if the flexible instrument can reach all locations in the subtalar joint,
it can probably also be used in other joints that have a less complex but congruent shape. The
conceptual design is presented as well as a prototype which was tested in a cadaver setting.
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Materials and methods

Conceptual design

In the introduction, four conditions were already mentioned that probably enhance fusion of the
subtalar joint. Apart from the machining of bony tissue other design criteria were taken into
account: access, safety, control, time frame, tissue removal, and simplicity of the construction.
The requirements for the new flexible instrument are summarized in Table 4.3.1, and they will
be elucidated.

It is essential to create bleeding bony contact surfaces, which can be established through
mechanical machining of tissue (Table 4.3.1: Requirement 1). The machining force of cartilage
was found to be less than the machining force of subchondral bone (Section 4.2). Therefore, the
maximum machining force for subchondral bone (measured to be about 50 N, Section 4.2) was
used as a boundary condition for the strength and stiffness of the flexible instrument.
Furthermore, a rough estimation of the necessary power to machine bone tissue was established
(0.1 W, Section 4.2). The power is defined as the machining force multiplied by the machining
velocity. The machining forces can be kept low when a dynamic component is added. For
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) Table 4.3.1 ENGHTNTNTS aspect choice
Requirements derived for the " . - " — - —
design of a flexible instrument | 1. Establishment Mechanical machining of tissue Combination of drilling and milling
that facilitates the preparation bl eeding joint
of the sybtalar jo!‘nt for fusion surfaces
reqaremont the woet( of | 2. Create smooth Shape of drill Cylindrical
the instrument that involve surface
the requirement are indicated . .
. as well as a choice for the | 3. Remove both layers Reachability of joint Geometry shaft
solution. A number of aspects from entire joint Drill at tip
is elucidated in the text. surfaces via one
access portal
4. Quicker processthan | Both surfaces simultaneously machined Diameter drill
open techniques Cartilage layer and subchondral bone Drill placed centrally to joint
layer simultaneously machined surfaces
5. Preserve joint shape High difference between bendng stiffness | Geometry cross-section
flexible shaft in two directions Superelastic wire
6. Control Passive Joint surfaces used as guidance
7. Tissue removal Geometry shaft Bearing of drill at tip
throug h instrument Sudion facility Space between cable and shaft
wall
8. Safe Monitor actions Start at portal
Low machining forces High rotational frequency
No sharp edges Protection of sharp edges
9. Simplicity Number of dements Multiple functions integrated in
one element
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lines indicating the back . o .
and forth movement I:Ies |n|:lu::|tmg the sideways movement ?Eur% 4.;13.1 e
joi - . through the joint etch showing the two
through the joint schematic draV\!lng 9 ] possible machining processes
of the frontal view to remove cartilage and bone
of the posterior layers. The blocks represent
facet ” the subtalar joint.

A) Slicing process, that alfows
only a back and forth
movement in the joint (arrow
indicates direction).

B) A combination of drilling
and milling process, that
allows for back and forth
movement and sideways
movement in the joint (arrows
indicate directions).

calcaneus;

square- T calcaneus cylindrical
drill
A shaped tube B

example, when a drill is used, the machining force will be lower when the rotational frequency
is increased.

After weighing several machining principles (slicing, drilling, milling, punching, chiseling,
sawing), two concepts to machine the tissue were further developed (Figure 4.3.1). The first
concept machines tissue via a slicing process to which an oscillation component is added for
reduction of machining forces. To machine smooth surface (Table 4.3.1: Requirement 2) the
cross-section of the tube has to be square, since this concept implies machining via a back and
forth process for which each machining stroke is performed next to the former (Figure 4.3.1).
Few experiments were performed to simulate the oscillation, but this did not give satisfactory
results. In addition to this, more research is necessary to design a mechanism to power the
oscillation movement. Therefore, this concept was not further developed, so far.

The second concept consists of machining tissue by means of a cylindrical drill. The drill allows
for drilling (back and forth movement) and milling (sideways movement through the joint)
(Figure 4.3.1), with which a smooth surface can be created (Table 4.3.1: Requirement 2). It was
chosen to further develop this concept, since a conventional cylindrical drill used in existing
shaverblades could be initially used, and no further research would be necessary to construct a
transmission for actuation of the drill.

From prior research (Section 4.2)7, it was determined that about 3 mm (cartilage thickness is
about 1 mm, and subchondral bone layer is about 2 mm) should be removed of each surface tol
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Figure 4.3.2

Sketch showing the
configuration of the flexible
shaft.

A) To be able to curve the
flexible shaft around a circle
d,, the flexible segments have
to bend around a circle ppeng
which is four times smaller.
The reason for this is that the
rings cannot be bent.

B) 3D-sketch of the flexible
shaft showing the directions.

C) Cross-section of the
flexible segment and the ring
with sidewings.

l

dn‘ng,out

dring,in

B C

create bleeding contacts (Table 4.3.1: Requirement 3). To speed up the machining process
(Table 4.3.1: Requirement 4), it is preferable to machine both joint surfaces simultaneously. If
both layers are machined simultaneously at both joint surfaces this requires a drill diameter of
7 mm, since the subtalar joint space height could be distended upto 1 mm without making use
of distraction devices (Section 4.2). This implies that a height of 7 mm is a practical boundary
condition for the size of the instrument. The width of the instrument is solely dependent on the
size of the access portal and can therefore be set larger at about 15 mm.

To be able to reach the entire subtalar joint, the length of the shaft is important. In Section 4.2,
it was determined that if the length of the flexible shaft (/,.,) is 50 mm the instrument can reach
a large range of posterior, medial, and anterior facets. For preservation of the joint's shape
(Table 4.3.1: Requirement 5), the new instrument should be able to curve around a circle of 24
mm in one direction (d, Section 4.2). However, the shaft should give sufficient support to
machine the tissue. Fortunately, the instrument has to be flexible only in the y-direction (Figure
4.3.2), and the joint surfaces can be used to support the instrument in this direction. The
stiffness of the instrument in the z-direction should be as high as possible to resist the tissue
machining forces (Figure 4.3.2). To achieve this combination of different stiffnesses, the
moments of inertia and the configuration of material should be carefully chosen. The
construction exists of rings with side-wings through which wires of superelastic alloy are placed
(Figure 4.3.2). The rings with side-wings generate a large difference between the moments of
inertia in the two bending directions (Figure 4.3.2). The superelastic alloy should allow for large
bending. The determination of the number of rings (k) (equal to the number of flexible
segments), the length of the rings (/,,) and the distance between the rings (..) is performed
with the help of the maximum allowable radius of curvature of one flexible segment (0pens)
(Figure 4.3.2):

Y max _

k.lﬂex.%'d

S _ 2 Ymax ) Ishaﬂ
Ishaﬂ

= . (4.3.1)
s‘max : Cc

pbend = k ) Iﬂex

max
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where, y.. is the largest distance in y-direction to the neutral axis, and e, is the maximum
allowable strain of the superelastic alloy. Once k and |, are determined, |,,, can be calculated
with:

aft K-l ex
ling = g% (4.3.2)

Three bending stiffnesses were calculated with the help of the superposition principle to
determine the size of the diameter of the rings (d,,,., and d,...), the length of the side-wings
(l..e)» @nd the diameter of the superelastic wires (d,,).** The bending stiffness of the flexible
shaft in y-direction (K) is calculated assuming no support, but in practice the shaft is supported
by the joint surfaces.

The flexible shaft is divided in two types of segments of constant cross-section (Figure 4.3.2: C).
The load on each cross-section is determined starting at the end of the shaft, followed by the
determination of the amount of deflection for each segment (Figure 4.3.3: B and C). The amount
of deflection of each segment consists of a deflection component (6,) caused by a force (F) and
a moment (F-/), and a deflection component consisting of an angle of rotation (6,) multiplied by
the total length of the previous segments caused by the same force and moment. The total
deflection of the flexible shaft (4,.) is then calculated by the sum of ali deflections:

oS0 3((51)4) -

i=1 i=1

where,
2k-1 )
F- -1
. FoP (21 ) i (4.3.4)
'"3-E-J 2-E-J
and
2k-1
F. |2 F Zli)'li (4.3.5)
0, = — 4 =
2-E,-J E-J,

E, is the modulus of elasticity of segment i, and J, is the moment of inertia of segment i. The
length of a segment, the modulus of elasticity, and the moment of inertia are either equal to
those of the ring or to those of the flexible segment. Therefore, the Eqs 4.3.3 to 4.3.5 can be
simplified to:
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A) Flexible shaft subjected to
a load F at the middle of the
drill head.

B) Internal forces caused by a
force F working on each
segment. The first three
segments are shown and the
last two.

the first three segments of
the flexible shaft starting at
the free end. By making use
of the superposition principle
the deflections can be
determined separately for
each segment and than
added.

D) Flexible shaft curved
around the minimum bending
diameter (d.). The shaft is
subjected to a force F, which
is directed perpendicular to
the plane of bending in this
case.

Figure 4.3.3 A

C) Deflection caused by F of B
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E..J Ep, J

ring ring,y flexy 1=

where E,, is the modulus of elasticity of a ring, E., is the modulus of elasticity of the flexible
segment, J,,., is the moment of inertia of a ring in y-direction, and J,,, is the moment of inertia
of a flexible segment in y-direction (Figure 4.3.2: C):

4 3

J - (drlng out dring,in ) +2- Iwing hwing (438)

fingy 64 12

m-d;,,

Jﬂe)(,y =2 64ﬂ- (439)
where h,, is the height of a side-wing.
The stiffness K, is:

.. 310

tot

The bending stiffness in z-direction (K,) can be calculated with the Egs 4.3.3, 4.3.6 to 4.3.8,
except that the moments of inertia in the z-direction (J,,. and J...) have to be filled in (Egs
4.3.11 and 4.3.12).
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LR (drin ,oul4 - drin ,in4) hwin * Iwin 3 2
Jﬁng‘z = 9 64 g + 2 . 91 2 g + 2 . (hwing . Iwing ) . yWing (4.3.11)
nd ex4 nd ex2 2
Jiexz =2 62 +2 4" Vo (4.3.12)

where v, is the distance from the neutral y-axis to the y-axis at the centroid of one side-wing,
and v,.. is the distance from the neutral y-axis to the y-axis at the centroid of half the area of
the flexible segment. (Figure 4.3.2: C)

Lastly, K, is the stiffness of the flexible shaft, when curved around a diameter, and is loaded by
a force (F) that is directed transversally to the plane of bending (Figure 4.3.3: D). K, was
calculated for four conditions: d. is 24 mm (8,, = 244°), 32.5 mm (6,, = 180°), 65.1 mm (6,, =
90°), and 586 mm (6,. = 1°). 8, is the angle between the begin and the end of the shaft. It
was expected that K, for the minimum d. would be the most critical to resist the maximum
machining force of bony tissue. Due to the fact that the shaft is already curved the force (F)
causes a bending moment or a twisting couple depending on the location at the shaft. The unit
load method for calculating displacements described in Gere and Timoshenko® was applied to
determine stiffness K. This method considers the structure subjected to the actual loads (in this
case F), and a unit load in the direction of the displacement to be calculated (in this case the
displacement in the direction of the actual load F is required). By equating the work of the unit
load and the internal work due to the actual loads, the general equation for 8, is obtained (Figure
4.3.3: D).

5 _‘?lF--}cic-(cos()-cose,o,)'g-dc-(cose-cosen,,)-%dc do
P EJ
6

%4 _F.1d -(sinO - Si -1d_-(sinB-si -1
+f F-1d, - (sin@-sind,, )-1d_-(sinB-sind,, )-1d, 4 (43.13)
. GJ,
or,
F-(1 3 1
5, = (E‘(JjC) [(coszf)tot +1)8 -2c0s0,,8in0 + 2 sin(26)]:
F(%dc)3 o2 1 i 1gj o
] + —W[(sm 0,,+ ;)6 +2sinf, ,cosb - ;sm(29)]el (4.3.14)
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where, 1/2d-d6 is the length of the segment of the flexible shaft, and J, is the polar moment of
inertia which is equal to the sum of the moments of inertia in y- and z-direction. Since, the shaft
consists of segments with different moments of inertia and moduli, Eq. 4.3.14 has to be
calculated separately by the angle interval [6, , 6.,] for each segment. The stiffness K, is then:

F
K, = . (4.3.15)
p

The options to control the instrument in the flexible direction (Table 4.3.1: Requirement 6) are
active or passive control. It was decided to implement passive control, because the construction
can be kept simple, and the surgeon does not have to control an extra degree of freedom.
Furthermore, the cartilage layers may be damaged, which offers the opportunity to use the two
joint surfaces as a guiding tunnel for passive steering of the flexible instrument.

It would be advantageous, if an existing motorized device, that is already used in arthroscopy,
could power the flexible instrument. The shaver system is the first choice, since tissue removal
is also possible via this device (Table 4.3.1: Requirement 7). To enable tissue removal through
the flexible instrument there should be enough space in between the shaft and the drilling
transmission, and no bearings can be placed in the shaft.

Safety is another important issue (Table 4.3.1: Requirement 8). By setting the rotational
frequency of the drill as high as possible and using an as sharp as possible drill the machining
forces are minimized. This enables easier steering. In addition to this, by machining both joint
layers from the beginning of the access portal, the surgeon can monitor his actions. Obviously,
the flexible instrument may not have unprotected sharp edges or may not have elements that
are sticking out.

Prototype

With the help of the prototype (Figure 4.3.4) the solutions that were chosen to meet the
requirements are discussed. The dimensions of the parts that were chosen within boundary
conditions are shown in Table 4.3.2. Starting at the tip, there is a frame placed in front of the
drill which has multiple functions. Passive control is achieved by pushing the frame into the joint
space, which requires a height of the frame equal to the joint space height. The flexible
instrument is forced to follow the contour of the joint surfaces, since the frame follows the path
of least resistance. The central position of the frame in relation to the drill enables simultaneous
removal of equal portions of the two joint surfaces. In addition to this, the frame also serves as
protection of soft tissue surrounding the joint against the drill. Lastly, since no bearing is allowed
in the shaft to enable tissue removal, a bearing axis, that supports the cylindrical drill, was
attached to the frame.

A cylindrical drill was chosen as drill head which is currently used in conventional shaverblades
(5.5 mm Stonecutter Acromionizer blade, Smith and Nephew Company, Hoofddorp, the
Netherlands). The arguments for choosing this drill were that it scored well in drill and mill
experiments performed on bone (Section 4.2), was readily available, and was easier to steer'
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A) Separate parts of the
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E) Construction drawing with
the important dimensions.
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than a spherical drill. The drill is powered via a steel cable that has the ability to rotate in a
curved position of the shaft (Figure 4.3.4). The steel cable can be attached to a normal drilling
device, or attached to a shaver system by means of a coupling. A hole was drilled through the
axis of the cylindrical drill to allow for bearing and to attach the drill to the steel cable.

The flexible shaft consists of stainless steel rings with side-wings through which superelastic
wires (@medical technologies AMT, Herk-de-Stad, Belgium) are placed. The side-wings were
fabricated by wire electric discharge machining. It was chosen to decrease the width of the side-
wings from 3.4 to 2 mm, to be sure that the peak stresses in the wires are minimized. A practical
problem was the connection of the wires to the rings. Since, we did not know how the
characteristics of the wires would change when they were soldered or welded to the rings, we
chose to glue them with Threebond 1373B. Originally, the frame was also glued to the ring at
the far end. The available gluing surface appeared to be insufficient. Therefore, two holes of 0.5
mm were fabricated by wire electric discharge machining in each leg of the frame in which the
wires were glued (Figure 4.3.4).

The joint surfaces generate the reaction forces to overcome buckling once the flexible shaft is
inside the joint. To prevent buckling outside the joint an ellipse-shaped metal shaft was designed
that can be pushed over the flexible shaft (Figure 4.3.4). The ellipse-shaped shaft also protects
the tissue around the portal against the flexible shaft, and can be pushed over the cylindrical
drill when the instrument is inserted. Lastly, the ellipse-shaped shaft is useful for tissue removal,
since the flexible shaft with its openings is inappropriate for this task.
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Evaluation

Three aspects are important to be tested in order to determine if the flexible instrument fulfills
the requirements: A) the preservation of the joint surface contours, B) the removal of sufficient
cartilage and bone of both joint surfaces, and C) thecreation of a smooth surface. For the
preservation of the joint contour, the passive control has to be tested as well as the flexibility of

item symbol value dimension remark ;gft’% ;’-t-;: rechmical
: equal to a small subtalar specifications of the prototype
height frame 1 (mm) joint space height of the flexible instrument.
n — - These dimensions were
diameter drill 55 (mm) existing size chosen within the set up
diameter steel cable 16 (mm) left winded, readily available | 2oundany conditions.
gér:{n%al: mﬁtrg of the posterior d. 24 (mm) result of Section 4.2
. . result of Section 4.2,
minimal length of the flexible shaft levatt 5.1  (mm) adjusted for construction
modulus of e asticity of flexible E 70 GPa) superekstic alloy: assumed
segment fiex (GPa value, real value unknown
shear modulus of elasticity of G 233 (GPa) superebstic alloy: assumed
flexible segment flex : a value, real value unknown
modulus of el asticity of ring Efing 210 (GPa) steel
shear modulus of elasticity of ring Gring 70 (GPa) sted
maximum allowable strain Emax 006 - superehstic alloy
diameter of flexible rod thex 04 (mm) available dimension
dstance between the from the
neutral y-axis to the y-axis at the 28 (mm) two wires placed next to
centroid of half the area of a Yrex ) each other at both sides
flexible segment
inner diameter of a ring of the .
flexible shaft Ging in 5 (mm) as large as possible
:éi?t;g:rr\n aef.-tter of aring of the ing out 4 (mm) smaller than diameter drill
length of one side-wing ling 2 (mm) as large as possible
height of the side-wings of a ring of B 1 (mm) equal to a small subtalar
the flexible shaft wing mm joint space height
distance between the from the
neutral y-axis to the y-axis at the
centroid of the area of the a side- Ywing 35 (mm)
wing
inner size ellipse-shaped shaft 9x5 (mm)
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the shaft. The flexibility of the shaft was firstly calculated with the formulas derived. The
practical embodiment of the flexible shaft was tested by curving it around differently sized
templates in the y-direction, and by pushing the tip of the instrument on a pair of scales in the
z-direction. Aspects A and C, and the passive control were first tested in an experimental set up
with artificial bone (Imbema kunststofchemie, the Netherlands 1991%) by means of a drill with
a frame without the flexible shaft.

The final prototype was tested in two cadaver ankles where the removal of the entire subtalar
joint surfaces was aimed at via the two posterior access portals. For the shaver system used in
the tests no active suction device was available. To enable bone chips to be removed the flexible
instrument was frequently pulled back. The smoothness of the surface and the assessment of
removal of sufficient portions were done by visual inspection. In addition to this, an estimation
was made of the thickness of the removed layers by means of a photograph and a probe of
which the length was known.

Results

The additional technical specifications of the flexible instrument as well as the calculated
stiffnesses of the flexible shaft can be found in Table 4.3.3. The calculations show that K, is 1000
times higher than K,. Furthermore, it appears that K, is approximately equal to K, for bending
around d.. This is advantageous, since in practice only at the far end of a joint the entire flexible
shaft will be curved. Whereas for larger diameters (d_) the flexible shaft will be partly supported
by the ellipse-shaped shaft, which results in a larger K, as was calculated for the entire shaft.
The maximal estimated vertical displacement is 2.1 mm. The flexible shaft including the steel
cable could be loaded to 30 N with minimal displacement in z-direction, from that point on
buckling occurred easily. In practice, K, is sufficient to curve the shaft around a diameter of even
smaller than 24 mm (Figure 4.3.5). However, the stiffness of the steel cable was not taken into
account in the calculations, and cannot be neglected as is determined in practice (Figure 4.3.5).
Therefore, extra force is needed to curve the shaft.

The initial tests with a straight instrument and a frame at the tip showed that it is possible to
passively control the instrument with the frame and that a smooth surface can be achieved at
both surfaces (Figure 4.3.5). Tests performed in two cadaver ankles show that both surfaces are
equally machined by the drill, and that a smooth surface is created (Figure 4.3.6). The estimated
height of the removed tissue was about 2 mm. In addition to this, passive control is possible.
However, it was not possible so far with this prototype to follow the entire subtalar joint’s contour
(Figure 4.3.6). Due to this fact, attempts were postponed to assess if quicker preparation of the
joint is possible than the currently used method performed with curettes.

Additional phenomena were noticed during the experiments. The instrument could be inserted
through the posteromedial portal by increasing the size of the portal slightly. At insertion, the
ellipse-shaped shaft was helpful. It was important to push the ellipse-shaped shaft over the part
of the flexible shaft which was not in the joint, since buckling occurred easily. During drilling it
was sometimes difficult to keep the ellipse-shaped shaft at its place. The cylindrical drill, which
was already used during one operation on a patient, went blunt, quickly. Therefore, more force
[than expected was needed to push the flexible instrument through the joint. Drilling (back and
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dimension value dimension

k 11 - K, 0.03 (N/mm)
loex 1.1 {mm) K, 28.8 (N/mm)
liing 34 (mm) K, (B = 244°) 23.4 (N/mm)
Jieny 0.005 (mm*) K, (6 = 180°) 25.6 (N/mm)
Jionz 4.0 (mm*) K, (6. = 90°) 15.3 (N/mm)
Jiexo 4.0 (mm?*) K, (B = 1°) 0.7 (N/mm)
Jinay 18.4 (mm*) Bot.z 1.7 (mm)
Jing.e 68.5 (mm?*) d, (0 = 244°) 2.1 (mm)
Jingp 86.9 (mm?)

forth movement) was well possible with the instrument, but milling was very difficult (sideways
movement through the joint). The height of the frame in relation to the subtalar joint space
height was rather large.

Discussion

In this section, the clinical problem that is addressed is the insufficient arthroscopic preparation
of the subtalar joint for fusion. Thereto, requirements defined from clinical practice were
translated into technical specifications for the development of a new flexible shaverblade. From
this point, the conceptual design of the instrument was started by generating possible solutions
for each requirement, and by integrating them to a final concept.

The practical embodiment of the instrument shows that most requirements are met. Smooth
bleeding contact areas can be created, equal portions of both surfaces can be removed from the

drill head with a
frame that is used

id
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Table 4.3.3

The calculated dimensions for
the flexible shaft. The length
of the flexible segments and
the rings (lgex and l;ng) wWas
calculated assuming a rod of
0.35 mm, in the actual
prototype the wires were 0.4
mm. The moments of inertia
were calculated with the
actual rod diameter.

To calculate the maximum
displacement in z-direction
the maximum machining force
(50 N) determined in Section
4.2 was used.

Figure 4.3.5

A) Flexible shaft bent in its
most extreme configuration.
The flexible shaft including
the steel cable could be bent
to a diameter of about 30
mm.

B) Photograph of artificial
bone material that is
machined with a straight drill
including a frame.
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entire joint (Figure 4.3.6: A), passive control is possible (Figure 4.3.5), tissue removal through
the instrument is possible via connection with the shaver system, and the requirements for
safety are met. However, the requirement to follow the contour of the joint surfaces is not
fulfilled by means of this prototype. The high stiffness of the tip (frame and drill) in combination
with its relatively large length makes it not possible to curve around the top of the subtalar joint
contour. The reaction forces of the joint surfaces forced the instrument to drill into the surface
of the calcaneus. Once the subchondral bone is removed on one side, the drill follows the path
of least resistance and starts drilling in the softer bone layer underneath the subchondral bone
(Figure 4.3.6: B).

In the near future, the following adjustments are foreseen. The length of the combination of
frame and drill has to be decreased. Thereto, the length of the frame in front of the drill can be
decreased by 1 mm, and the cylindrical drill can be downsized to half of its length including the
bearing axis. This implies that the attachment of the steel cable to the drill has to be changed,
since too little surface will be left to glue both parts. In addition to this, the drill should have
sharper cutting edges. If it has a diameter of 6 or 6.5 mm it is expected that the entire
subchondral bone layer is removed. The height of the frame should be decreased to 0.8 mm and
care should be taken that the edges are more rounded than currently. A more flexible steel cable
should be chosen to decrease the stiffness in flexible y-direction. Furthermore, it is believed that
the stiffness of the shaft itself in y-direction may be a bit larger to minimize the occurrence of
buckling. Thereto, the width of the side-wings can be kept the same as the width of the rings
(3.4 mm). A larger width of the side-wings increases the glue surface of the rings. This is
advantageous, since the current attachment of the superelastic wires to the rings is not solid
enough. Another option could be to experiment with soldering of the wires.

In conclusion, the concept of the flexible instrument has potential and the prototype meets
already a large part of the requirements, but the practical embodiment needs adjustments to
make it possible to use the instrument in practice.

4.4 Discussion

To implement the new subtalar arthrodesis technique, the development of additional instruments
was started. As was explained in Chapter 1, the anatomic variation of individuals forces the
designer to carefully state the exact problem to be solved by the development of a new
instrument, the variations that can be assumed constant by suitable approximation, and the
variations the instrument should deal with. For the development of the measurement system the
difficulty was the presence of variation amongst people in combination with the fact that a
correct hindfoot alignment is not clearly defined. This absence of a clear definition was used as
a freedom of choice for the design. The definition of the hindfoot alignment is dependent on the
position of the person. The question is what position is critical for the definition of a correct
hindfoot alignment without actual measurements. Is this the natural stance position or the
unilateral position when walking or even another position? It is difficult to determine a suitable
position to measure hindfoot alignment. Therefore, guided by practical usage of the
measurement system, it was chosen to let all individuals stand in one unambiguously defined
position. By choosing this option, the reproducibility of the measurement is emphasized. It is
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subtalar joint su . il cartilage

Figure 4.3.6
Color illustration see cover.

9 A) Photograph of the

posterior side of one cadaver
ankle showing the posterior
facet. Half of the posterior
facet (till the top of the joint)
is machined with the flexible

8 instrument. This resulted in a

subtalar joint surfaces

believed that if the new measurement system can produce reproducible values of the hindfoot
alignment, this will be a good start in the search for a definition of hindfoot alignment and an
optimal correction of it.

In addition to this, the accuracy is important. How accurate does the measurement has to be,
to be useful in clinical practice? How accurate does the measurement has to be, to be of use in
search for a proper definition of hindfoot alignment? For this purpose it is probably best to strive
for the highest possible accuracy. This can be done by using only one observer, using a large
number of repeated measurements per condition, and performing adjustments to the
measurement system to minimize human variation. The required accuracy for clinical practice is
difficult to assess. Nature can adapt itself well to adjustments. An option would be to start
measuring a large population of patients that is going to receive a subtalar arthrodesis, and a
population that already has received a subtalar arthrodesis. From these measurements, a
boundary angle for correction could be assessed taking into account the accuracy of the
measurement system. So far, the first prototype of the measurement system as well as the
method making use of posterior weightbearing photographs are a good start for the discussion
about the definition of hindfoot alignment. With adjustments, they both could be used in clinical
practice.

For the development of a flexible shaverblade, it was important to assess the geometric and the
load criteria. The aim was to start fabricating a prototype as soon as possible to verify if the
variation amongst individuals was taken into account, sufficiently. Thereto, research was done
to assess boundaries for the required criteria by performing simple experiments and by defining
a simple model for the subtalar joint space. In practice, the experiments performed to asses the
maximum machining force for several machining processes appeared to be difficult to keep in

smooth surface and equally
removed portions of tissue on
both surfaces.

B) Photograph of the
posterior side of the second
cadaver ankle showing the
posterior facet. The
photograph shows that the
major part of the joint surface

B of the calcaneus is machined,

but the majority of joint
surface of the talus contains

i still cartilage.

C) Photograph of the second
cadaver ankle, showing the
subtalar joint space height
after machining the joint with
the flexible shaverblade.

D) Photograph of the second
cadaver ankle showing the
flexible shaverblade inserted
in the posteromedial portal.
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control, since so many variables influence the machining force. Thereto, this study can be used
as a pilot study to start an elaborate study to set up rules of thumb for the machining force of
several types of human tissue, as is common in the machining of metals.® Since, these data are
important for almost every instrument used in removal surgery.*

Considering the design of the flexible shaverblade, different functions were tested separately,
and proved to work. The combination of functions in the presented prototype needs fine tuning.
In addition to this, the opinion of the participating surgeon who used the instrument on a
cadaver ankle was positive. The fact that the flexible instrument can be powered by the shaver
system is advantageous, since surgeons are familiar with this device, which can lead to easy
acceptance of the new shaverblade. Since the currently used shaverblades are disposable (the
drill in the prototype went blunt quickly), the possibility exists to make the new shaverblade also
disposable. This could be advantageous for the fabrication process, since the flexible shaft could
than be fabricated by a moulding process, which is probably cheaper than wire electric discharge
machining. The concept of the flexible shaverblade has definitely potentials.
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Table 5.1.1

The number of times that a

5. Optimization of arthroscopic view

In this chapter, a problem area is addressed that is related to all arthroscopic operations:
insufficient arthroscopic view. A good view on the operation area during arthroscopic operations
is essential to perform a procedure safe and fast. Section 5.1 presents more detailed results of
the clinically driven approach (Chapter 2). In Section 5.2, the state of the art is summarized on
the creation of sufficient view by the irrigation of joints. From Section 5.1 and 5.2, it has been
determined that two aspects could supplement the current developments to improve the
arthroscopic view. Firstly, the behavior of irrigation systems should be made clear to surgeons
who often lack sufficient technical knowledge. This aspect is addressed in Section 5.3 where a
model is derived for the most commonly used irrigation systems as well as guidelines for their
usage. Secondly, once the factors that influence the joint irrigation are known, the design of a
new sheath or cannula that optimizes the joint irrigation can be started. To be able to determine
these factors a simplified knee joint model was constructed, which was evaluated with the help
of the experiments described in Section 5.3. In Section 5.4, the influence of several factors is
investigated, and a new sheath is presented and evaluated. The chapter is concluded with a
discussion in Section 5.5.

5.1 Problem analysis

In Chapter 2, it was concluded that the interviewed surgeons agreed that a suboptimal or
troubled arthroscopic view was an important problem area. The surgeons were asked to indicate
how often the view was impeded in the most common arthroscopic procedure (Table 5.1.1). The
main causes for unclear view were malfunction of the arthroscope, the light cable or the camera,
malfunction of the irrigation system, and the occurrence of bleedings. Other causes of
insufficient view at the operation area are the presence of synovial tissue in front of the
arthroscope, and the tightness of joints, especially on the posterior side of the knee joint.
Research is started to assess what steps can be taken to optimize the view during arthroscopic
procedures.

A summary will be given of observations on arthroscopic view and related items that were
performed during 40 arthroscopic operations in 7 different hospitals. These operations include
ankle arthroscopy (11), meniscectomy (13), other arthroscopic knee procedures (11), shoulder
arthroscopy (4), and wrist arthroscopy (1). All operations were performed with a gravity pump
with a separate suction system, except for four operations in which an automated pump was

remagk is made on Uu;_ view good view clear and shamp view 15%
luring one operation is
summarized as a percentage

. Oi;gve totali numbe’:p; troubled view tissue in front of the camera 30%

ODserved operations, whic! . .

pe was 40. bleedings and loose tissue parts 25%

instrument 13%

operating blindly 10%
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used (Figure 5.1.1). From the analysis, it appears that in 15% of the operations the view was
optimal during the operation (7able 5.1.2). Furthermore, the configuration of the 30°-
arthroscope is useful through its periscope function, and this is sufficient to inspect a large
number of joints. This makes it unnecessary to put an effort in developing a flexible arthroscope.
However, in about a quarter of the operations the view is troubled in such a way that the surgeon
is hampered in performing the operation, and he has to take actions to clarify the view or
sometimes perform part of the operation blindly. Furthermore, it was observed that usually when
adhesions are present or a joint is heavily damaged, the view is impeded by synovial tissue. It
was noticed that during one operation an outflow tube was blocked, and one surgeon used a
needle as outflow portal instead of a separate cannula (Figure 1.1.5). About half of the surgeons

view during procedure always clear sometimes always good view  sometimes no view

undear

Figure 5.1.1

Color illustration see cover.
To the left: Picture of the
gravity pump (GP) on the left
side and the automated pump
FMS duo+ (AP) in the
operation room.

To the right: picture of the
tubes connected to the
sheath-scope combination,
and the cannula. The
pressure sensors are also
indicated (s1, s2, s3, s4).

Table 5.1.2
Outcome of a survey in which
eleven arthroscopic surgeons

were asked for which
shoulder arthroscopy 4 6 4 6 procedures the view is
dbow sometimes impeded. The view
arthroscopy 3 4 4 3 is divided into two aspects:
wrist arthroscopy 2 3 3 2 clarity (column 2 and 3) and
overview (column 4 and 5).
diagnostic knee arthroscopy 8 2 6 4 Each surgeon was asked to
] mark one column per aspect.
meniscectomy 5 6 3 8 Some surgeons did not
. . . perform all types of
anterior cruciate ligament procedures, therefore the
reconstruction 4 5 7 2 total number of marks differ,
ankle arthroscopy 6 4 5 5
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used a third portal through which a separate cannula was inserted for fluid inflow (only in the
knee joint and shoulder joint), and the other half used it for fluid outflow. No consensus exists
about the choice of inflow- and outflow portal. Furthermore, two surgeons complained of a
difficult-to-maneuver connection between the arthroscope and the sheath.

5.2 State of the art

To perform an arthroscopic operation safely and fast, an optimal view is mandatory."? According
to Morgan' this can be established by a proper functioning of an optical system and an adequate
joint distention. Irrigation systems that pump liquid through a joint during arthroscopic
operations are designed for this purpose. The liquid pressure enlarges the available joint space
by pushing surrounding soft tissue aside, while the liquid flow removes debris or blood. A clear
view in a joint can thus be obtained and maintained. As indicated in Section 1.1 a complete
irrigation system exists of a pump, an inflow tube, a scope-sheath combination, a joint, an
outflow cannula and an outflow tube (Figure 5.1.1). Two types of irrigation systems have been
investigated in this project."*** The so-called gravity pump (GP) is the first and most frequently
used irrigation system. This system is open loop controlled and creates a pressure in the
complete system due to the
hydrostatic  pressure  difference
between a fluid reservoir placed on a
certain height and the joint to be
operated (Figure 5.2.1). The
hydrostatic pressure difference is

Figure 5.2.1

Schematic drawing of the
complete set up in the
operating room when using a |
gravity pump. Due to the
difference in height between

u:e fluid rser;qir and the solely dependent on the height
f;’e’,',e hisbpod C;M"é'e',',q.‘eu;j height difference."* When the outflow portal is

closed, the flow ceases and the
pressure in the joint raises until the
pressure gradient is zero.' Usually the
gravity pump is used in combination
"+ with a separate suction device that
cannula . removes blood and debris from the
. joint.

. The second irrigation system is an
+ automated pump (AP) that can create
outflow  pressure differences with the help of a
tube - roller pump (= volumetric, or
| 4 peristaltic pump) and is controlled by a
feedback loop (Figure 5.2.2). In the
case of two roller pumps, a constant
flow is generated when the two pumps
waste/ - rotate at the same speed, and the
suction value of the flow is dependent on the
rotational frequency. Pressure can be
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built up when the rotational frequency of the inflow roller pump is increased, and the rotational
frequency of the outflow roller pump is decreased as opposed to the nominal speed. The
impedance of the complete irrigation system determines how quickly the pressure is built up.
The value of the pressure is dependent on the duration of the condition for which the roller
pumps rotate at different speeds.
The automated pump is controlled by a feedback loop which configuration can vary per brand.®
Due to the feedback loop automated pumps have the ability to keep the set pressure at a
constant level. The pressure is measured at a certain location (for example at the end of the
| inflow tube) in the complete irrigation system. This signal causes the controller to adjust the
| pump’s rotational frequency until the level of the measured pressure is the same as the set
pressure. It is possible that the automated pump causes a joint to collapse, if the roller pump in
the inflow tube receives pressure measured at a location that does not take into account all
restrictions. The controller adjusts the rotational frequency until the pressure equals the sensor
pressure. However due to the restrictions that are not included in the control loop the rotational
frequency of the inflow pump could be to low to keep up with the rotational frequency at the
outflow pump.
A number of these automated pumps has a control function for the flow. This is possible through
the second roller pump in the outflow tube, of which the rotational frequency is controlled
separately. This suggests that the flow can be controlled independently from the pressure. In
Appendix 5A a survey is given of a number of automated pumps that are available on the
market.

A number of remarks from literature regarding irrigation are summarized. Then several items
important for irrigation are discussed. Substantial pressure gradients and flow rates are
advantageous for three reasons: quicker irrigation of blood and debris, the intra-articular
pressure may tamponade bleeding vessels, and fat pad or synovial tissue obstructing the
visualization will be pushed away preventing unnecessary resection.” Optimal rinsing of the joint
can be achieved by maximum inflow combined with fully open outflow cannula.® Oretrop and

L. Figure 5.2.2
ne joint automated pump Schematic drawing of the

s complete set up in the

’ ) operating room when using
.\5 -;p% an automated pump. The
scope-sheath R v/ roller pumps cause a liquid

combination flow. By means of adjusting

roller roller the rotational frequency of
pump pump both roller pumps a pressure
difference can be generated

< which is dependent on the

restriction of the complete
irrigation system.
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Elmersson® have performed experiments with different diameters of the inflow tube and
arthroscope. They found higher flow rates for larger diameters of tube and arthroscope. On the
other hand, exceedingly high flow rates create turbulence that can interfere with the
visualization.' Attention has to be paid when the shaver is used as outflow portal, since in this
case the fluid outflow exceeds the capacity of inflow of the system which results in a negative
fluid balance causing the joint to collapse.'”

Choice of irrigation system

Advantages of a gravity pump are easy control, cheap and potentially safe. Advantages of an
automated pump are the possibility to create more predictable and higher pressure differences
and flows, with less risk of a negative fluid balance.! Two articles®* present results of experiments
done to compare a pump system with only pressure control and a pump system with pressure
and flow control. Ogilvie-Harris and Weisleder? evaluated the pumps by determining the degree
of visualization and technical ease, the degree of soft tissue extravasation (subjective criteria)
and minimal operation time (objective criterion). They found that using a pressure-flow
controlled system reduces the operation time. Ampat et al.’ used the presence of bleeding
vessels, the visual clarity (subjective criteria) and the amount of blood loss (objective criterion)
to compare the systems. They found no differences between the two pump systems for ordinary
operations, but complicated and prolonged operations benefited from the more advanced pump
system. Oretrop and Elmersson® point out that the flow- and pressure-regulating systems are not
well understood by the surgeons, because most surgeons have a lack of mechanical engineering
background to make optimally use of the irrigation systems.

Optimal intra-articular pressure

Gillquist et al.’ first reported a minimal intra-articular pressure of 28 mmHg (3.73 kPa) for good
visualization, because this should be enough to collapse the walls of arterioles and to prevent or
to reduce bleeding.”® This is supported by Ewing et al.* who measured the intra-articular
pressure during 107 arthroscopic knee procedures. They attached a pressure transducer to one
of the stopcocks of the scope-sheath combination which was placed in the outflow portal. The
pressure was measured during the entire procedure, and the other stopcock of the sheath was
only opened on surgical demand. They found that the intra-articular pressures ranged from 0 to
750 mmHg, but usually they were in the range of 70 to 120 mmHg. This latter pressure range
was found to be necessary for consistent distention.* Bergstrom and Gillquist’ report that when
the outflow cannula is released the pressure never exceeds 60 mmHg. Care must be taken to
avoid sudden changes of joint positions, this can cause pressure peaks in the knee, especially
when the in- and outflow portals are closed.**”** The knee joint volume is namely greatest at
30° of knee flexion and is much less in extension or in flexion of 90°." Therefore, Morgan'
advises to operate with a fluid system that is never fully closed. Ewing et al.* state that the
pressure is affected by a number of factors such as changes in leg position, opening and closing
of inflow and outflow portals, and the insertion of tools, especially the shaver. In conclusion, the
intra-articular pressure varies widely during a procedure and amongst procedures.*
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Choice of in- and outflow portal

Two possibilities for the configuration of portals are suggested in literature, each having its
advantages and disadvantages. The first configuration is inflow through the sheath that houses
the arthroscope (scope-sheath combination). In this manner tissue that obscures the
arthroscope can be pushed away, and the direct visual field is cleaned most quickly.”*
Furthermore, it is unnecessary to create an extra portal, since outflow can take places through
the sheath as well as the shaver.! The disadvantage is that the resistance of the sheath-
arthroscope combination is very high and causes a significant drop in the flow rate. The second
configuration is the use of a separate inflow cannula, and the use of the sheath or the shaver
for outflow. The advantage is that higher flow rates can be achieved resulting in a quicker
irrigation of the joint. However, this portal often becomes blocked off and can only be used in
large joints, because in a smaller joint no possibility exists to create an extra portal.’”
Furthermore, outflow via the sheath of the arthroscope implies that all debris passes the visual
field.® Most surgeons prefer to use the inflow via the sheath of the arthroscope.

Complications

There is always a risk of fluid extravasation.'*? Bomberg et al.”® mentioned a complication rate
of 1.4% from fluid extravasation during knee arthroscopy using a pump. Bergstrom and Gillquist’
determined the amount of extravasation by measuring the inflow and outflow to the knee joint.
They found that in 88% the discrepancy between in- and outcoming fluid volume was smaller
than 500 ml under the assumption of no fluid leakage. Ogilvie-Harris and Weisleder* also
measured the amount of extravasation, but they monitored at the end of the procedure if the
patient had a certain amount of swellings. This is a rather subjective and not well quantifiable
measurement. They concluded that the use of a more advanced irrigation system decreased the
amount of swelling.

Patents

At least six patents (A-F)'** cover the application of a complete irrigation system consisting of
two roller pumps that are controlled via a pressure regulator. Patents B and F'“*®* have one
pressure sensor in the inflow line and claim pressure and flow control. Patent F*® has a three-
way valve that can switch between two separate outflow lines. Patents A and E* also claim
pressure and flow control, but their pressure sensors are located differently. For Patent A, this is
inside the joint cavity, and for Patent E two sensors are placed, one in the inflow tube and the
other in the outflow tube. The irrigation system, described in Patent C**, controls the outflow
with a valve that is controlled by a regulation circuit that receives a signal from a pressure sensor
in the inflow tube. Patent D' presents a pneumatically driven irrigation system that develops a
puisatile flow, and it is controlled by a pressure regulator.

Other patents claim parts of an irrigation system: a connection of a tube to a pump*, a special
irrigation a tube with compliant sections to reduce variations in fluid pressure®, tube set with
two inflow lines to guarantee continuous flow®, a new pressure sensor?, a pressure regulation
circuit®, and a method to determine liquid loss during an operation®.
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Discussion and conclusions

In literature, little attention is paid to the irrigation of joints during arthroscopy. Articles covering
the topic of the introduction of active irrigation pumps only give brief descriptions of the
systems.® Other articles address topics as the choice of irrigation system, the optimal intra-
articular pressure, complications, and the choice of in- and outflow portal.'*’#* From these
articles no consensus can be derived on optimal conditions for irrigation as will be elucidated.
It can be concluded that an automated pump seems to have more potential in creating a good
arthroscopic view, and reducing the risk of extravasation and potential damage to the
surrounding soft tissues. Efforts are undertaken to improve the irrigation systems in order to be
able to create higher pressure levels and flows. This is evident through the number of patents
on irrigation systems.® Due to these efforts, the irrigation systems have become more
complicated to operate', which is a serious problem for surgeons who are missing sufficient
technical background.® It is for example indicated that a negative fluid balance can occur which
can cause a joint to collapse’, but no guidelines are given to overcome this.

Two options are suggested for the optimal intra-articular pressure.*”® Care has to be taken to
avoid high pressure peaks, since these can cause complications.'*”1*2 Ewing et al.‘ have
performed measurements of the intra-articular pressure during an operation. However, these
measurements give only the actual intra-articular pressure in the joint when the outflow portal
is closed. When the outflow portal is opened and fluid can flow through the complete irrigation
system the scope-sheath combination, which is placed between the pressure transducer and the
joint, gives a large pressure drop. Then, the pressure transducer no longer gives a correct
measure of the intra-articular pressure. So far, it seems impossible to maintain the optimal intra-
articular pressure with the gravity pump without a great number of actions, and it is unclear if
the automated pump systems are capable to do so. Furthermore, during the experiment of
Ewing et al.* the scope-sheath combination is placed in the outflow line, whereas a large number
of surgeons uses the scope-sheath combination for inflow. It is also unclear how the pressure
measurement takes place when suction is performed with the shaver.

Guidelines are missing for the prevention of the influence of some factors, for example the
shaver suction. Lastly, it is unclear what combination of inflow and outflow portals (including
their locations) is optimal, and it appears to be difficult to set up objective criteria to judge the
quality of the arthroscopic view. In conclusion, insight in the behavior of irrigation systems and
guidelines for usage of them, and the design of an optimal portal configuration are important
steps to achieve optimal arthroscopic view.
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5.3 Behavior of arthroscopic irrigation systems

This section is based on the article Behavior of arthroscopic irrigation systems, by G.J.M. Tuijthof,
L. Dusée, J.L. Herder, C.N. van Dijk, P.V. Pistecky, which is submitted to the Journal of
Arthroscopy.

Keywords: Arthroscopy, irrigation, intra-articular pressure, descriptive model, clinical
experiments

Abstract: Purpose: In literature no consensus exists about optimal irrigation of a joint. The

‘ goal of this study is to gain better insight in the behavior of irrigation systems and to derive a
number of guidelines to perform optimal irrigation. To this end, optimal irrigation is defined as
the steady state of irrigation of a joint in which a sufficient positive intra-articular pressure and
a sufficient flow are maintained. Methods: Firstly, a model is derived for the complete irrigation
system consisting of a pump and restrictions. The main restrictions are the joint, the scope-
sheath combination, the cannula, and the in- and outflow tube. With the help of this model a
number of hypotheses is proposed. These were evaluated by clinical experiments during ten
arthroscopic knee operations in which the pressure at different locations and the flow were
measured for several conditions. Results: The clinical measurements indicate that the set
pressure is always higher than the intra-articular pressure, which varies for different patients and
conditions. It appears that the scope-sheath combination is the greatest fluid resistance.
Therefore, the scope-sheath combination has the largest influence on the irrigation control.
Conclusions: The predictions from the model were supported by the clinical results. More
measurements are needed since there appeared to be a great variation in the results. Guidelines
were derived for the performance of optimal irrigation.

Introduction

To perform an arthroscopic operation in a safe and fast fashion, an optimal view is mandatory.'?
According to Morgan' this can be established by a proper functioning optical system and
adequate joint distention. Irrigation systems that pump liquid through a joint during arthroscopic
operations are designed for this purpose. The liquid pressure enlarges the available joint space,
while the liquid flow removes debris or blood, and pushes the surrounding soft tissue aside. A
clear view in a joint can thus be obtained and maintained.

In the literature, only in the introduction of the field of arthroscopy and the introduction of active
irrigation pumps articles address this topic."*”#*® No conclusions can be drawn on the optimal
irrigation of joints in order to create a sufficient view.* This is probably due to the lack of
mechanical understanding of the surgeons about the flow- and pressure-regulating systems.®
It has been determined that the creation of a clear overview in joints is frequently a problem.”
The malfunction or complexity of irrigation systems makes them difficult to control, and it is
unclear what the optimal intra-articular pressure should be, and whether or not it is possible to
maintain it during the operation. In- and outflow of liquid into a joint often takes place through
the same cannula, which results in a suboptimal irrigation of the joint. It is unclear what the
optimal location of inflow and outflow portal should be. In addition, soft tissues like fat or{
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Figure 5.3.1

Model of the complete
irrigation system. Two
different pumps are modeled
and were tested in clinical
practice.

A) The gravity pump (GP) is
an open loop controlled
pump.

B) The automated pump (AP)
is a close loop controlled
pump for which the location
of the pressure sensor
depends on the type of
automated pump.

The restrictions are located in
serial order, and are the
inflow tube (Rippow twpe), the
scope-sheath combination
(Rsazpe-sheath)/ the joint (i Rjoint)/
the outflow cannula (R pnus)
and the outflow tube (R,upiow
woe)» The liquid flows through
the system from the pump to
the waste. The pressure drops
from the initial pressure to
atmospheric pressure. Since
the pressure sensors (sensor
1-sensor 4) are placed at an
equal height, only
hydrodynamic pressure drop
takes place.

A pressure difference of a part (AP qu1a)
sensor 1 (P,,) sensor 2 (P,,) sensor 3|(P,;) sensor 4 (P,,)
P
set GP ! Rinﬂow tube Rsheath»scope = Rjoint Rcarmula Routﬂcaw tube waste
flow (Q)
»
pressure difference of the complete system (AP)

B sensor 1 (P,;) sensor 2 (P,;) sensor 3 (P;;) sensor 4 (P,,)
== —————
1
P +

AP Rinﬂow tube Rsheath-s:ope ] Rjoint -] Rcanuula Routﬂow tube

waste

adhesions often impede the view at the operation field, especially in complex operations.

The goal of our investigation is to derive a better insight in irrigation systems behavior and to
derive guidelines for the performance of optimal joint irrigation. A model of the complete
irrigation system is derived and quantitative measurements are presented of the behavior of the
complete irrigation system for several conditions during arthroscopic knee operations. In
addition to this, a simplified knee joint model that has been built to perform laboratory tests to
optimize the joint irrigation was evaluated.

Methods

In Section A, a model of the irrigation systems is derived and predictions are performed with the
help of this model. In Section B, measurements are performed with an experimental set up to
determine a number of fluid restrictions, as well as measurements are performed in clinical
practice to evaluate both the model and the experimental set up.

A. Derivation of a model

In order to be able to derive guidelines for optimal irrigation, it is defined as the steady state of
irrigation of a joint in which a sufficient positive intra-articular pressure and a sufficient flow are
maintained. Here, the steady state implies that a constant intra-articular pressure exists and that
the fluid balance is in equilibrium. To define a model of the complete irrigation system a number
]of assumptions is made: minimal extravasation of fluid into the joint and fluid losses are
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negligible, restrictions are pressure independent, and only steady state conditions are
considered. For the latter assumption, the pressure and flow are considered to be constant for
a certain amount of time. This implies for example that the dynamic process of a joint enlarging
into distention by liquid pressure is neglected, and only the joint’s final state of distension is
considered. With these assumptions, the complete irrigation system can be modeled as a pump
and a number of restrictions which are the inflow tube (R, we), the scope-sheath combination
(Recopesnearn)s the joint (Ry,..), the outflow cannula (R.,....) and the outflow tube (R,.ou wee) (Figure
5.3.1). The pump and restrictions will be addressed in more detail. The pump creates a certain
initial pressure at the beginning of the system. A flow will develop, its magnitude being
dependent on the restrictions in the system. Due to the restrictions in the irrigation system the
liquid pressure drops at each restriction according to:

AP, = Q-R, (5.3.1)

where AP, is the pressure difference of a subsystem i, Q is the flow rate, and R is the fluid
restriction of subsystem i. The pressure difference between the initial pressure and the pressure
of the liquid at the end of the system is called the pressure difference of the complete system.
The pressure difference of the complete system (AP) determines, together with the sum of all
restrictions, Q according to the equation:'®

Q- AP AP
iR Rinﬂowlube + Rscope—sheaih + Rjoint + Rcannula+ Routﬂowtube (5'3'2)
i
i=1

Notice that the pressure difference in this case is solely due to the occurrence of a flow. This is
called the hydrodynamic pressure difference. When the pressure sensors (Figure 5.3.1) are
placed at different heights an additional pressure component, called hydrostatic pressure
difference, influences the total pressure difference. This latter component is solely dependent on
the height difference between the sensors. The flow is the same at every location in the
irrigation system. Only when the outflow is closed, the flow ceases, no hydrodynamic pressure
drop takes place and the initial pressure will be maintained.' There exists only a hydrodynamic
pressure drop if the flow is larger than zero. Furthermore, Eq. 5.3.2 shows that for a defined set
of restrictions the flow can only be varied by variation of the pressure difference of the complete
system. This implies that change of places of restrictions does not influence the magnitude of
the flow of the liquid. However, this interchange can strongly influence the intra-articular
pressure, because each restriction causes a different pressure drop dependent on its geometry.
Consequently, if the restrictions before the joint are high, the pressure drop before the joint is
high, which results in a low intra-articular pressure. If the restrictions before the joint are small,
the pressure drop before the joint is low, which results in higher intra-articular pressure.
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Table 5.3.1

Seven conditions for which
the pressure at different
locations and the flow were
measured during ten
arthroscopic operations. Two
different pumps, a gravity

- pump (GP) and an automated
- pump (AP), were used. Their
pressure levels differed and
therefore are indicated
explicitly. C1-C3 represent the
standard situation with
increasing initial pressure, for
which inflow takes place
through the scope-sheath
combination and outflow
through a separate cannula.
C4 represents the standard
situation added with the
usage of a probe or a punch,
whereas C5 represents the
standard situation except that
the shaver is used as outflow
instead of the separate
cannula. C6 represents the
inverted standard situation for
which the inflow takes place
through the separate cannula
and outflow through the
scope-sheath combination. C7
is the condition for which a
bleeding occurs independently
of the settings of the
irrigation system.

Pumps

Two irrigation systems are investigated in this project (Section 5.2)."* The gravity pump (GP) is
the first and most frequently used irrigation system (Figure 5.2.1). The gravity pump is modeled
as a block that sets a certain initial pressure level (Figure 5.3.1). The second irrigation system
is an automated pump (AP) that can create a flow with the help of one or two roller pumps
(Figure 5.2.2). The automated pumps are modeled as a gravity pump, but with an additional
control loop (Figure 5.3.1).

Seven conditions, characterizing important situations involving irrigation were investigated
during ten arthroscopic operations (7able 5.3.1). During these measurements the pressure at
different locations and the flow were measured. Condition C2 using both types of pumps, and
conditions C5 and C6 using only the gravity pump (7able 5.3.1) were considered with the help
of the proposed model. Condition C2 is compared with C6 for which the standard situation of in-
and outflow is inverted, since the choice of inflow and outflow configuration is one of the aspects
for which no consensus was found.*%7#°

The pressure that is of most value for the surgeons is the intra-articular pressure. Ideally, an
automated pump should therefore control this intra-articular pressure, and should therefore be
measured by the automated pump, which is actually used in certain pumps for which a pressure
sensor is introduced in the joint.* However, this appears practically difficult to conceive, because
the sensor can become blocked or the controller can not respond to sudden pressure changes
due to changing leg postions.**>?2* Therefore, the effect of the pressure sensing location of
an automated pump is analyzed for condition C2.

condition set pressure inflow portal outflow portal instrument

Low:
GP 10 mmHg
AP 79 mmHg

C1 scope-sheath cannua none

Normal:
GP 51 mmHg
AP 113 mmHg

scope-sheath cannua none

High:
GP 150 to 250 mmHg
AP 146 mmHg

scope-sheath cannua none

Normal:
GP 51 mmHg
AP 113 mmHg

c4 scope-sheath cannua probe or punch

Normal:
GP 51 mmHg
AP 113 mmHg

C5 scope-sheath shaver shaver

Normal:
GP 51 mmHg
AP 113 mmHg

c6 cannua scope-sheath none

Occurrence of a
bleeding
Any pressure level

scope-sheath or
cannuda

scope-sheath or
cannua

probe, shaver,

c7 punch or none
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Practical values for the restrictions

For the parts of the irrigation system used in the operating room (in- and outflow tube, scope-
sheath combination, and outflow cannula) the specific pressure drop at a certain flow was
determined in the laboratory. The pressure difference was measured by two pressure sensors
that were attached at the beginning and at the end of the in- and outflow tube, the scope-sheath
combination, and the cannula, respectively. The pressure measured at the beginning was
compensated for its hydrostatic pressure difference with the sensor placed at the end. The flow
was measured by weighing the mass of fluid using a pair of scales for a certain time. The volume
was calculated by means of the fluid’s density.

It was determined for each part whether the flow is laminar or turbulent, since this will indicate
if the pressure difference is proportional to the flow or to the squared average velocity. This was
performed with a the help of the Reynolds number:>*

Re- Vaverage * D (5.3.3)

v

where Re is the Reynolds number, v,.... i the average velocity which is calculated by dividing
the flow by the cross-section of a part, D is the inner diameter of a part, and n is the kinematic
viscosity of the fluid, which is considered to be constant for these measurements. The sheath-
scope combination has an annular cross section. The Reynolds number can still be calculated,
but the diameter must be substituted by the hydraulic diameter, which is defined as 4 times the
cross-sectional area divided by the wetted perimeter.® A rule of thumb is that the flow is laminar,
if the Reynolds number is less than 2300. If this is the case the pressure difference is
proportional with the flow and the restriction can be calculated with the help of Poiseuille’s law:*

AP 128-m-L
=E=TT-—D4 (5.3.49)

where R is the fluid restriction, v is the dynamic viscosity, and L is the length of the part. It can
be concluded that the diameter has the greatest influence on the value of the fluid resistance
(Eq. 5.3.4), because this is the parameter having the highest power in the equation. If the flow
is turbulent (Re > 2300) another relation is valid:>*

AP =f-p-v2 (5.3.5)

average

where f is a constant factor which depends on the tube’s geometry and fluid characteristics, and
p is the density. The factor f cannot be theoretically calculated, but can be derived with the help
of experiments in the laboratory in which the pressure difference is measured simultaneously
with the flow for each subsystem. To be able to compare the restrictions of all parts, a linear
regression was determined with the help of measurements performed in the laboratory and inl
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clinical practice. Oretrop and Elmersson® carried out experiments with varying scope diameters
and found that higher flows occurred for increasing scope diameter. Thus, it is expected that the
scope-sheath combination gives the highest restriction, since its diameter is the smallest in
comparison with the other subsystems.

The fluid restriction of a live joint, e.g. the knee joint, cannot be determined easily in the
laboratory or in the operating room. Furthermore, experiments to optimize irrigation, and
measurements of the intra-articular pressure can be obtained from a physical joint model, in
case this joint model has the same restriction as the average knee joint. For this purpose, a
physical joint model was constructed that has approximately the same dimensions (diameter is
95 mm and distension varies from 6 mm to 12 mm) and the same volume (64 mi, unpressurized)
as a knee joint® (70 to 90 mi, when pressurized). To evaluate this joint model, its restriction was 1
determined in the laboratory, whereas the intra-articular pressure and restriction of the knee !
joints were roughly estimated from measurements during operations. With the help of Figure
5.3.1 the intra-articular joint pressure can be estimated. In practice, Sensor 2 and Sensor 3
(Figure 5.1.1) are not located directly before the sheath and after the cannula, but in the inflow
tube and outflow tube, respectively. Therefore, the fluid restrictions of part of the inflow tube
and outflow tube have to be taken into account as well. Starting at the inflow side the intra-
articular joint pressure (P,.,) is then estimated with:

Pjointa = Psz - APinﬂowlube(p ) Vzverage) + APsoope-sheath (Q) (536)

where P, is the actual pressure measured at Sensor 2 (as located in the operating room),
AP, e 1S the pressure drop of the inflow tube part between Sensor 2 and the scope as function
Of PV2irerager DPepesnean 1S the pressure drop of the scope-sheath combination as function of the
flow. Both functions relate to the linear curve that was determined with the help of the
laboratory measurements. Starting at the outflow tube the intra-articular joint pressure (Pis)
can also be estimated with:

Pjointb = Ps3 + APoutﬂowlube(p ) vazlverage) + APt:annula(p ) szaverage) (537)

where P is the actual pressure at Sensor 3, AP, .. w IS the pressure drop of the tube part
between Sensor 3 and the outflow cannula as function of pv’,.... and AP, is the pressure
drop of the cannula as function of pV?,..... From Egs 5.3.6 and 5.3.7, the intra-articular pressure
can be calculated as the average of P, and P, The fluid restriction of the patient’s knee
joints is calculated as the difference between Py, and P, for which in this case the pressures
at Sensors 2 and 3 are compensated for the hydrostatic differences.
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In the laboratory, the complete irrigation system using the joint model was built for both types
of pumps. A difference with clinical practice was that in the laboratory no separate suction device
was available to test it in combination with the gravity pump. For two patients operated with the
automated pump the exact settings (pressure sensors placed at the same height as in the
operating room) were rebuilt in the laboratory using the joint model for which C1-C3 were
tested. This was done as an additional test to validate the restriction of the joint model.

B. Set up of clinical experiments

Measurements were conducted during arthroscopic knee operations to analyze the pressure
difference of the complete irrigation system and its parts as well as the flow for several
situations. Ten patients were involved in this experiment. Six were male, and four were female;
the age ranged from 21 to 57 with a mean of 38.6 years. There were four meniscectomies, four
diagnostic knee operations, and two arthroscopies for treatment of osteochondral defects. Six
patients were operated with a gravity pump, and four with an automated pump (FMS Duo+¢,
Arsis Medical BV, De Bilt, The Netherlands) (Figure 5.1.1). During the operations with the gravity
pump, the outflow tube was connected to a suction device that was set at a constant pressure
of -500 mmHg (33.5 kPa). For the experiments the atmospheric pressure (100 kPa) was namely
chosen as the 0 mmHg level. Through this definition, it was possible that negative pressure can
occur. In cases in which an instrument was used the outflow tube of the gravity pump was
usually fully closed and outflow took place via leakage alongside the portals.

During an operation the pressure in the complete system was measured at four locations,
namely directly underneath the fluid bag when using the gravity pump and directly after the
roller pump when using the automated pump (Sensor 1), in the inflow tube as close as possible
to the scope-sheath combination (Sensor 2), in the outflow tube as close as possible to outflow
cannula or shaver (Sensor 3), and at the end of the outflow tube (Sensor 4) (Figures 5.1.1 and
5.3.1). Sterile pressure sensors (pressure monitoring kit, Baxter Healthcare Corporation, USA)
were used, since these were easy to use and the accuracy should be enough for this experiment.
The pressures measured in the operating room appeared to be significantly more negative than
those measured in the laboratory, and were often so low that they dropped below the calibrated
range of the pressure sensors. To be sure that the values that were measured were correct, the
sensors were calibrated in a range including the large negative pressures, and were found to
perform correctly and linearly. The pressure was measured for each condition for a certain
amount of times. The pressure signals were recorded by a data acquisition system with a sample
frequency of 100 Hz. The flow was measured by measuring the weight of the fluid bag as a
function of time using a pair of scales and a stopwatch. Seven conditions were measured for
each patient when possible (Table 5.3.1). During each measurement the conditions remained
the same.

The average pressure and the standard deviation were calculated for each sensor and
measurement. Following this, the average pressure and standard deviation of all measurements
of the same condition were calculated for the two pumps. No further statistics were applied,
since the aim was to look at trends for several conditions and the number of measurements was
too low. To be able to compare the results of the patients, the measured pressures werel

5. Optimization of arthroscopic view Technical improvement of arthroscopic techniques!

i M|$|T

97



Table 5.3.2.

Data of the subsystems of the
gravity pump (GP) and FMS
duo+ pump (AP) are
presented in column one. The
length, diameter and
Reynolds number can be
found in the consecutive
columns. As can be seen, only
for the scope-sheath
combination is a laminar flow
present. The proportional
factor f between AP and
PVaverage(for turbulent flow),
proportional factor R between
AP and Q (for laminar flow)
are given. Lastly, the pressure
difference of each subsystem
for the average flow, which is
calculated from the flows
measured during ten
operations (98 mi/min), is
given. This way the fluid
restrictions of the subsystems
can be compared. The
difference in pressure
between inflow and outfiow
tube of the gravity pump is
due to the fact that there are
two constrictions in the inflow
tube that cause extra
resistance.

item L (m) D (mm) Re f (mmHg-ms?/kg) AP (mmHg

inflow tube GP 2.07 7 3000 0.3721 0.7
outflow tube GP 294 7 7000 0.0755 0.1

inflow tube AP 2.59 3.5 3200 0.0786 2.3
outflow tube AP 3.09 5 3300 0.1312 0.9
cannula 0.095 5 9200 0.0055 0.06

Dhydrautic (MmM) R (mmHg-s/m?)
scope-sheath 0.5 250 5107 80
combination

compensated for hydrostatic differences. The suggestion is given for C4 using the gravity pump
to correct the pressures measured at Sensor 3 to atmospheric pressure, and discard the pressure
of Sensor 4, since in this case the outflow tube is blocked and outflow takes place by leakage
alongside the portals where the atmospheric pressure exists Thus, in this case, the pressure
measured at Sensors 3 and 4 has no relation with the actual irrigation process. The correction
was performed in the remainder of this Section.

Results

A. Predictions derived from the model

The pressure differences that were measured in the laboratory at a given flow for each part of
the irrigation system are presented in Table 5.3.2. The scope-sheath combination gives the
highest pressure difference for the same flow, which is due to its small cross-section (Table
5.3.2).

The results of the predictions derived with the model of the complete irrigation system are
shown in Figure 5.3.2. As can be seen, the pressure drops at each subsystem, and will be equal
to the atmospheric pressure at the end of the outflow tube. The intra-articular pressure is lower
than the initial set pressure due to the pressure drops along the subsystem (Figure 5.3.2).

The interchange of inflow portal has a significant effect on the intra-articular pressure, due to
the higher fluid restriction of the sheath-scope combination in comparison to the fluid restriction
of the cannula (Table 5.3.1 and Figure 5.3.2: C2 and C6). When a shaver is used, suction takes
place at the outflow tube (Figure 5.3.2: C5). Due to the suction the pressure difference of the
complete system will be enlarged, which results in a higher flow, but also in a larger pressure
drop at each part of the system. The suction causes a lower intra-articular pressure in
comparison with C2, assuming that the initial pressure of the pump remains the same.

It can be seen that there is a difference in the pressure course for C2 A and C2 B using the
automated pump (Figure 5.3.2). C2 A has a relatively small positive effect on the value of intra-
articular pressure, since there is still a large pressure drop before entering the joint due to scope-

|sheath combination, which is not included in the control loop. In C2 B the restriction of the
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scope-sheath combination is included in the control loop as is the joint and this results in an
intra-articular pressure that is close to the desired initial set pressure.

Figure 5.3.2
Pressure course passing
through the complete
PRI S irrigation system for different
! - : - configurations: C2, C5, C6
| using the gravity pump and
1 Ry yemiow tuper=t= shaver C2 for two types of
automated pumps as
indicated in Table 5.3.1. At C2
A the pressure sensor of the
pump is located before the
£ Routflow tube i~ Waste  scope-sheath combination,
i and at C2 B the pressure
: ] sensor of the pump is located
: : after the cannula. For good
P f ‘ 5 comparison it is assumed that
' for C2 A and C2 B inflow
: takes place through the
. scope-sheath combination.
For each condition the
predicted pressure course is
given, which is derived with
the help of the practical
values for the restrictions.
Since the restriction of the
knee joint is only estimated,
the parts of the graphs
indicating the pressure drop
for the knee joint are shown
by dotted lines. The intra-
articular pressure is indicated
as well, since this is the
_ important pressure to know,
location and the initial set pressure is
~—  given, because this is the
. . : pressure that is set by the
C2A { : ﬁ surgeon.
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B. Measurements in the operating room

Only a few bleedings occurred during the ten operations, which made it not possible to draw
conclusions regarding the irrigation system behavior or surgeon’s actions for C7. The results of
all patients could not be presented in one graph because the flow differed during each
procedure. Therefore, the pressure measurements compensated for their hydrostatic differences
of one patient for each of the two pumps are shown (Figures 5.3.3, and 5.3.4). The standard
deviation for the sampled pressure measurement per sensor is very low (2 mmHg or less),
except for Sensor 3 using the automated pump (1 to 87 mmHg). Not all conditions occurred
during an operation. Furthermore, for C1-C3, and C6 usually just one measurement was
performed per operation. Therefore, the results should be interpreted with care.

The pressures in most cases ranged from -250 mmHg to 200mmHg. The pressure course show
a decreasing trend (Figures 5.3.3 and 5.3.4), as was also predicted by means of the model. In
Figure 5.3.3, the pressure does not decrease between Sensor 1 and 2, which is probably due to
malfunction of Sensor 1. In Figure 5.3.4, the pressure increases between Sensor 3 and 4, which
could be due to the working mechanism of the pump that causes large pressure oscillations
(standard deviations up to 87 mmHg). The largest pressure drop occurs between Sensor 2 and
3 for all measurements. This is also in agreement with the predictions derived from the model,
since the subsystems located between these sensors are the scope-sheath combination, the
knee joint and the separate cannula of which the scope-sheath combination causes the largest
pressure drop. This indicates that the intra-articular pressure in clinical practice is also lower than
the initial pressure. All pressure measurements of Sensor 4 are negative due to the suction at
the outflow tube when using the gravity pump (Figure 5.3.3).

The results of experiments performed in the laboratory with the knee joint model using the
gravity pump and automated pump (Figures 5.3.5 and 5.3.6) are more consistent. The missing
suction device in the laboratory setting clarifies some of the differences between the
measurements performed with the gravity pump on patients and on the joint model. The results
of the measurements performed on two patients for which the exact settings were rebuilt in the
laboratory are shown in Figures 5.3.7 and 5.3.8.

In Table 5.3.3, the estimations are presented for the intra-articular pressure per condition and
per patient calculated with the help of Egqs 5.3.6 and 5.3.7. Since the fluid restriction of the
shaver was not determined, P, could not be calculated for C5. The measurements of Sensor
3 were only used for the calculations if their values were higher than —250 mmHg. If the
pressure is negative using the gravity pump, the outflow tube is squeezed due to the suction,
which changes the cross-section of the tube. The variation of the intra-articular pressure in the
human knee joints during an operation is large, but trends can be indicated. The intra-articular
pressure appears to be higher when the separate cannula is used as inflow portal (C6) in
comparison with the scope-sheath combination as inflow portal (C2). The adjustment of the
initial set pressure seems to have little effect on the intra-articular pressure (C1-C3). When using
the gravity pump the initial starting pressure seems to be too low (C2).

The estimated pressure difference of the knee joints and the joint model, as function of the flow,
Iis presented in Figure 5.3.9. There is no consistency in the results, all patients had a different
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Figure 5.3.3

The hydrodynamic pressure
components of the pressure
measured during the
operation of one patient using
the gravity pump (GP) for five
conditions (Table 5.3.1). For
several conditions the outflow
took place via leakage along
the portals, whereby the
measurements of Sensor 3
and 4 have no meaning and
the pressure in the
atmosphere is 0 mmHg, as
can be seen in the graph. The
average flow was 62 mi/min.

Figure 5.3.4

The hydrodynamic pressure
components of the pressure
measured during the
operation of one patient using
the automated pump (AP) for
six conditions (Table 5.3.1).
The average flow is 114
mi/min.

Figure 5.3.5

The results of the pressure
measurements done in the
laboratory using the gravity
pump without separate
suction device for C1, C2, and
C6 (Table 5.3.1). It can be
clearly seen that a higher
initial pressure causes a larger
pressure drop for each
subsystem. Furthermore,
when the scope-sheath
combination is used as
outflow the intra-articular
pressure (C6) is significantly
higher than the standard
situation (C2).
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Figure 5.3.6

The results of the pressure
measurements done in the
laboratory using the
automated pump for C1,C2,
and C3.

Figure 5.3.7

Pressure measurements of
Patient 7 (AP) vs. pressure
measurements done in the
laboratory with the knee joint
model using the same tubes,
and the sensors were placed
at the same heights as in the
operating room.

Figure 5.3.8

Pressure measurements of
Patient 8 (AP) vs. pressure
measurements done in the
laboratory with the knee joint
model using the same tubes,
and the sensors were placed
at the same heights as in the
operating room.
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condition Cc4 C5 Cé6

patient Pomn P Ponta  Pionis Ponta Pamn
GPp1 -8 38 0 -12 0 1 28 0
GP p2 -18 9 -78 9 22 -9 109 125
GPp3 72 0 84 0 31

GPp4 -96 3 19 7 0

GPp5 -124 -149 0

GP p6 -33 95 0 50 0

Average -41 -33 26 -2 16 66

sD 48 51 38 60 21 61

AP p7 5 1 39 1 52 126 66
AP p8 -13 42 3 50 48 42 -113 112 149
AP p9 35 38 35 46 -1 49 | -74 53 59
AP p10 -32 -7 45 7

Average 4 12 45 21 -45 94

sD 42 21 7 25 86 40

Table 5.3.3

The estimation of the intra-
articular pressure (mmHg) in
the joint is given for each
condition (Table 5.3.1) and
each patient separately. Six
patients (p1-p6) were treated
while using a gravity pump
(GP), and four patients (p7-
p10) were treated with an
automated pump (AP). A
number of estimations could
not be determined. The
values that are marked boldly
are the average values of a
number of measurements,

restriction. The estimations and measurements determined for the restriction of the joint model
are in the same range as the human knee joints.

Discussion

The definition of optimal irrigation indicates two items that are important for the surgeon to take
into account: intra-articular pressure, and irrigation flow. These two items will be discussed for
portal choice, shaver usage, and type of irrigation system, resulting in the definition of

guidelines.
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Figure 5.3.9

Estimations of the pressure
drop along the knee joints of
all patients (black) vs.
estimations of the pressure
drop along the knee joint
model (gray). As can be seen
the pressure drop along the
knee joint model lies in the
range as the human knee
Joints.
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Intra-articular pressure

Ewing et al.* have performed measurements of the intra-articular pressure during an operation.
They derived that the pressure measurement only equals the intra-articular pressure if the
outflow portal is closed and there is no flow. Our results show that if there is indeed a flow, the
intra-articular pressure is never the same as the desired initial set pressure (Figures 5.3.2-5.3.8),
because the pressure decreases at each restriction. The intra-articular pressure is affected by a
number of factors: changes in leg position, opening and closing of inflow- and outflow portals,
and instrument and shaver usage.* We found that the use of an instrument (Figures 5.3.3 and
5.3.4) has little effect on the intra-articular pressure, as well as a change in the initial set
pressure of a pump (Figures 5.3.3 and 5.3.4, Table 5.3.3). The latter result is probably due to
the fact that in the case of using the gravity pump the suction at the outflow tube is too large.

Portal choice

According to the literature, most surgeons prefer to use the inflow via the scope-sheath
combination.'”®* When a separate cannula is used as inflow portal, this often becomes blocked
off, debris has to pass the visual field, and a separate cannula can only be used in large joints.'”®
The fact that the debris has to pass the visual field can actually be an advantage, since the debris
does not have to travel through the joint before it is removed, moreover it allows the surgeon
to monitor the suction and complete removal of debris. From the model and the experiments, it
is concluded that using the cannula as inflow portal results in a higher intra-articular pressure
than when the scope-sheath combination is used as inflow portal (Figures 5.3.2-5.3.5, Table
5.3.3). This is due to the fact that the restriction of the outflow cannula is about 65 times lower
than that of the scope-sheath combination (Table 5.3.2), and therefore cause a much smaller
pressure drop.

Shaver usage

Our results verify that if the suction pressure is too high there is a risk that the intra-articular
pressure drops below the minimally required level or that even the joint could collapse (Figures
5.3.2-5.3.4, 5.3.6 and Table 5.3.3).*"®

Type of irrigation system

Oretrop and Elmersson® state that an irrigation system should match the following criteria: insert
fluid directly into visual field, and high flow in combination with adequate joint distention. When
using the gravity pump, the intra-articular pressure is not known by the surgeon. However, the
surgeon could derive an estimation of the intra-articular pressure if he knows the value of the
restrictions placed in the inflow. Considering the results from the experiments this estimation
would be inaccurate and of no use. When an automated pump is used the initial set pressure is
maintained within a smaller range. However, it is essential to know the pressure sensing location
to control the intra-articular pressure in an optimal way, especially when the large restriction of
the scope-sheath combination is placed before the joint (Figure 5.3.3).
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Irrigation

According to the literature, increasing the initial pressure results in higher flows, which is
advantageous for three reasons.” Oretrop and Elmersson® state that optimal rinsing of the joint
can be achieved by maximum inflow combined with fully open outflow cannula. To increase the
flow, the pressure difference of the complete irrigation system has to be increased (Eq. 5.3.1),
which can be done by increasing the initial set pressure or by suction at the outflow tube
(Figures 5.3.2-5.3.8). Suction at the outflow bears the risk that the intra-articular pressure can
become negative which could lead to joint collapse.” The automated pump (AP) has the ability
to control the pressure measured at the location of the sensor while increasing the flow (Figure
5.3.6), however a higher flow can also achieved by increasing the pressure difference of the
complete irrigation system. Usage of an automated pump with independent flow control can also
lead to joint collapse as the results show (Figure 5.3.4). Another option to increase the flow is
to decrease the fluid restrictions of the irrigation system. Since, the scope-sheath combination
has the largest restriction it will be profitable to reduce the value of this restriction, by the design
of a new sheath.

Validation of joint model

It appears from Figures 5.3.7 and 5.3.8 that there are differences between the pressure curves
of the patients and the joint model. The measurements in the operating room show larger
variations, which can be caused by blocking of the outflow cannula, disturbances due to
manipulation of the knee, or a significantly different volume of the knee joint in comparison to
the joint model. In some patients, the estimation of the fluid restriction shows a negative value
(Figure 5.3.9), which is physically impossible, and could be due to the fact that the estimation
was calculated with an averaged flow per patient. Knowing that the estimations of the fluid
restrictions are not very accurate, it can however be concluded that the restriction of the joint
model is in the same range as that of the human knee joints (Figure 5.3.9). This justifies the
use of the joint model for the purpose of optimizing the joint irrigation.

Guidelines

For the gravity pump it is advised to use a separate cannula as inflow portal, because in this
configuration the intra-articular pressure will be approximately the same as the initial set
pressure. However, for increasing set pressures, the intra-articular pressure will deviate more
from the set pressure because of the increasing flow. The intra-articular pressure can be best
adjusted by changing the height of the fluid reservoir. It is advisable to start with a low suction
level when using a separate suction device. When more suction is necessary, the suction level
and the height of the fluid reservoir need to be increased together in order to avoid joint
collapse. Another possibility to avoid joint collapse is to manually open and close the outflow
portal intermittently by means of a clamp placed at the outflow tube. It was observed that this
latter is performed in daily practice for which every surgeon uses its own strategy.

Usage of an automated pump will take fewer actions to achieve sufficient irrigation and the set
pressure level is more accurate. When an automated pump is used for which the pressure sensor
is located directly after or in the joint while the scope-sheath combination is used as inﬂowl
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portal, the intra-articular pressure will be close to the desired initial set pressure of the pump.
In this case, the fluid balance is in equilibrium and there is less risk of joint collapse. If the
pressure sensor of the automated pump is located in the inflow tube, it is best to use this pump
in combination with the separate cannula as inflow portal. Since, cannula causes a relative small
pressure drop, which allows the intra-articular pressure to be close to the initial set pressure of
the pump.

Conclusions

Our results show that the manner in which the fluid restrictions of the subsystems of an irrigation
system are connected, and the location of the pressure sensor of automated pumps greatly
influence the intra-articular pressure. The scope-sheath combination has the largest influence on
the irrigation control, because of its large restriction. For the gravity pump it is advised to use
the separate cannula as inflow portal, and to start with a low suction level when a separate
suction device is used. For the automated pump it is advisable to determine the location where
the pressure sensor is located to control the pump. Once this is known, a decision can be made
to use either the sheath-scope combination or the cannula for inflow. Lastly, it will probably take
fewer actions to obtain optimal irrigation control when an automated pump is used.
Measurements performed in the laboratory show more consistent results than the
measurements performed on patients. The joint model was validated, and it was determined
that its fluid restriction is in the range as those of the human knee joints. For an accurate
estimation of the restriction of human knee joints it is best to use a gravity pump with outflow
in the atmosphere.
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5.4 Development of a sheath for arthroscopy
This section is based on the article Development of a sheath for arthroscopy, by G.J.M. Tuijthof,
J.L. Herder, C.N. van Dijk, P.V. Pistecky, which will be submitted to the Journal of Arthroscopy.

Keywords: sheath, flow patterns, experiments, arthroscopy, joint model

Abstract: Purpose: Development of an arthroscopic sheath to improve the joint irrigation for
two-portal and three-portal techniques. Methods: A simplified joint model was constructed
consisting of two circular glass plates positioned parallel to each other. With this model
simulations were performed to determine the influence of pressure, flow rate, bleedings, choice
of inflow and outflow portals, inflow direction, and the shape of the model on irrigation. This
lead to the set up of design criteria for a new sheath. In this device, the inflow and the outflow
should take place through separate passages, the diameter of inflow and outflow should be as
large as possible, and the inflow should be directed towards the center of a joint. Results: A
new sheath was designed with a partition that can separate inflow- and outflow taking place
through the sheath (two-portal technique). The partition can also be removed to allow only
inflow or outflow (three-portal technique). The new sheath was evaluated in a cadaver setting
to validate the joint model. Conclusions: The new sheath improves irrigation of joints during
arthroscopic operations due to its lower fluid restriction, and the addition of a partition in the
sheath by which in- and outflow takes place through separate passages. This enables higher
flows which results in a quicker cleaning of a disturbed arthroscopic view.

Introduction

To perform an arthroscopic operation safely and fast, an optimal view is mandatory.*? One of the
main aspects is the clarity of the view. To accomplish a clear view during arthroscopic procedures
the joint is irrigated with liquid that removes debris and blood. However, from our observations
during arthroscopic operations it is observed that maintaining a clear view is often difficult due
to the following problems: soft tissue in front of the scope', suboptimal flow pattern when using
a two-portal technique where in- and outflow takes place through a single cannula, inadequate
use of irrigation systems which delays the irrigation, and large pieces of debris that cannot be
removed without withdrawing the arthroscope.” In addition to this, it was determined from prior
research that the pressure drop along the scope-sheath combination is considerable, which
makes it difficult to control the pressure in a joint during an operation and increases the risk on
joint collapse (Section 5.3).

In literature, no requirements were found for the design of a sheath or cannula, and patents
found on cannula design are of no use in arthroscopy.?”* Four patents aim at the integration of
multiple functions into one device, including a lens system, a light source, irrigation passages
(possible separate inflow and outflow), and an instrument channel.** A patent presenting a
sheath for transurethal inspection has two separate channels for inflow and outflow might be
helpful for arthroscopic usage.® Another patent™ consists of a collapsible access channel that
could be used as irrigation channel whenever this is needed during the operation. If no irrigation
is needed, the channel is flat and does not occupy space. ‘
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Figure 5.4.1

Frontal view:

Schematic set up of the
simplified joint model
integrated in the gravity
pump.

Side view:
position of the camera that
records the flow patterns as
opposed to the joint model.
The joint model consists of 2
circular glass plates (diameter
95 mm) positioned at a slight
angle to each other which is
indicated in the side view. For
this position of the glass
plates, the joint space height
in between the glass plates
ranges from 6 mm to 12 mm,
which fairly approaches the
average knee joint space
height. The glass plates are
surrounded by a compliant
rubber sleeve, which allows
the volume of the joint space
to increase when the model is
pressurized. Two portals are
placed at about 30 mm from
each other resembling
anterolateral and
anteromedial portals of knee
Joint. The third portal placed
on the opposite side of the
two portals resembles
superolateral portal of knee
Joint.

The goal of this paper is to present the development of a new arthroscopic sheath as well as a
new method to determine design criteria for a sheath and to evaluate new designs in comparison
with conventional sheaths. Thereto, an experimental set-up was built by means of which the
irrigation of joints was simulated and could be visualized. Special attention was paid to the
course of the flow through the joint cavity (called flow pattern), since an optimal course will lead

73 cmor 153 cm

frontal view
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superolateral
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outflow
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to quick irrigation of the joint.

Methods
The experimental set up and objective measures, which were used to assess the influence of
several factors on joint irrigation, will be elucidated. With the help of these results design criteria
were derived for a new sheath. The conceptual design of the sheath is presented, followed by !
the evaluation of the new sheath, which was tested in the same experimental set up and in a

cadaver ankle.
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Physical model of a joint

The flow patterns of the irrigation liquid cannot be visualized in vivo or in vitro joints. Therefore
a see-through model of a joint was constructed. The model consists of 2 circular glass plates
positioned almost parallel to each other, which enables the visualization of the flow patterns
(Figure 5.4.1). The geometry of the knee joint was chosen to assess the size of the simplified
model, since most arthroscopic operations are performed on knees.* The volume of the joint
model is similar (64 mi, unpressurized) as was measured for knee joints® (70 to 90 ml, when the
knee joint was pressurized with liquid). However, the joint model has such a simple configuration
that it could also represent other joints such as the ankle joint or the shoulder joint. An
advantage of this simple configuration is that differences between conditions can be easier
detected and attributed to the variable that is tested (Figure 5.4.1). The joint model’s fluid
restriction was validated with the help of pressure and flow measurements during ten
arthroscopic knee operations (Figure 5.3.9). The joint model has three portals that can be used
(Figure 5.4.1).

Objective measures

Objective measures have to be defined to be able to compare the conditions with each other
and to determine an optimal configuration. An optimal flow pattern is defined as the flow pattern
for which in the shortest time a disturbed arthroscopic view is clear again. The flow patterns
were visualized by the injection of blue colored ink in the inflow line near by the inflow portal.
Each time 2 ml of blue ink was injected just before the entrance of the inflow cannula. Two
irrigation times were defined to be able to compare different conditions: the time till the joint
model is completely colored blue (t,..), and the time till the joint model is completely clear again
(t..). Irrigation time t,,. indicates how fast all locations are reached, and was only used in the
assessment of design criteria. A small t,,. is advantageous, since blood and debris can then be
reached quickly at any location. Irrigation time t.... indicates how fast the disturbed view is clear
again. The condition for which t... is the shortest, has an optimal flow pattern, and gives the
fastest irrigation of the joint. The irrigation times were measured by visual inspection of digitized
films of the recorded flow patterns. The clarity of the liquid in the joint model was initially
determined by an observer and with the help of a computer program. This program could
determine a clarity value for each sample of the digitized films for which it was important that
variation of the clarity value would be only due to the blue ink. With this set up the judgement
of the observer was verified. However, the application of this program was later on discarded,
since it was difficult to relate changes in the clarity value solely to the blue ink due to varying
light conditions during recording. Furthermore, it was not possible to record the arthroscopic
view simultaneously with a frontal view of the flow patterns in the joint model due to conflicting
light requirements. Thus, the flow pattern in the entire joint space was judged in stead of the
flow pattern in the operation field. It was expected that the conclusions derived for the entire
joint space based on a frontal view of the joint model are also valid for the operation field, since
a fast irrigation of the entire joint will also result in fast cleaning of the operation field. This was
later verified by testing the new sheath in a cadaver ankle for which the arthroscopic view was
recorded. [
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Table 5.4.1

The conditions that were
varied to determine the
influence on the flow patterns
during joint irrigation. For all
conditions, the automated
pump was set as is advised
for arthroscopic knee
operations (pressure is 113
mmHg and flow is 90
mi/min), except for the
condition for which pressure
and flow were varied. There
were 4 conditions for
inflow/outflow combination, 3
for different bleeding
locations, 6 for pressure and
flow, 3 for direction of inflow,
3 for location of inflow, 2 for
disturbance of an instrument,
and 2 for a 3D-profile. A
picture and sketch are added
to show the 3D-profile that
was used. The 3D-profile
consists of two semi-sphere
glasses placed in the centers
of each flat glass plate.
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fluid reservoir

Design criteria

To be able to determine the
conditions that generate an optimal
flow pattern, the influence of
several factors was investigated.
Thereto, the joint model was
attached to an automated pump
(FMS Duo+°, Arsis Medical BV, De
Bilt, The Netherlands) (Figure
5.4.2). The joint model was placed
at the same height as the pump.
With this automated pump the
pressure as well as the flow rate
could be kept constant (advised
settings for an arthroscopic
procedure were 113 mmHg and 90
mi/min), which was advantageous
to assess the influence of one
factor at a time. A camera was
placed in front of the model to
record the flow patterns (Figure 5.4.2). The factors that were varied in the laboratory were:
combination of inflow and outflow portals, pressure, flow, direction of inflow, location of inflow,
disturbance of an instrument, 3D- vs. 2D-dimensional shape of knee joint, and location of
bleedings (Table 5.4.1). Each experiment was performed five times. The averaged irrigation
times and standard deviations were determined. An ANOVA single factor test (p<0.05) was
performed to determine significant differences between the conditions. The flow patterns
recorded on video were also evaluated qualitatively. The results of the experiments can be found
in Appendix 5B. The conclusions derived from the experiments are given already in the methods
section (Table 5.4.2), since they were used to define design criteria for a new sheath. The
design criteria are summarized:

4
I

P
AY

waste/suction

. A large cross-section of the inflow cannula (quick irrigation of joint), and a large
cross-section of the outflow cannula (suction of large debris pieces) are required.

) The inflow stream should be turbulent, the course of the inflow should be directed
towards open space, and the inflow stream should reach the entire joint before suction.

. The outflow should be closest to the visual field, because this will push disturbing tissue
away from the arthroscope.

J The sheath should have a maximum diameter of 5 mm with a circular shape (an oval

shape is optional but this has to be investigated). The sheath should have no sharp
edges, should be reusable, should be used with the current obturators, and
should have the same connector as the current sheaths.

Figure 5.4.2

Picture of the complete
experimental set up. In this
case the model is integrated
with an automated pump. The
design criteria were derived
with this pump, since the
pressure and flow could be
kept constant. For the
evaluation of the prototypes
the automated pump the
gravity pump was used
(Figure 5.4.1). In the picture
the following items can be
distinguished: scope-sheath
combination (A), injection
colored ink (B), stopwatch
(C), joint model (D), cannula
(E), camera (F), irrigation
system (G), inflow tube (H),
outflow tube (I).
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Table 5.4.2

Overview of conclusions that
are derived from the
experiments that were done
to determine the influence of
the factors from Table 5.4.1
on the flow patterns and
irrigation times.

conditions

conclusions

inflow/outflow The different in-outflow combinations offer the largest difference in irrigation times in
combination comparison with the other conditions that were varied.

The fastest irrigation times occur with inflow via cannula and outflow via sheath-scope

followed by using the shaver and inflow via the scope-sheath combination.

Inflow and outflow through a cannua without separate passages does not provide an

optimal use of the irrigation liquid, since a part of the fluid flow does not enter the joint

model.
bleedings The location of a bleeding does not infuence teer.

When a bleeding ocaurs near the outflow it is slower distributed in the joint model.
pressure and For a quick irrigation of a joirt it is favorable to keep the pressure positive (and large).
flow A larger positive effect on the irrigation times than the pressure is the flow rate. With

the a number of irrigation systems it is difficult to preserve a positive intra-articular

pressure while increasing the flow rate.
direction and The fastest irrigation times are reached when the direction of the inflow stream and
location inflow location of the tip are directed towards the center of the joint model, because then the
colored ink is distributed fastest. If the inflow stream bumps into the wall of the joint
model, the flow & redirected but is not distributed quickly to the rest of the joint model.
instrument The disturbance of an instrument in front of the inflow stream has a positive effect on
the irrigation times, which become shorter.
3D-shape The shaped- surface glass plates do not influence the irrigation times.

Furthermore, it is desired to use a two-portal technique instead of a three-portal technique. The
reason for this is that a two-portal technique is routinely used when operating on smaller joints,
and when operating on larger joints, for which a three-portal technique is routinely used, it will
be no longer necessary to create a third portal. To implement the two-portal technique it is
required that in- and outflow take place through separate passages in the sheath. An exception
of this requirement is the combination for which shaver is used as outflow, since suction takes
place through the shaver.

1 12 E Technical improvement of arthroscopic techniques 5. Optimization of arthroscopic view



Conceptual design
With the help of the design criteria the patents were analyzed in more detail. Two inventions
present solutions for the cleansing of endoscopes that are likely to get foggy during a
procedure.®*®” This is seldom an issue in arthroscopy, but the configuration of the tips of these
sheaths offers possibilities to steer the inflow fluid in such a way that the flow patterns in the
joint can be optimized. The available cross-section to fulfill each function in the multifunctional
sheaths®*** deserves the main focus. To accomplish sufficient space, two inventions propose a
non-circular cross-section.** From the patent analysis, it can be concluded that attention has to
be paid to the cross-section of the flow passages of the sheath. If these passages have an as
large as possible cross-section, high flow rates can be achieved for joint irrigation which will
result in shorter irrigation times.

From the criteria and patent analysis, the idea arose to start using a 2.7-mm arthroscope in
combination with a 4.5-mm sheath instead of the common configuration for which a 4-mm
arthroscope is used in combination with the 4.5-mm sheath. This new configuration would triple
the cross-section between the sheath and the arthroscope. This will result in a lower fluid
restriction which eventually leads to higher flow rates. It is believed that a 2.7-mm arthroscope
gives the same picture quality as a 4-mm arthroscope, and with the current developments in
camera technology it should be possible to create the same picture size on the monitor. However,
for this new sheath there still would be a third portal necessary for in— or outflow. To achieve
irrigation through the sheath, the inflow and the outflow should be separated by a partition for
which two options were investigated. The first option is a configuration for which the scope is
centered in the sheath, and has a partition at each side that divides the cross-section of the
sheath in two equal parts (Prototype 1) (Figure 5.4.3: A). The second option is a configuration
whereby the scope is placed asymmetrically in the sheath from which one partition extends and
divides the cross-section also in two equal parts (Prototype 2) (Figure 5.4.3: B). It was expected
that one passage of Prototype 2 would have a lower fluid restriction than one passage of
Prototype 1, since the distance between the walls of the wetted perimeter is larger (Figure
5.4.3). Due to this, a larger maximum :
velocity can be achieved. For both options,
simple prototypes were constructed to test
this hypothesis. The fluid restriction of one
passage of each prototype was determined
by measuring the pressure drop of the
prototype simultaneously with the flow
rate. At a flow of 98 ml/min (Section 5.3:
average flow rate measured during ten
arthroscopic operations), the pressure drop
of Prototype 1 was 16.3 mmHg, and the
pressure drop of Prototype 2 was 14.7
mmHg. The hypothesis can be accepted
with the notation that the difference is
rather small.

Figure 5.4.3

A) Picture of Prototype 1
showing the symmetric
configuration with a partition
on each side of the artificial
scope.

B) Prototype 2 showing the
asymmetric configuration
with a partition on one side.

For both prototypes the
approximate maximum
distance to the walls are
indicated. Due to the larger
distance for Prototype 2, the
maximum velocity will be
larger and as a result it is
expected that this

i configuration gives a lower

fluid restriction.
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Figure 5.4.4
Construction drawing of the A s —SL
new sheath. The stopcocks = T L__ 1
are positioned in such a way |o-ring_s26xa5 { ACTUAL SIZE
that the least restriction
occurs. It would be even
better if the stopcocks are
placed at a smaller angel than
90°with the shaft.
Furthermore, the inner
diameter of the stopcocks are
slightly larger than the
conventional stopcocks. So
far, the partition can only be
removed by pulling at the tip.
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Figure 5.4.5

A) Currently used
scope-sheath combination
consisting of a 4-mm scope §
(7200BW, Storz, Germany).

B) Final prototype of the new :
sheath shown with a 2.7-mm
scope (HG 30371, Dyonics,
Germany) and a picture *
without the scope showing
the configuration of the
stopcocks which are located in
such a manner that the flow
can pass with the least
restriction.

Furthermore, close up
pictures of the option are
presented without partition
(B1) and with partition (B2).
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With this knowledge, it was decided to construct a final prototype of a sheath that can actually
be used with a 2.7-mm scope (Figure 5.4.4). The scope is placed asymmetrically, and the sheath
has a removable partition. This way a surgeon can use the sheath with partition (inflow and
outflow takes place through the separate passages in the sheath) for operations in smaller joints
or soft tissue endoscopy, and remove the partition when he is operating with a three-portal
technique or using the shaver. Another option for the three-portal technique is to attach a tube
with two connectors. Each connector is then connected to one of the passages of the sheath.
Inflow can take place via both passages without removal of the partition.

Evaluation
The final prototype is evaluated in comparison to the currently used scope-sheath combination
(Figure 5.4.5). For both scope-sheath combinations the fluid restriction was determined, as well
as the irrigation time (t....). t.. Was determined in the laboratory set up with the joint model and
by means of a cadaver ankle for which the arthroscopic view was recorded. This way it was
verified if the irrigation times derived from the joint model had an unambiguous relation with
‘ irrigation times documented with the scope view. To asses the fluid restrictions the gravity pump
was used instead of the automated pump, to let the flow be solely determined by the fluid
restriction and set pressure. For Sheath B the fluid restriction was determined of both passages
separately (Sheath B in and Sheath B out) as well as both passages together (Sheath B both).
The pressure drop along the sheaths was measured by means of two pressure sensors (pressure
monitoring kit, Baxter Healthcare Corporation, USA). One sensor was placed just before the
sheath, and the other one just after the sheath. The flow was simultaneously measured with a
pair of scales and a stopwatch. The pressure measurements took place for each sheath
separately at a pressure of 54 mmHg (is 7.2 kPa) and 113 mmHg, as well as for each sheath
placed in the complete set up of the joint model and the cadaver ankle (Figure 5.4.1: set
pressure is 100 mmHg). The pressure at the first sensor was compensated for the difference in
height with the second sensor. The Reynolds number®® for each sheath was determined (Eq.
5.3.3) to assess if the flow is laminar (Re < 2300) or turbulent (Re > 2300). For a laminar flow,
the pressure drop is proportional to the flow (Q)(Eq. 5.3.4), and for a turbulent flow, the
pressure drop is proportional to the squared average velocity (pV2,.cwee) (EG. 5.3.5). For each
condition, linear regression lines were determined to assess the proportional factors (Table
5.4.4). For comparison, the pressure drop was calculated for each condition at a flow of 98
ml/min with the help of the regression lines (Section 5.3).
The set pressure of the gravity pump to assess the irrigation times was set at 100 mmHg, and
no active suction took place at the outflow (Figure 5.4.1). In the joint model six conditions were
measured and in the cadaver ankle only three conditions were measured to validate the
assumption that the interpretation of the results for the irrigation of the joint model also hold
for the irrigation of the arthroscopic view (Table 5.4.3). Each condition was recorded three times.
In the ankle injection was performed with milk instead of blue ink, since milk does not stick into
the cadaver tissue. The average and standard deviation of the irrigation times were documented.
An ANOVA single factor analysis was performed to determine statistically differences (p < 0.05).

i
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Table 5.4.3

The conditions for which the
irrigation times were
measured to compare the
currently used scope-sheath
combination (Sheath A) with
the new configuration (Sheath
B). All six conditions were
performed with the help of
the joint model. Conditions
A1, B both 1, and B partition
1 were performed by means
of the cadaver ankle.

condition

sheath

sketch

Al Sheath A | scope separate out
cannula in
A2 Sheath A | separate | scope in
cannula out
Bboth 1 Sheath B | both separate in - out
passages | cannula | jn A¥F
scope -~
Bboth2 | SheathB | separate | both °;t in
cannula | passages | OUt &
scope
B Sheath B | inflow outflow ¥ "
- out
partition 1 passage passage el
B Sheath B | outflow inflow ¥°“t
partition 2 passage | passage | M %
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cross-section
(mm?)

R
(mmHg-min/ml)

L Dhydraulic

AP (mmHg)
(mm)®

(mm)

Sheath A 135 0.5 3.34 300 0.82 80

Sheath Bright | 110 1.2 3.93 1600 0.19 19

Sheath B left 110 1.2 3.93 1900 0.17 17

Sheath B both 110 1.2 7.86 1900 0.11 10
Results

The results of the measurements to determine the fluid restrictions of Sheaths A and B are
presented in Table 5.4.4. As was expected the fluid restrictions of Sheath B are smaller than the
restriction of the conventional Sheath A. The fluid restriction of both passages is not exactly
equal due to the fact that the partition is slightly placed out of center. This is negligible in
comparison to the differences with Sheath A. The irrigation times using the joint model as well
as the cadaver ankle are shown in Figure 5.4.6. In the graph, it can be seen that there are
significant differences in irrigation times. In addition to this, pictures are given of the first
seconds of the experiments performed with the joint model (Figure 5.4.6). The results show that
evaluation of the irrigation times derived when using the joint model can be used to judge the
irrigation in a human joint.

Discussion

The proposed method to assess design criteria as well as to evaluate new prototypes of sheath
appears to be a useful tool. The method approaches the clinical practice sufficiently to predict
results as appears from the final evaluation test using both the joint model and a cadaver ankle.
The joint model can be used as a platform for further investigation on the optimization of
arthroscopic view in joints. In the experimental set up conditions can be kept constant to assess
the influence of specific variables, which can give more insight in the behavior of the flow
patterns. In addition to this, the joint model can be further adapted by making it possible to
perform simple operations in the joint and to assess their influence on the irrigation times.
From the results, it appears that decreasing the fluid restriction of a sheath allows for a
significant quicker irrigation of the joint at the same initial set pressure. In the case of the three-
portal technique the irrigation time is about a factor 10 shorter using the new sheath in the
cadaver ankle. When using the two-portal technique, for which in- and outflow take place via
the same portal, the irrigation time still reduces by a factor 2 in comparison to the conventional
sheath. A reduced fluid restriction in the inflow line is also advantageous for the intra-articular
pressure, since the value of this pressure will be closer to the initial set pressure due to the
smaller pressure drop.

In the near future, the following developments are foreseen. The new sheath has to be
redesigned to allow the 2.7-mm scope with partition to be inserted as one component in the
sheath. Then the commonly used obturators can be used in combination with the new sheath.
Once this is established the sheath can be sterilized and clinically tested. ‘

Table 5.4.4

Geometric dimensions of the
conventional Sheath A and
the new Sheath B. For Sheath
B the data are determined for
each passage separately as
well as for both passage
simultaneously. The Reynolds
numbers indicate that for
both sheaths the flow is
laminar, thus the pressure
drop is linear with the flow.
The proportional factor R
between the pressure drop
and flow was determined for
each item. In the last column
the pressure drop is given for
a flow of 98 mi/min. This flow
is the average flow measured
during ten arthroscopic knee
operations.
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Figure 5.4.6

Color illustration see cover.
The irrigation times (te,,) for
the conditions indicated in
Table 5.4.3 are presented.
The experiments are
performed by means of a
gravity pump and the joint
model (white columns) as well
as a gravity pump and a
cadaver ankle (black
columns). It was not possible
to test all conditions in the
cadaver ankle.

For each condition the
average flow is given above
each column. To visualize the
flow patterns pictures are
given of each condition at 1 s,
3s,5s, 10s, and 15 s after
injection of the colored ink
using the joint model.
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5.5 Discussion

In this chapter, special attention was paid to the clarity of the arthroscopic view during
operations. In literature, no clear definitions and requirements were found which involve the
optimization of arthroscopic view. An attempt was made to define important aspects as optimal
view and flow patterns in order to be able to set up objective measures. This made it possible
to start research to assess the conditions to achieve optimal view during operations. In this
study, attention was paid to the pressure and the flow in the joint during an operation. Insight
in the pressure distribution along the complete set up of irrigation system including tubings and
joint was derived from the set up of a system description, as well as experiments performed for
constant conditions in an experimental set up. Clinical measurements were performed to validate
the model. As could be expected, clinical practice appears to be less predictable than the model,
because surgeons act differently in the control of the irrigation, patient sizes are different, and
different operative procedures require other actions. Although trends could be distinguished, the
variation amongst the operations was too large to support the model unambiguously. It was tried
to measure at least some conditions according to a strict protocol, but there were too many
variables (different surgeons, height of the operation table, suction level etc.) to create a
standard. This finding underlines the fact that there is no consensus in achieving sufficient
arthroscopic view.

It can be expected that theoretically there is one optimal set up and protocol, which is surgeon
independent, and may only be influenced by the volume of the joint that is operated on. By
extending the experimental set up with a more elaborate joint model, further research can be
done to assess for example the influence of surgical actions on the pressure and flow within the
joint as well as the volume of the joint model. This way the clinical practice can be imitated and
analyzed step by step. This will lead to well defined guidelines to assess optimal arthroscopic
view for different practical situations, as well as design requirements for irrigation systems and
sheaths.

This latter item was also further investigated, and the experimental set up could indeed be used
to derive design criteria. Furthermore, it was possible to evaluate new sheaths for constant
conditions, which proved to be valid for the same conditions measured in cadaver material. The
future step should be to evaluate the sheath also in clinical practice. Eventually, when the
experimental set is further developed, it can also serve as a platform to test prototypes of new
devices involving irrigation. The advantage would be that less cadaver material would be
necessary, the set up can be easily adapted, and that it offers good conditions for visualization.
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6. Meniscectomy: development of steerable punch

In this chapter, the problem area is addressed that is related to the arthroscopic procedure that
is performed most frequently: meniscectomy.! Optimizing this procedure could therefore benefit
a large number of patients. The menisci are located in the knee joint, are composed of cartilage-
like tissue, and have a moon-shape form (Figure 6.0.1). Due to their tissue characteristics they
play an important role in the lubrication of the knee joint, and the distribution of forces acting
on the joint.2 The menisci can get damaged in case the upper leg rotates with regard to the
lower leg when the leg is loaded. In case of a symptomatic meniscal lesion, the damaged part
of the meniscus is removed.’

Since the knee joint is very tight, a potential problem when performing a meniscectomy is the
reachability of the menisci. No literature on this problem area was found. Therefore, the clinically
driven approach (Chapter 2) was applied to analyze this problem area in detail (Section 6.1). It
was concluded that a punch with a side-ways steerable tip could theoretically improve the
reachability. The development of this instrument yields two aspects. One aspect concentrates on
the design of the instrument tip. In Section 6.2, the design criteria derived from an analysis of
the available knee joint space and forces needed to cut meniscal tissue are presented. The other
aspect concentrates on the question what the optimal configuration of the handle is from an
ergonomic point of view. Therefore, theory on ergonomics concerning the design of hand tools
is summarized in Section 6.3. In Section 6.4, a first prototype of a handle is presented with which
two degrees of freedom (cutting and side-ways steering) can be performed, and that was
evaluated. This chapter is concluded with a discussion (Section 6.5).
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6.1 Problem analysis

Arthroscopic procedures, just as other endoscopic procedures can be clinically demanding due
to limited and indirect vision on the operating field, reduced tactile sense and force feedback,
and limited degrees of freedom of the instruments which also depends on the location of
insertion through the skin.* Specific problems are related to the limited workspace in joint
cavities, caused by the surrounding bones that are compressed by ligaments, and the limited
access to these joint cavities due to neurovascular tissues surrounding the joint. Access to the
knee joint is routinely obtained from the anterior side of the joint where two portals are placed
at the joint level medially and laterally from the patellar tendon (Figure 6.0.1). Due to this
limitation and the convex shape of the femoral condyles, it is difficult to reach the anterior and
posterior horn of the menisci with straight instruments (Figure 6.1.1). Due to the convex shape
of the condyli of the femoral bone, optimal portal placement is necessary in order to be able to
reach the anterior and posterior horn of the menisci with straight instruments. Curved
instruments have been developed to facilitate access to all parts of the menisci (Figure 6.1.2).
These instruments are called punches (Section 1.1).

Disadvantages current technique
During initial observations of meniscal resections (Chapter 2), it was noticed that often several
punches are needed in order to remove a torn meniscus. The use of a large number of these
punches has a number of negative aspects. Due to the distinct shape of each punch only a select
part of the meniscal tissue can be reached, while most lesions stretch beyond one zone of the
meniscus (Figure 6.0.1). This implies that depending on the skills and experience of the
individual surgeon and the placement of the portal, differently shaped punches often have to be
exchanged a number of times during an operation. Each exchange of instruments is potentially
harmful to healthy tissue, because it carries the risk of introducing bacteria into the joint cavity.
These well known effects generate unwillingness by the surgeons to exchange less optimally
shaped instruments for more suited ones.

Therefore, it is frequently observed that

surgeons in order to address a complete

meniscal lesion with a limited number of
instruments have to exert more force than

some feel is wise to use on the surrounding

structures and the portal in the skin. These

applied forces can be so high that bending of  anterior
instruments might occur, and might in the side
damage of healthy tissue. In addition to this, - P
the forces are exerted while the surgeon’s ; (g '
wrist is in a flexed position, which can cause WAL ¢
chronic wrist pain.®” Moreover, a flexed wrist is A
unsuited for making the grasping finger
movements needed for cutting.® Lastly, the use
of a large number of instruments is expensive.®
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Picture of a sagittal
cross-section of the knee
Joint. It shows that through
the curvature of the condyli it
is difficult to reach the
posterior side of the knee
with the current instruments
and portals. Picture based on
Pocket atlas of sectional
anatomy”.
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Figure 6.1.2
Differently shaped punches,
which are currently available

on the market. All punches ¢
have a scissors handle.

The punches:
A) straight punch,

B) side-biters,
C) upswept punches, and

D) 45°-angled punches.

Table 6.1.1

A) The total number of
instrument exchanges during
19 meniscectomy procedures.
The changes of the same
instrument to another portal
are also included. In the left
column the instrument is
given that was used at that
moment and this instrument
is changed with an instrument
shown in the upper row.

B) The total number of times
that a type of punch is used
in the same 19 operations. An
example of each instrument is
added.

Observations and discussions with surgeons
To meet with the disadvantages mentioned above, it was suggested to develop a punch with a
steerable tip. In order to avoid the risk of developing a device that is not needed by surgeons,
11 arthroscopic surgeons were questioned about this suggestion in an interview, and they
agreed to it as a promising and clinically relevant concept (Chapter 2). In discussions with
surgeons it appeared that mechanical dissection of the meniscus is preferred over laser,
ultrasone and electronic dissection, because the surgeon can verify the amount of tissue that is
going to be cut by initially holding the tissue in the instrument tip. Force feedback, which is
important for laparoscopic forceps in which delicate tissues are manipulated, seems to play a
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minor role. This can be due to the fact that the manipulated tissues in arthroscopy are harder,
and that a better visualization of the joint cavity is usually obtained, since it is possible to work
in a bloodless field by using a tourniquet placed around the upper leg (Section 1.1).

Additional meniscectomy procedures were observed to define the number and the choice of
additional degrees of freedom that give optimal functionality of the steerable punch, and to
perform an ergonomic analysis.*'® Observations of the operative procedure were performed in
three hospitals. A total of 19 meniscectomy procedures were attended, performed by five
different surgeons. During the operations the types of the used instruments and the number of
interchanges were documented. Furthermore, an ergonomic analysis was conducted of the
posture of the upper extremities of the surgeon involved. The average instrument exchange per
operation was 11 times (SD is 9). A distinction could be made between standard meniscectomy
procedures (15 operations, operation time: 15 to 20 minutes, instrument changes: average is 7
and SD is 3), and more complex meniscectomy procedures (4 operations, operation time: 35 to
40 minutes, instrument changes: average is 26 and SD is 7). The complex operations showed
much variation in pathology and method of approach, whereas the performance and pathology
of the standard operations were all quite similar.

The results of the observations concerning instrument exchanges are shown in Table 6.1.1. As
can be seen, most instrument exchanges occur between punches and the probe, and in-between
punches. Most surgeons start the operation with a straight punch, and thus straight punches are
used most frequently. Side-biters (Figure 6.1.2B) and upswept punches are used at a ratio 11:18
(Figure 6.1.2C). Tt can be concluded that if all curved instruments are to be integrated into one
single instrument, up and down movement of the instrument tip and side-ways movement are
necessary to reach all locations in the knee joint. It was observed that surgeons do not
continuously hold the punch that is inserted in the joint cavity, since they for example have to
adjust the settings of the arthroscope.’

excursion observed maximum remarks
average allowed

maximum  range of
excursion excursion

The average duration for a meniscectomy

shoulder abduction 30° 60° 1! is 25 minutes. For this time the allowable
abduction range of the shoulder joirt is
up to 60°
dbow flexion 135° 90°-120° 7
pronation / 45° / 45°
supnation
wrist fexion / 30° /30° 150 / 15° 12 Although the maximum force can be
extention exerted with a 20° extended wrist >

long-term use of a bended wrist can

cause chronic complaints12
radal / ulnar 0° / 20° 50/ 15° 12
deviation

Table 6.1.2

Result of the ergonomic
analysis of the posture of
surgeons during standard
knee arthroscopies. The
observed angles were
determined by visual
inspection of the surgeons
during the attended
operations. In the third
column the observed
maximum excursions are
presented. In the fourth
column the maximum
allowable excursions to
prevent pain complaints
of surgeons are shown.
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The results of the ergonomic analysis of the surgeon’s posture and actions during a
meniscectomy are shown in Table 6.1.2. During routine operations, the joint excursions of the
shoulder and the elbow of the surgeon are below the maximum allowed angle!, however, the
wrist excursion exceeds the allowed maximum range.'* This can result in chronic pain
complaints in the long run.*** Furthermore, an extremely flexed wrist reduces the grasping
force of the hand.

All punches on the market have similar scissors handles which can cause ergonomic problems
as is known from analyses of laparoscopic instruments (Figure 6.1.2).5*“" The disadvantage of
a scissors handle is that the dimensioning of the rings is critical. If they do not fit well, they will
cause pain complaints. The observations showed that surgeons hold the scissors handle in two
optional grips during the operation. The first is a combined grip consisting of a combination of
a two-finger hold grip and an internal precision grip, and the second one is a pistol grip.”’

Choice of degree(s) of freedom of the steerable punch

When analyzing the results in more detail, it becomes apparent that the upward punches and
the side-biters are not used within the same operation. This is in correspondence with the
anatomy of the knee joint. We therefore decided to develop two punches: one with a side-ways
steerable tip to reach the anterior and middle zones, and one with an upwards steerable tip to
reach the posterior zone of the menisci. The advantage of this choice is the fact that the
instrument tip will be less complex, and the instrument will most likely be less complex to
control. In this chapter, the focus is on the development of a punch with a side-ways steerable
tip in three fixed positions, for which at first 90°, 0°, -90° were chosen as a starting point. The
reason for focusing on a side-ways steerable punch is that the surgeons state that side-biters
are likely to cause most damage when inserting them in and extracting them from the joint
cavity. Furthermore, fixation of the tip in three positions (90°, 0°, -90°) seems enough for the
moment, since the skin around the portals also allows a certain level of side-ways movement.

Conclusions

In general, a surgeon is capable to perform a meniscectomy without a large number of
instrument exchanges, but in more complex operations the reachability of meniscal tissue is a
problem, which can probably be solved by the development of a steerable punch for which
design criteria are derived in the next section. A steerable punch will also prevent extreme wrist
flexion and extension.

The overall ergonomic judgment of the posture of the surgeon during a meniscectomy is
positive. This is mainly due to the short operation time. However, the scissors handle of the
punches is not ergonomic, and therefore, in the remainder of this chapter attention is paid to
include ergonomic requirements in the design of a new handle for the steerable punch. Lastly,
the mechanical removal of meniscal tissue gets high priority, whereas force feedback during the
cutting of tissue has a low priority.
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6.2 Design criteria for the tip of a steerable punch

This section is based on the paper Design criteria for the tip of a steerable punch, by G.J.M.
Tuijthof, J.L. Herder, C.N. van Dijk, P.V. Pistecky, which will be submitted to the Journal of Clinical
Biomechanics.

Keywords: knee joint, technical characteristics, meniscus, shear stress

Abstract: To overcome the disadvantages of using a large number of punches during a
meniscectomy it was decided to develop a side-ways steerable punch. This section presents a
method to determine an order of magnitude of geometric characteristic dimensions of the
available knee joint space, as well as the required force to cut meniscal tissue. With these data
design criteria are set up for the design of the side-ways steerable punch.

Introduction
Specific problems in the field of arthroscopy are related to the limited workspace in joint cavities,
caused by the surrounding bones, and the limited access to these joint cavities due to
neurovascular tissues surrounding the joint. During observations of meniscectomy procedures,
it was noticed that often several punches were needed to perform a meniscectomy (Table
6.1.1).>* The use of a large number of these punches has negative side effects (Section 6.1).
Therefore, it was suggested to develop a punch with a side-ways steerable tip.>'*** Mechanical
dissection of a meniscal lesion is preferred, since the surgeon can verify the amount of tissue
that is going to be cut by initially holding the damaged tissue in the instrument tip (Section 6.1).
The goal of this paper is to present technical design criteria for the development of the tip of a
side-ways steerable punch. The main design criteria are divided in geometric, and load criteria.
The geometric criteria are dependent on the available space in the knee joint and the location
of the portals. The load criteria are dependent on the force that is required to cut meniscal
tissue. We introduce an efficient method by means of which technical dimensions are derived for
the knee joint space. These data give an order of magnitude for the technical criteria that are
used as a starting point for the conceptual
design of the steerable punch.

Methods

It is known that anthropometric dimensions
show variations for which the standard
deviations are about 5% to 10% of their ™
average.®? It can be expected that the
variation in the size of the knee joints of
individuals is about the same. The challenge
is to design a steerable punch that can be
used effectively in all knee joints. Therefore,
characteristic dimensions of the knee joint
space were defined for which an order of |
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Figure 6.2.1

Model of the available space
in the knee joint built up from
the pictures of the Visible
Human project®. The menisci
are also shown. In-between

™% the menisci there is no
“ available operation space,

since the cruciate ligaments
are located there. The space
at the anterior side includes
fatty tissue that can be
removed to create a larger
operation space.
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Figure 6.2.2
Two pictures of the functional
knee joint modef* in which
the defined dimensions and
ellipses are indicated. The
portal locations described in
literature are indicated as
well. The dimensions that are
important for the steerable
punch design are the distance

between the portals (b), the §
horizontal distance of the §

anterolateral portal to the
lateral (I 50n,) and medial

i meniscus. The values §
'diagona

Of Istraight and lgagonas are
approximately the same when
they are measured from the
anteromedial portal.

Figure 6.2.3

Two pictures of an
arthroscopic view showing the
stressed lateral side of a knee
Jjoint during an operation, and
the stressed medial side of a
knee joint during an
operation. The probe can be
clearly seen on each picture
and has tip length is 3 mm by
means of which h, was
estimated.

straight

Idiagona!

anterolateral

medial portal

magnitude were derived, as well as for the location of the two routinely used portals
(anterolateral and anteromedial) in a number of specimens (Figure 6.0.1). Maximum and
minimum values were used for the design. To our knowledge no data on the cutting force of
meniscal tissue are available in literature. However, these data are important to calculate the
strength and stiffness of the cutting mechanism. With the help of a simple experiment the shear
stress was estimated.

Dimensions of the knee joint

Based on the available space in a knee joint, and the location of the anterolateral and
anteromedial portals, an order of magnitude was determined for the shaft length, the orientation
of the tip in relation to the shaft, the tip length, and the range for side-ways positioning to reach
all locations on both menisci. Furthermore, the optimal portal to access the lateral and medial
meniscus was chosen. In literature, descriptions and 2D-sketches of the anatomy of the knee
joint are given, which are insufficient for the development of the steerable punch.?* Several
options are available to determine anthropometric dimensions of the knee joint: cadaver knee
joints, radiographs, MRI-scans, anatomic knee joint models, arthroscopic views, and external
biomechanical measurements. We chose a combination of knee joint models, and external

N
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Figure 6.2.4
Two pictures of a stressed
knee of a patient during a
meniscectomy.
From the pictures the flexion
angle (a,), and abduction
angle (a;) of the lower leg
relative to the upper leg were
determined. The direction of
. the rotation angle (a3) is also
-, indicated.

with, and made it possible to build a positive model of the available joint space. Furthermore, it

was observed that surgeons create more working space during a meniscectomy procedure by
l medial or lateral distraction of the knee joint, which cannot be documented by means of MRI-
scans and radiographs. The use of anatomic joint models was evaluated by measurements on
subtalar joints, and found to be accurate enough to determine an order of magnitude of the
characteristic dimensions of the joint (Section 4.5).
Two knee joint models were used: a natural size functional anatomic model of the knee joint (NS
50, Somso), and pictures of the Visible Human project.”* Each picture shows a cryosection of
a male person which is performed at each mm.* With the help of the Visible Human a positive
model of the available joint space in the knee was built (Figure 6.2.1). The size of each meniscus
(1 is lateral and m is medial) was characterized by an ellipse with a length (1, and /), and a width
(b, and b). From these ellipses a proximally located circle was subtracted having a diameter
equal to the meniscus width subtracted by the width of the middle horn (b, and b, )(Figure
6.2.2). The height at the peripheral rim of the menisci was also defined (h,,) (Figure 6.2.2). The
knee joint space was approximated by an ellipse-shaped cylinder which size was determined by
the axes of the ellipse (b, and I,), and the minimal thickness (h,) defined as the minimal
available joint opening during an operation (Figure 6.2.2). A smaller ellipse-shaped cylinder was
subtracted that is located in the center and represents the space occupied by the cruciate
ligaments (Figures 6.2.1 and 6.2.2). This smaller cylinder is characterized by the width and
length of the cruciate ligaments (b, and 1) (Figure 6.2.2). Furthermore, on top of the ellipse-
shaped cylinder a curved triangular beam was placed at the anterior side, which represents the
fatty tissue that can be removed to create more working space (Figure 6.2.1). The size of the
triangular beam positioned anteriorly is less essential for the dimensions of the punch, and was
not specified. h, was determined by estimating its size by means of the tip of a probe (tip is 3
mm) shown at a picture of the arthroscopic view of a medially stressed and a laterally stressed
knee (Figure 6.2.3), and by external biomechanical measurements of the leg angles (Figurel
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6.2.4). The flexion angle («,), and abduction angle («,) of the lower leg relative to the upper leg
for medial and lateral distraction were determined from pictures of a patient during a
meniscectomy (Figure 6.2.4). A knee in distraction is also rotated about its leg axis (a;). An
estimation of this rotation was made with the help of the two other angles, by means of which
h, could be calculated as is described in Cals®. The other dimensions were measured by means
of vernier callipers.

The location of the anteromedial and anterolateral portals are described in literature’, and by
means of the given instruction the portal locations were determined for both models (Figure
6.2.2). The portals can be created with an accuracy of about 5 mm in the cranial and
lateromedial direction. By means of inspection of Figure 6.2.2, it was determined that a straight
approach (lateral portal to reach lateral meniscus or medial portal to reach medial meniscus)
required a range of motion of 180°, for which 0° is defined as the position of the tip parallel to
the shaft. Due to this requirement the steering mechanism for the punch would be complex,
whereas a diagonal approach did not require backwards cutting. Therefore, it was chosen to
propose a diagonal approach for both menisci (lateral portal to reach medial meniscus, and
medial portal to reach lateral meniscus). In order to pass the smallest available joint opening
(h,), the orientation of the tip should be in an upward direction relative to the shaft.

With the help of the portal height in the frontal plane (7 to 13 mm) and the transversal diagonal
distance of the portal to the bottom of the curvature of the condyli (/,....) this angle was
determined for the dimensions of the 5™ en 95™ percentile of mature individuals (Figure 6.2.2).
With the help of the values for the knee width of the 5" en 95" percentile of mature
individuals* and the construction of a workspace, the total tip length, the bite-size, the shaft
length, and the side-ways range of motion were geometrically determined. The values of the
knee widths are 76 mm for the 5" percentile, and 128 mm for the 95* percentile, for which the
size of the 95™ percentile gives the boundary conditions for the dimensions of the steerable
punch.*The sizes of the menisci and knee joints space that were measured, were scaled to the
size of the 95" percentile. Furthermore it was assumed that the bite size of the punch should be
at least 3.5 mm, and the distance between the cutting axis and the steering axis should be at
least 2 mm to allow the construction of the mechanisms.

Cutting force of meniscal tissue

With the help of the force required to cut meniscal tissue the strength of the force transmission
can be determined. The deformation process of the meniscus when punching can be
approximated by a punching process for which the force is calculated as follows:?

Fmeniscus =T Ashear (621)

where F,..... is the force to cut meniscus, t is the shear stress of meniscus, and A, is the
circumferential surface along which the tissue is cut. This surface is equal to the circumferential
surface of a piece of pie when using a conventional punch, which is determined by the size of
the punch tip (}, and b,,), and the maximum opening angle of the tip (a,,) (Figure 6.2.5).°
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The equation to calculate A,.., is:
Arear = Qgip Itip : (btip + ltip)

The shear stress of meniscal tissue was determined
in an experiment in which the tissue was punched
with two different equally sized cylinders, one solid
cylinder, and one tube with a sharp edge (Figure
6.2.6). The solid cylinder represents a true punching
process, and the tube represents the punching
process performed with an arthroscopic punch, for
which the force is also dependent on the sharpness
of the edge. Six samples of fresh (formerly frozen)
meniscal tissue were used, and each experiment
was repeated at least two times on the same

Itip i

(6.2.2)

Figure 6.2.5

Schematic drawing of the
amount of tissue that can be
removed in one cut using an
ordinary punch. The hatched
surfaces (two triangles and
one curved surface) form

A

'shear+

sample. The meniscus was placed on a platform which contained a hole through which the
cylinders neatly fitted. A cylinder was loaded via a lever construction with gradually increasing
load until the tissue was fully punched (Figure 6.2.6). The shear stress is calculated by division
of the meniscus force compensated for friction loss and the surface along which the tissue is cut.

The average shear stress and the standard deviation were calculated.

A

meniscus sample
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Figure 6.2.6

Pictures of the experimental
set up to determine the shear
stress of meniscal tissue:

A) Schematic drawing of the
experimental set up,

B) The massive cylinder and
tube (diameter 3 mm) the
diameter of the coin is equal
to the diameter of 1 eurocent,

C) Platform with lever
construction,

D) The load was applied by
adding water in a basket, and

E) Sample of punched
meniscal tissue.

|
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Results

In Table 6.2.1 the values of the geometric dimensions are given. The Visible Human is tall in
comparison with the data of the functional knee joint model and data derived from literature.
During live surgery the soft tissues around the portals allow for about 5 mm of radial movement,
which is enough to reach most posterior horns with a fixed upward angle of the tip, since the
upward angle for the smallest individual should be 7.7°, and for the largest individual should be
8.4°. In Figure 6.2.7, the workspace is shown for the diagonal approach to both menisci. As can
be seen, steering the punch in three fixed positions should be enough to reach the entire
menisci. Initially it was thought that the tip should be able to move to —90° and +90° relative
to the shaft, but the workspaces show that a smaller range from —55° to 55° will be sufficient.
The shear stress of the middle horn is 15% smaller than the posterior horn. The anterior horn
seems to have the highest shear stress, however, only three measurements could be performed
for this part of the meniscus. The maximum measured shear stress was 20 MPa (7,.....) (Table
6.2.1). The maximum shear stress of meniscal tissue is set at the average values plus two times
the standard deviation (21MPa). However, the shear stress for punching with an arthroscopic
punch is different, and allows for a shear stress that is about 50% lower.

Results ofme:::rfnfjlé functional Visible literature functional Visible literature
knee joint Human knee joint Human
performed on two models of mod el modef
the knee joint, as well as the
results of measurements
performed on cadaver |  meniscus meniscus
meniscal tissues. All b 25 28 25 by 30 32 30
dimensions are given in mm
unless indicated otherwise. Bom 12 10 b 13 u
menisci ™ 7 6 5
knee joint space portals
la 78 83 by 40 50
le 53 59 |diagorel 56 67
ldiagorat diogors
e 20 24 > disom!
[p5] [p951
patient medial lateral
o 38° 30° he” 78+3 32=+3
a 23° 35° h™ 5 5
a3 15° 45°
dimensions straight punch i
shear stress meniscus
(S&N)
Ottip,max 45° to 4 by 2.2 Tmasve  14.0 3.3 MPa Thollow 6.6 +1.7 MPa
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** Determined with the help of the estimated external lower leg angles a,, a, and az.”
**¥ Determined with the help of pictures taken the arthroscopic view of knee joints (Figure 6.2.3).

* Determined with the help of schematic drawings of the transversal view of the knee joint for the estimated 5" percentile and 95" percentile of human individuals.



circumference of the knee

lateral meniscus medial meniscus

cruciate
ligaments

knee joint space

orkspace for tip at -55°
workspace for tip at 552

workspace for straight tip workspace for straight tip

workspace for tip at -55°

2 mm boundary
for construction of
steering mechanism

boundary
indicating the
minimum bit
size of 3.5 mm

anterolateral portal anteromedial portal

With these results the following design criteria can be formulated:

. The suggestion is given to approach both menisci by a portal that is located diagonally.

. The total tip length should be approximately 10 mm, the bite size should be 3.5 mm,
the shaft length at least 130 mm, and the punch should have a maximum diameter of
5 mm proximally, and a maximum diameter of 3.5 mm distally to allow for opening of
the tip.

. The side-ways range of motion should be about —55° to about 55°, for which three fixed
orientations of the tip are sufficient (-55°, 0°, 55°).
The tip should have an upward angle of 8°.
The maximum shear stress of meniscal tissue when punching with sharp edges is about
10 MPa, which results in a cutting force of 190 N, when punching with a routinely used
punch.

Discussion

In this section, it was proposed to model the knee joint space by an ellipse-shaped cylinder, and
the menisci by part of an ellipse-shaped cylinder. The characteristic dimensions of these models
were defined, and an order of magnitude of their sizes was determined by means of two
anatomic models. Since, only two models were used, an estimation of the range of variation was

derived from the available data for the knee width, which gave the boundary conditions for theg

Figure 6.2.7

Transversal view of a
schematic drawing of the
knee joint which was
constructed with the help of
the proposed models for the
knee joint space and menisci.
The size of this knee joint
approximates the 95"
percentile of human
individuals. The diagonal
approach was chosen to avoid
the steerable punch from
becoming unnecessary
complex. For each meniscus
the two boundary circles are
indicated for the minimal
required bite-size and the
minimal required space for
the steering mechanism. The
workspace for the punch with
a straight tip is indicated by
the gray perimeters, whereas
the workspaces for a side-
ways position of the tip are
indicated by the black
perimeters. From these
workspaces it was derived
that the tip length should be
about 10 mm, and that the
maximum range of motion
should be approximately from
-55° to 55° to reach all
locations on both menisci.
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dimensions of the steerable punch. For other applications, as for example the set up of
biomechanical models, more measurements will be required, preferably on cadaver knee joints.
We showed that these measurements are sufficient to determine initial technical design criteria
to start the development of an arthroscopic cutter. The feasibility of solutions can be judged with
the help of these criteria before a prototype is built.

A substantial part of the current orthopaedic operative techniques involve the removal of tissue.
However, data on the required cutting force for human tissues are absent. Usually, only the
stiffness and maximum strength of human tissue are presented which are important to set up
biomechanical models, but are of no use for the development of cutting instruments. With a
simple experiment to determine the shear stress of meniscal tissue a start is made to fill in the
missing data.

Another important design criterion that serves attention is the side-ways stiffness of the tip in
one of its three orientations. The minimum side-ways stiffness has to be determined
experimentally, but for the initial design of the steerable punch it seems reasonable to start with
an allowable range of + 5°.

In conclusion, with a simple method design criteria were set up for the development of a side-
ways steerable punch. The design criteria should be complemented with additional criteria on
sterilization, manual control of the punch, and robustness. A first prototype tested in cadaver
knee joints should ultimately proof the concept.

6.3 Theory on ergonomics of handle design

All products, specifically all hand tools, have a certain functionality, which can be described as
how suitable the tool is for its purpose; the possibility of achieving the goal with the instrument
for which it was designed.**® Functionality can be divided into two aspects: the first is usefulness,
which deals with all aspects considering the working principle (Table 6.3.1). The other aspect is
usability, which takes the user into account who has to operate the product, and it covers
therefore the user-friendliness of the product.”® The characteristics of good handle design
according to the theory are summarized in Table 6.3.1.%%2** These characteristics were specified
for the design of the handle of a steerable punch, and will be elucidated in this section.

Usefulness

In this study, relevant aspects for usefulness are positioning (reachability) and safety. The ability
to position an instrument is determined by its geometry and the number of degrees of freedom
the tip can be operated with inside the joint cavity. Earlier in this chapter, it was concluded that
the current instruments lack degrees of freedom to reach the pathological tissue without
instrument changes. Our observations pointed out that the reachability of the menisci can be
improved with about 40% (Table 6.1.1B) when the tip of a punch is side-ways steerable and in
an upward direction. The side-ways steerable tip could also increase the safety of an operation,
because it is no longer necessary to exert large forces at the portal to reach the meniscal tissue.
In addition to this, the problems that arise when inserting and extracting side-biters can be
overcome, since the steerable tip can be placed in a straight position for insertion and extraction.
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aspects considering handle design

requirements

The locations are reached faster
reachabilty
Less inter punch exchanges take place
usefulness
Less tissue damage
safety Smaller movements of shaft atindsion resulting in less
forces at the incision
Learning curve is steeper than conventional
instruments
self . T . . .
explaining Working principle is understood by visual inspection
= cognitive v The position of the tip is known by the position of the
® ergonomics lever
S <
g
o
2
« Little mistakes in operating the handle
safety
. The mental effort to operate the handle is low
usability
The wrist excursions remain within the allowable region
. support
physical _y Holding the handle is more comfortable
ergonomics
?argonomic
control The operation of the handle is more comfortable
sensorial force The transmisson mechanism has a higher efficiency
is »
ergonomics > feedback The operating force is within the most sensitive range
Usability

The usability of an instrument consists of three elements: cognitive ergonomics, physical

ergonomics and sensorial ergonomics.*

6. Meniscectomy: development of steerable punch

Table 6.3.1

Characteristics of good handle
design are shown. 57

A well-designed handle is
adjusted to the cognitive,
physical and sensorial aspects
of the user in such a way that
it prevents mistakes. In the
right column, requirements
are presented derived from
the general criteria for
ergonomic handle design for
which it is expected that this
leads to a good handle once
these are fulfilled.
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Cognitive ergonomics

The aim of cognitive ergonomics is-to keep the mental effort low, by designing an instrument
that is self-explaining in the environment in which it is used.* The self-explaining abilities of the
instrument are subject to the appearance of that instrument. A well-designed instrument serves
as an external memory by exchanging information with the user. The mental effort of the user
is kept low due to the external memory.* To be effective as an external memory the control of
an instrument should be simple, because the amount of functions that the instrument supports,
determines how complex it is to operate.®® The theory of external memory is applied to the
steerable punch introduced in this study. This implies that the fewer degrees of freedom the
surgeon has to control, the less complex the instrument can be, and the lower the mental effort
of the surgeon has to be when operating the handle. This supports the choice to develop two
steerable punches with each having only one additional degree of freedom that has to be
controlled. When an instrument is self-explaining it ideally causes no human errors and therefore
improves the safety of the clinical operation.®

The design of the handle also has to be in accordance with the knowledge and experience of
the surgeon. This implies that the handle should be designed such that the functions are
operated with the same working principle as the surgeon is used to or should be operated
completely differently, since then the surgeon starts a new learning process to control the handle
instead of having to adjust his routinely control of the handle.* This way, mistakes in controlling
the handle are avoided assumed that the learning process of a completely new handle is intuitive
and short. For example, if the control of the new handle is in accordance with the control of the
current instruments, but the effect of the action is different, the surgeon may automatically act
wrongly, because he is used to the effect resulting from the control of the old instrument.*
Therefore, the design should have the same scissors type handle with an extra lever to operate
the side-ways movement, or completely different control levers. Furthermore, care has to be
taken with the subject selection when testing a new handle in comparison with conventional
handles, because the user’s experience in using the conventional handle could bias the test
results.*

Physical ergonomics

The aim of physical ergonomics is to offer physical comfort while controlling the instrument. This
means that the size of the interface between surgeon and instrument has to match the
anthropometric data of the surgeon, and the control of the instrument has to be in accordance
with the movability of the upper extremities of the surgeon.”**%%3% The shoulder, arm, and hand
support the instrument. To prevent fatigue the joint excursions must be kept within the allowable
ranges as shown in Table 6.1.2, and the weight of the instrument should be low.%%* Since, the
instrument is sometimes not supported when inserted in the joint cavity, its center of mass
should be at the portal to keep it in balance. This implies that the handle should have a low mass
by using lightweight materials and as little material as possible.

The sort of grip used to hold the instrument largely influences the ability to position and to
control the instrument. A distinction can be made between a power grip, a contact grip and a
Ipinch grip or seizing grip, which can be further subdivided.’**”*” A pistol grip is advised for the
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positioning of the side-ways steerable punch, because this allows accurate manipulation of the
instrument, but it also allows exertion of force.® In addition to this, a pistol grip supports the
observed practice of positioning the shaft of the instrument accurately by placing the index
finger along the shaft. In order to guarantee comfortable manipulation, no pressure should be
exerted on the dorsal side of the hand, since it will lead to degeneration of the skin and
underlying structures.” To control the instrument the index finger and the thumb are most
suitable.’

Sensorial ergonomics

Sensorial ergonomics deals with the human senses and human perception.” The main sensorial
interaction between the surgeon and a device during endoscopic surgery is the image display.*
This aspect is not studied in this project. It is assumed that the surgeon normally has sufficient
arthroscopic view during the operation. Force feedback is another subject in the field of sensorial
ergonomics. Due to the usage of an instrument the force feedback is reduced, which is due to
the force transmission characteristics of the instrument, and not so much due to the handle.
Furthermore, it was observed that force feedback is of minor importance when performing a
meniscectomy. There is one aspect that should be taken into account for both the handie design
and the tip of the instrument. That is the force needed to cut meniscal tissue. When the value
for the cutting force is known, the strength of the instrument, and the transmission ratio from
tip to handle can be calculated. The allowable force when controlling the lever with the thumb
ranges from 28 to 48N.” As a start, we determined an operating force of about 16N with the
current straight punch that has a scissors handle and a lever arm of 75 mm, when cutting is
performed in fixed cadaver meniscal tissue.’

Conclusions

From literature, a number of guidelines is determined for the design of an ergonomic handle.
Most information is obtained from general ergonomics on hand tools design and from the design
of laparoscopic handles for which it was previously recognized that the instrument handles are
unergonomic. In Section 6.4, it is shown that the general ergonomic requirements were
integrated in a new handle for the suggested side-ways steerable punch.
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6.4 Ergonomic handle for an arthroscopic cutter with a steerable tip
This section is based on the paper Ergonomic handle for an arthroscopic cutter, by

G.J.M. Tuijthof, S.J.M.P. van Engelen, 1.L. Herder, R.H.M. Goossens, C.J. Snijders, C.N. van Dijk,
Minimally Invasive Techniques and Allied Technologies, 12 (1/2), 2003.

Keywords: arthroscopy, ergonomics, handle, steerable tip, experiment

Abstract: From an analysis of the routinely performed meniscectomy procedures, it was
concluded that a punch with a side-ways steerable tip would improve the reachability of meniscal
tissue. This potentially leads to a safer and more efficient meniscectomy. Furthermore, the
current scissors handles of arthroscopic punches are ergonomically not sufficient. An ergonomic
handle is designed with one lever that enables opening and closing of the instrument tip, and
side-ways steering of the instrument tip. The design of the handie complies with ergonomic
guidelines that were found in literature. To evaluate this handle in comparison to conventional
handles it was necessary to add a model of the instrument tip. Experiments were performed with
a knee joint model, and both objective and subjective criteria were used. The results show that
the concept of a side-ways steerable punch is promising, since faster task times are achieved
without increasing the risk on damaging healthy tissue. The current design of the ergonomic
handle incorporates two degrees of freedom in an intuitive way, is more comfortable to hold, and
is easy to control. The external memory capabilities of the new handle could be improved.
Further development of this handle and the addition of a sufficient instrument tip and force
transmission are recommended.

Introduction

Access to the knee joint is routinely obtained from the anterior side of the joint where two
portals are placed at the joint level medially and laterally from the patellar tendon.>* Due to the
convex shape of the condyli of the femoral bone, optimal portal placement is necessary in order
to be able to reach the anterior and posterior horn of the menisci with straight instruments.
Curved instruments have been developed to facilitate the access to all parts of the menisci
(Figure 6.1.2).

During observations of meniscectomy procedures, it was noticed that often several punches
were needed to perform the operation (Table 6.1.1).°*° The use of a large number of these
punches has a number of negative side effects (Section 6.1).

To meet with the disadvantages mentioned above, it was suggested to develop a punch with a
steerable tip, which was positively received by surgeons.* It appears that the upward punches
and side-biters are used as frequently, but they are not used within the same procedure. In order
to prevent the handle from becoming too complex to control, it was decided to develop a punch
with a side-ways steerable tip and a punch with an upwards steerable tip. We focused on the
punch with a side-ways steerable tip, because the side-biters are likely to cause most damage
when inserting and extracting them from the joint cavity. In literature, no attention is paid so far
to the design of handles for arthroscopic instruments.

!In this paper, we present results of an experiment performed with a prototype of a new
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different grip 1

different grip 2

closing tip

steering tip to
the left

steering tip to
the right

ergonomic handle for a punch that bears the capability to control of two degrees of freedom,
which are up and down movement (cutting of tissue), and side-ways movement (steering of the
tip). Evaluation of the side-ways movement was performed in a simulated clinical setting. A
complete model of the steerable punch consisting of the handle and an end-effector was used,
since the functionality of the handle depends on its relation with the end-effector, and evaluation
of its perfomance should thus take place with a complete instrument.

Materials and Methods
Handle design

With the help of the presented analysis of the clinical practice (Table 6.1.1), and guidelines from
ergonomics™!»15161%3037.41 gpacific requirements were derived for the design of the handle:

L The handle should have two control options; one for opening and closing the tip, and
one for side-ways positioning.
. Self explaining™: the instrument should show its possible control options.
the instrument should indicate its tip position by means of the
handle.
| The handle should be controlled with one hand, which can be either the left or the right
hand; the surgeon holds the arthroscope in the other hand.’
) Control switches of the handle should be within reach of the thumb or the index finger
to be able to operate the handle while maintaining a stable grip.””
. The design of the handle should fit the hand sizes.”*¥
. The joint excursions during the operation should be within allowable ranges (Table

6.1.2) while operating the handle.”"* 1

Figure 6.4.1

Color illustration see cover,
Design of the ergonomic
handle. In the picture a
drawing of the concept is
presented as well as the
working principle of the lever.
It is shown that the handle
can be held and operated
with different grips.
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Furthermore, there are additional restrictions concerning reliability, reusability, and maximum
pressure on the hand during operating the steerable punch.” After considering several potential
designs, the concept presented in Figure 6.4.1 was chosen. The concept consists of a pistol
shaped handle with one lever for both opening and closing of tip, and side-ways positioning
(Figure 6.4.1). When the lever is moved to the left, the instrument tip moves to the right, and
when the lever is moved upwards, the instrument tip is opened. The shape of the handle enables
a stable position in the hand, prevents pressure peaks on the skin, and enables operating the
handle with different grips thereby giving the surgeon freedom to control it as he/she likes

Table 6.4.1 ; — s
v
Requirements as derived from requirements objective subjective

ergonomics®'>'>?* that are . .
made operational to judge the | 1. The locations are reached faster | Task times (sec.)

functionality of the new

ergonomic handle in .
comparison with the current | 2. Less inter punch exchanges Number of exchanges (n)

handles used for punches. take p lace
The requirements that are

printed in italics could not be A .
tested adequately with the | 3.  Less tissue damage Number of unallowed tissue

used experimental set up. confact (n)

4. Smaller movements of shaft at | Range of shaft rotation at incision
the incision resulting in less in transversal plane (°)
forces at the incision

5. Learning curve is steeper than Slope of regression line fitted

convertional instruments through the average of the six
trial times
6. Working principle is understood Question (Good or False)
by visual inspection
7. The position of the tip is Question (Good or False)
known by the position of the
lever
8. Little mistakes in operating the | Number of mistakes (n)
handle
9. The mental effort to operate Mental score
the hande is low (percentage)™
10. The wrist excursions remain Angles see table 6.1.2 (°)
within the allowable region
11. Hdding the handle is more Question (True or False)
comfortable
12. The operation of the handle is Question (True or False)

more comfortable
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(Figure 6.4.1). The shape of the lever is designed such that it allows sufficient information
feedback to the surgeon (the position of the handle indicates the position of the tip), makes it
possible to control the lever with different grips and is easy to produce. The length of the lever
is large enough to allow the surgeon to apply a sufficient moment with his/her thumb to cut
meniscal tissue (20 mm). This length was determined with the help of the allowable force when
controlling the lever which ranges from 28 to 48N**, a reasonable contact area (114 mn?), and
the required moment to cut meniscal tissue (0.68 Nm}*. The moment for cutting meniscal
tissue was measured in a simple experiment with a conventional punch and an unster.’ Both the
handle and the lever are dimensioned according to the anthropometric data of the hand.***3%

Experiments

A combination of objective and subjective evaluation criteria is commonly used in handle
evaluation, and this is also applied in this study.%"* The specified requirements for ergonomic
handle design (Table 6.3.1) were also used to assess the functionality of the handle in
comparison with the conventional handles of the punches (Table 6.4.1). The handle is
considered to have potential if it scores better in comparison with the currently available
arthroscopic handles.

Objective measurements
To evaluate the new handle’s usefulness, it was attached to a model of the instrument tip of the
steerable punch (Figure 6.4.2), and with this instrument a meniscectomy was performed in an
experimental model of the knee. It was decided to add a model of the instrument tip, since no
mechanism was available that was suitable for usage in an experimental clinical setting. The
shaft of the instrument model has a diameter of 5 mm, and has a side-ways steerable tip which
is 11 mm long. Both the shaft and the tip are slightly larger than the average conventional
punches (diameter 3.4 mm and tip length 8 mm). A transfer mechanism between the handle and
the tip consists of four wires that enable opening and closing of the tip, and side-ways
positioning of 90° to the right and 90° to the
left. The original handle design was slightly
changed to incorporate the mechanism for
steering the tip (Figure 6.4.1-6.4.2). Due to
the provisional mechanical embodiment, it
was not possible to exert cutting forces with
this instrument model (Figure 6.4.2). The
focus of the experiment was on positioning
of the instrument tip, and control of the
handle.

The experimental set up included an
artificial model of a right knee joint, three
conventional punches (two side-biters (type
010913 and 010912) and one straight
punch (012044), Smith & Nephew BY,

6. Meniscectomy: development of steerable punch Technical improvement of arthroscopic techniques

Figure 6.4.2

Picture of the model of the
ergonomic handle including a
shaft and a steerable tip. The
appearance is slightly
different compared to Figure
6.4.1 due to constructive
demands for the transmission
device from handle to tip. The
tip is part of the experimental
set up, which implies that this
is not a realistic appearance
of the final design of the
steerable punch, but its
function is sufficient to test
the handle.
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Figure 6.4.3
Pictures of parts of the
experimental set up.

A) Picture that is seen on the
monitor of the computer. It
shows the menisci with the

colored contacts and the
arrow that indicates the
contact that has to be
touched.

B) The knee joint model. The
inner side contains the
menisci with five colored
contacts that are electrically
connected to the computer.

C) Iron gauze shaped in the
form of the femur condyli.

D) The circles indicate the
three portals: a medial portal
where the arthroscope is
inserted, and two lateral
portals, of which one is ideally
placed (1), and the other one
is more medially placed (2).

E) Camera to record the
movements inside the joint.
Although these portals are
located close to each other,
their locations influence the
reachability inside the joint

Hoofddorp, The Netherlands), an
arthroscope, a monitor, a computer, a
video camera, and the handle with the
model of the instrument tip (Figure
6.4.3). The removal of tissue was
simulated by electrical connection of an
instrument tip and an electrical contact
on the menisci. The electrical signals
were transmitted to a computer. In the
knee joint model three portals were
made: a medial portal and two lateral
portals, of which one was ideally placed
(Figure 6.4.3: Portal 1), and one placed
more medially (Figure 6.4.3: Portal 2).
The tibia and femur were constructed of
metal gauze which was also electrically
connected to the computer (Figure
6.4.3). The gauze represents the
vulnerable cartilage layers that can easily
be damaged. On each gauze contact
with one of the punches, one unallowed
tissue contact was recorded, which
imitated possible cartilage damage
caused by an instrument.

greatly. Sixteen orthopaedic trainees participated in the experiment. They were asked to perform a

F) A device that transmits the Meniscectomy on the knee joint model. Their arthroscopic experience ranged from 0-25
electric signals from the knee grthroscopic procedures per year. Performing a simulated meniscectomy consisted of positioning
model to the computer. instruments along a trajectory of the colored contacts on the menisci randomly generated by the

G) Model of the instrument computer. The arthroscope is placed in the medial portal. There are four conditions: C1)
with steerable P conventional instruments with Portal 1, C2) conventional instruments with Portal 2, C3) steerable

H) The three conventional punch with Portal 1, and C4) steerable punch with Portal 2 (Figure 6.4.3). Each condition was
%‘,'"z-'gf; '(tzvto ngg")’ft%sé Z,"‘; performed three times, after which a second session with all conditions was started. The
of the fof',, ,-,F,'st,umé,,ts We‘,’e subjects were given the opportunity to practice before the actual experiment was started. The
isolated in such a way that Latin square method was used to eliminate the learning effect for statistical analysis.* The task
onl the front of the tio could givien to each subject was to perform a trajectory as fast as possible with as few unallowed tissue
the colored electrical contacts cOntacts as possible. For each trajectory the trial time (Table 6.4.1: Requirement 1), and the
on the menisci. number of unallowed tissue contacts (Requirement 3) were recorded. Significant difference

1) computer. DEtween the trial times and the number of unallowed tissue contact for the four conditions was

determined by a two-way analysis of variance test (ANOVA, p < 0.05). The learning curve for

each condition is determined by a linear regression line fitted through the averaged task times

lOf the six trials per condition (Requirement 5). The slope of these curves is a measure for
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learning speed. The movements of the instrument tips as well as the hand movements of the
subjects are recorded by a video camera. The number of operation errors when using the new
handle were assessed by analysis of the video (Requirement 8).

Due to the experimental set up three evaluation criteria could not be tested adequately (Table
6.4.1 printed in italics). Requirements 2 and 4 were already incorporated in the set up, since the
subjects were forced to interchange with the conventional punches in order to reach the
contacts. No attempts were undertaken to reach a contact with a less suitable punch. The knee
joint model allowed to reach all contacts with the steerable punch without interchanges. Lastly,
Requirement 10 could not be tested, since opening and closing of the handles was not allowed
during the tests, and therefore the handles of the conventional punches were held differently
than is commonly done during actual operations.

Subjective measurements

The sixteen subjects were asked a number of questions to assess the usability of the handle,
and to document suggestions for improvement of the handle. The self-explaining capacities of
the new handle were tested by asking the subjects how they expected the steerable punch
would operate (Requirement 6). A memorability test was performed in-between two sessions for
which the new handle with instrument model was placed in a certain orientation in the knee joint
model, and the subject had to indicate the tip orientation by visual inspection of the handle
(Requirement 7). The mental effort of the four conditions was tested by six questions concerning
level of activity, force to position the tip, time pressure, success, fatigue, and frustration
(Requirement 9). This test scores the mental effort to perform the task of which the instrument

120 m— C1
100 . C2
80 c==rm C3
9 [ T c4
o 60
= C1: -1.9 (sec./trial)
0 %
Af C2: -1.9 (sec./trial)
20 1 o
1 — = (3: -2.3 (sec./trial)
0 4
1 2 3 4 5 6 o e C42 1.1 (seC/trial)
trial (i)

Figure 6.4.4
Results of the trial times for
performing the artificial
meniscectomy for the four
conditions. C1: conventional
instruments with Portal 1
(Figure 6.4.3), C2:
conventional instruments with
Portal 2 (Figure 6.4.3), C3:
steerable punch with Portal 1,
C4: steerable punch with
Portal 2. The columns give
the average task times of the
sixteen trainees, thus the
variation indicated is due to
the differences among the
subjects. For each condition
the learning curve is added,
and the proportional factor
between the trial and the trial
[ times is given.

6. Meniscectomy: development of steerable punch Technical improvement of arthroscopic techniques

143

Mi%IT




Figure 6.4.5 20

Results of the numbers of _
unallowed tissue contact, 18 B
when performing the 16
meniscectomy on the knee
Jjoint model. ’:‘ 14
C1: conventional instruments ~— 12 mCl
with Portal 1 (Figure 6.4.3), =
C2: conventional instruments & 10 mC2
with Portal 2 (Figure 6.4.3), &£ 8 mC3
C3: steerable punch with 3 mC4
Portal 1, C4: steerable punch & 6
with Portal 2. 4
2
0
1 2 3 4 5 6
trial (i)

is a part. The NASA-TLX method was applied to score the mental effort on a scale of 10 cm, in
which the full scale corresponds to 100% mental effort.* Thus, a higher percentage corresponds
to higher mental effort. The average percentage of each question per condition was calculated.

Results
The trial times for the steerable punch are significantly lower than for the conventional punches,
F(1,16)=23.16, p<0.05, and accounted for a meaningful proportion of the variance, v?=60.7%
(Figure 6.4.3). There is no significant difference between the two instrument portals (Portals 1
and 2), however, there is a significant difference for the combination of a portal and an
instrument (F(1,16)=7.66, p<0.05), in favor of the steerable punch. The slopes of the learning
curves for the conventional instruments are alike (Figure 6.4.4). The slope of C3 (steerable
punch, Figure 6.4.3: Portal 1) is the steepest, whereas the slope of C4 (steerable punch, Figure
6.4.3: Portal 2) is the flattest. The curves of C3 and C4 are located below the curves of C1 and
C2. Considering the number of unallowed tissue contacts (Figure 6.4.5), there is no significant
difference between the conventional instruments and the steerable punch, but there is a
significant difference between the two portals (F(1,16)=5.58, p<0.05), in favor of the Portal 2,
the more medially placed portal. During the tests it has been noticed that four persons operated
the handle of the steerable punch wrongly once or twice, thereby steering the instrument tip
into the wrong direction.
The answers to the questions of the subjective criteria are summarized in Table 6.4.2. The
answers to the mental effort scale for each condition show a large variation for each question
and condition (standard deviation from 15% to 29%). The mental effort test shows that the task
was probably not very difficult to perform. The more experienced subjects apparently lost their
concentration, because the task could probably be too simple. This is supported by increasing
trial times where one might expect decreasing trial times. Furthermore, it is difficult to relate the
results of the mental effort test specifically to the use of the instruments, since the NASA-TLX
|method scores the entire task of which the handling of the instruments is a part.
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A number of suggestions is given to improve the handle. Most subjects prefer more than three
possible orientations of the tip to be able to follow the contour of a meniscus lesion more
accurately. The orientations should ideally be adjusted continuously. All subjects have been able
to mention the potential advantages of the side-ways steerable tip, and some indicate that less
instrument changes would lead to a more unperturbed progression of the operation as an
additional advantage.

subjective criteria score Table 6.4.2
] L Results of the subjective

Working principle is criteria for sixteen trainees
understood by visual . - B steer tip to who performed 384

6 - . open tip close tip steer tip to left right trajectories in total. A high
inspection percentage of the mental

effort corresponds to a high

Percentage correct 75% 75% 69% 69% rnentar afforee 7
The position of the tip i

7 known by thepositonof | Tip positioned to the left
the lever
Percentage correct 77%
The mental effort for each

9 condition Condition 1 Condition 2 Condition 3 Condtion 4 No preference
Activity level 40% 34% 41% 38%
Force to position 14% 17% 17% 17%
Time pressure 15% 21% 17% 18%
Rate of success 2% 52% 51% 52%
Rate of fatigue 29% 26% 28% 28%
Rate of frustration 17% 23% 31% 23%
Which condition is the most
difficult to perform? 19% 25% 19% 13% 25%
(percentage of subjects)
Which handle is more :

conventional

u comfortable to hold? handle new handle No preference
(percentage of subjects) 25% 56% 19%
Which handle is more

12 comfortable in control? 19% 69% 13%
(percentage of subjects)
Which operation would you 1 lever, 2 levers, 2 levers,
prefer? 1 finger 1 finger 2 fingers
(percentage of subjects) 63% 6% 31%
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Discussion

From the results, it can be concluded that the functionality of a steerable punch is potentially
good, since the use of this instrument leads to quicker trial times in comparison to conventional
punches, while not increasing the number of unallowed tissue contacts in comparison to
conventional punches. When placed in a slight malposition of the access portal the steerable
punch performs better. This is important, since it is obvious that ideal portal placement is difficult
to obtain for every patient. It is dependent on the individual anatomy of the patient and the
experience of the surgeon. The model of the steerable punch has a thicker shaft and a larger
tip in comparison to the conventional punches. Despite its larger size no significant increase in
unallowed tissue contact was detected using the model of the steerable tip. This is an
encouraging result, since it is expected that evolution of the design to the same geometry could
be accompanied by even less undesired contacts, and an improved arthroscopic view. The
learning curves of the new ergonomic handle compare favorably with the conventional handles,
since those curves are located below the curves of the conventional handles. Furthermore, they
are flat which indicates that no learning is required to control the new ergonomic handle.
Ideally, a handle is well designed when the user understands the working principle of the handle
immediately as by intuition.*®* 11 of the 16 trainees understood the working principle of the
handle by visual inspection only (Requirement 6), and 12 of the 16 trainees memorized the
working principle (Requirement 7). Therefore, the appearance of the handle could be improved
to enlarge the external memory capabilities. The number of subjects who prefer the new handle
is twice the number who prefer the conventional handle (Requirement 11). The main reasons
are the greater comfort, and the fact that no attention has to be paid to hold the handle. The
new handle resulted in quicker positioning while no exchanges were needed to perform a
complete meniscectomy, which enabled the trainees to view the operation area continuously.
The possibility to control both functions of the steerable punch with one lever and one finger
was received positively. This did not only result in a quicker performance, but also in a more
effective use of the handle as an extension of the body (Requirement 12).** The mental effort
test (Requirement 9) showed no significant difference between the four conditions, which is
supported by the variety in answers to the question which was the most difficult condition. The
question is if this mental effort test is suitable for this for this type of experiment. A set up
resembling the clinical practice more realistically and causing more stress might detect a
distinction between the four task conditions, however this first has to be tested.

Problems we encountered were related to the side-ways stiffness of the model’s tip in one of the
three fixed positions. This stiffness was barely sufficient, yet appeared to be essential to control
the tip. This finding has to be included in the actual design of the tip, and the force transmission.
In conclusion, the new handle scores also better in comparison with the conventional
instruments considering the subjective evaluation criteria.

Another aspect that needs further attention is the size of the force that the surgeon has to apply
in order to meniscal tissue. Estimations indicate that the current configuration of the lever is
sufficient to apply the required cutting force. However, tests have to be performed to verify
whether or not the force can be applied easily in every position of the lever, and still can be
Icontrolled intuitively. Force feedback is probably of minor importance for good functioning of the

1 46 MI ?T Technical improvement of arthroscopic techniques

6. Meniscectomy: development of steerable punch




handle, since meniscal tissue is not as delicate as for example bowel tissue, and most often the
operative field can be adequately inspected by direct vision which provides visual feedback
(Section 6.1).

The overall conclusion is that the concept to develop a side-ways steerable punch is promising,
and could lead to a safer and more efficient performance of a meniscectomy. The current design
of the ergonomic handle appears to incorporate two degrees of freedom in an intuitive manner.
The major advantage of the new handle in comparison to the conventional handles is the
improved comfort. However, the external memory capabilities could be improved. Further
development of this handle and the addition of a sufficient instrument tip and force transmission
are recommended.

6.5 Discussion

With the help of the clinically driven approach, an analysis was performed of the current
available techniques of performing meniscectomy procedures. It was concluded that a punch
with a side-ways steerable tip could improve the reachability of meniscal tissue, which prevents
instrument exchanges with the current straight punches, and which reduces the maximum
excursions of the wrist. Design criteria were formulated, in which distinction was made between
criteria for the control and ergonomics of the handle, and criteria for the instrument tip. This is
an important step in the development of an instrument, since the verbal description of an idea
or requirement has to be translated into technical, quantifiable dimensions. Performing this
process enables a continuous focus and redefinition of the final result that has to be reached.
In this case, the goal is an as safe and an as fast as possible operative procedure with the least
damage to healthy tissue, which enables the surgeon to focus entirely on the procedure itself.
Furthermore, careful analysis with the operative goal in mind can offer simple solutions. For
example, it appeared that the upswept punches and side-biters were not used during the same
operation. This made it possible to drop an extra degree of freedom making the control and
construction of the punch less complex. Another example is the determination of the tip length.
It was first determined that the length should vary with the orientation angle. However, after
realizing that during surgery in humans the portals have a certain amount of flexibility, and the
shaft can be positioned along its longitudinal axis, it was concluded that a variable tip length was
unnecessary.

The challenge of the steerable punch is the integration of a steering function that is
perpendicular to a cutting function within a diameter of 5 mm, and the integration of a large
range of motion and a high workload. If only attention is paid to the steering function, several
mechanisms can be found in literature.**! With the design criteria each mechanism can be
judged on its feasibility.

Since the conventional scissors handle is far from optimal, and an additional switch to control
the side-ways movement had to be integrated, theory on the ergonomics of hand tools were
specified for the steerable punch. To test the use of this ergonomic handle a prototype was
made. The results were in favor of the prototype, and revealed a number of additional
requirements of the surgeons participating in the experiment.

The next step will be the integration of all design criteria into a complete design of the side-waysl
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steerable punch including a handle, a force transmission, and an instrument tip, that can be
tested in cadaver knee joints, and subsequently in human beings.
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7. Conclusions and future research

7.1 Conclusions

The research presented in this thesis aims at the improvement of arthroscopic techniques and
instruments. An important issue in this research is the philosophy that surgeons as users of the
products have to be closely involved in the assessment of problem areas and the design of new
instruments.

Clinically driven approach

To achieve the involvement of surgeons, a method called clinically driven approach was used and
further developed. Observations during operations (Chapter 2) as well as literature studies
(Chapter 3) give the engineer sufficient knowledge to communicate with a surgeon. The
observations in combination with discussions lead to the identification of six clinically relevant
research topics in the arthroscopic field. These are optimization of a clear view during
operations, development of soft-tissue endoscopy, development of a minimal access technique
for subtalar arthrodesis, optimization of the treatment of osteochondral defects, development of
multifunctional instruments, and development of criteria and instruments to determine the
quality of the procedure. To avoid fulfilling the specific needs of only one surgeon, the research
topics were reconsidered by a larger population of experts in an interview. In general, surgeons
are reasonably satisfied with the current techniques. However, it was pointed out that the
current straight instruments give limited access to locations which are difficult to reach, and the
limitations of equipment results in a sub-optimal view in joints. Problem areas that have priority
are the optimization of the treatment of osteochondral defects, and the design of a steerable
punch. Expansion of the arthroscopic techniques is not encouraged, but new techniques will be
accepted if they show good results and if they are not significantly more difficult to perform.

Based on the clinically driven approach, it was decided to focus on a minimal access technique
for subtalar arthrodesis, the optimization the view in joints and the development of a sideways
steerable punch.

Each of the three topics was further analyzed by means of a specific literature study, additional
observations, and discussions with surgeons (Chapter 3, 5 and 6). This leads to the definition of
the following problems, limitations and important factors for each topic:

Subtalar arthrodesis (Chapter 3)

. To analyze the subtalar arthrodesis techniques systematically, the procedure was divided
into the following phases: measurement of malalignment, access, removal of cartilage,
correction of subtalar alignment and fixation.

. The limitations of the current techniques for subtalar arthrodesis are: no well defined,
accurate and reproducible measurement of malalignment and correction of the hindfoot,
difficult access to the subtalar joint, and a weak fixation.
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. Important factors to achieve a successful arthrodesis are: minimal damage to healthy
tissues, removal of the cartilage and subchondral bone layers of the entire joint, and the
compression of the joint surfaces to enhance fusion. It was concluded that it is
important that a new technique provides for a fusion, no residual deformity, no
morbidity, no pain and a quick recovery. Therefore, it is chosen to approach the
subtalar joint arthroscopically. For the surgeon it is important that he can easily and
accurately perform the procedure.

Arthroscopic view (Chapter 5)

. The creation of a clear overview in a joint is frequently a problem due to the
malfunction or complexity of irrigation systems, suboptimal rinsing of the joint caused
by inadequate sheath design, and soft tissues like fat or adhesions often impede the
view at the operation field, especially in complex operations.

) There is no consensus on the optimal intra-articular pressure and combination of inflow-
and outflow portal, and guidelines are missing to control the irrigation systems such that
optimal view is achieved.

) No clear definition was found on optimal view.

Meniscectomy (Chapter 6)

. In more complex operations the reachability in the knee joint is a problem and leads to
a large number of unnecessary instrument exchanges with the current straight
instruments. These exchanges are potentially harmful to healthy tissue, whereas it
carries the risk of introducing bacteria into the joint cavity.

. The upward punches and the side-biters are not used within the same operation. This
is also in correspondence with the anatomy of the knee joint, and allows for the design
of two instruments (one instrument with an upward steerable tip and one instrument
with a sideways steerable tip) instead of one more complex instrument.

) The overall ergonomic judgement of the posture of the surgeon during a meniscectomy
is positive. This is mainly due to the short operation time. However, the scissors handle
of the punches is not ergonomic, and attention should be paid to include requirements
for an ergonomic handle in the design.

. The mechanical removal of meniscus tissue is preferred, and force feedback during the
cutting of tissue does not seem to be of great importance.

In conclusion, each individual problem area was thoroughly analyzed independently of a solution
from a technical point of view, via a systematic approach. This revealed starting points for the
improvement of certain techniques. Since a lot of effort was put in the analyses, it was possible
to simplify the design of new instruments, or to establish merely guidelines for the usage of
devices. Examples are the steerable punch for which the requirement of upwards steering and
side-ways steering could be separated, and the usage of irrigation systems for which only
guidelines had to be set up, instead of developing a complete new irrigation system.

l
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Design process and design criteria

Requirements were set up for each research topic to improve the limitations and to incorporate
the important factors derived in the analysis (Chapter 4, 5 and 6). Technical data that were not
available, but important to dimension the new instruments were experimentally determined. The
available joint space of the subtalar joint and the knee joint were modeled by simple geometric
shapes, for which the dimensions were measured. This approach was useful to determine an
order of magnitude of the geometric boundary conditions. Furthermore, data on the machining
force of meniscal tissue, cartilage and bone were measured as well as an order of magnitude of
the fluid restriction of knee joints. All requirements were put together for each topic:

New technique to perform subtalar arthrodesis (Chapter 3)
The new technique for minimal access subtalar arthrodesis implies:

J A posterior arthroscopic approach with the patient lying in prone position.

. Determination and verification of an adequate correction peroperatively with the help of
a new measurement device.

. Removal of cartilage and subchondral layers by means of a new instrument that

preserves the complex joint shape, and that creates smooth bleeding contact surfaces
to enhance optimal fusion.

. Temporary fixation by means of a new fixation device that is placed in the optimal
fixation location, and that transfers its fixation function gradually to the fusion bridges
of the bone.

The main focus was on the development of the measurement system and the instrument to

remove cartilage (Chapter 4). Important requirements for the measurement system are:

measurement in weightbearing standing and in nonweightbearing prone position, the
measurement should be quantitative, accurate, and reliable. In addition to this, it should be easy
in handling, lightweight, sterilizability, and a quick, and noninvasive measurement are required.

The hindfoot angle that was chosen is the angle between the midline of the calcaneus and the

midline of the lower leg, when the patient is placed in a fixed position.

For the development of the instrument to remove cartilage and subchondral bone, it was derived

that four aspects will enhance quick and solid fusion of the joint: removal of the subchondral

bone and cartilage of the entire posterior facet, establishment of bleeding contact surface areas,
preservation of the subtalar joint’s shape, and the creation of smooth surface areas that increase
the locations of true contact.

Optimization of arthroscopic view (Chapter 5)

o A descriptive model of two types of complete irrigation system was derived and validated
with experiments performed in an set up including a physical joint model.
. A method was developed to determine design criteria for a sheath that improves
joint irrigation, and to evaluate new designs in comparison with conventional sheaths.
. The design criteria for a new sheath include that the in- and outflow should take place

through separate passages in the sheath, and that the cross-section of the passages
] should be as large as possible.
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Steerable punch for meniscectomy (Chapter 6)
To improve the reachability during meniscectomy procedures, a sideways steerable punch was
developed for which the following requirements hold:

o The menisci are approached from the portal located diagonally to the traumatized
meniscus.
. The instrument should have a mechanism for sideways steering of the tip with three

fixed orientations and opening and closing of the tip. The stiffness and strength of the
tip should be sufficient in all three positions to cut the meniscus tissue.

. The handle should be self-explaining, controlled with one hand, should fit the hand
sizes, and should keep the joint excursions within allowable ranges while operating the
handle.

The translation from medical requirements to technical specifications was hampered, since no
technical data were available of the dimensions of joint spaces and machining forces of tissues.
A start was made to derive these data with simple experiments. Although the data merely gave
boundary conditions, this appeared to be sufficient to dimension the concepts for the two cutting
mechanisms, which were previously defined.

For the measurement system the first step was to define the angle to be measured. Eventually
it was chosen to use simplicity of the mechanism and reproducibility as starting points. Thereto,
the individuals were all measured in the same fixed position, and the hindfoot angle was
determined with axes defined by bony landmarks that are easy to palpate. The choice was made
for a mechanical device, since although telemanipulators might be more accurate than a
mechanical device, they are likely to be more time-consuming, it will take more preparation to
measure the angle inside the operation room, and they cannot be easily moved from one place
to another. Since, the subtalar arthrodesis is a procedure that is not frequently performed
surgeons are probably not willing to acquire an expensive system.

To optimize arthroscopic view, joint irrigation was investigated as a starting point. This lead to
improved arthroscopic view, which was demonstrated by experiments. Results show that taking
into account simple guidelines the irrigation systems can be used optimally, and a redesign of
an arthroscopic sheath is required, since this causes the main limitation in current joint irrigation.

Prototypes and guidelines
The solutions developed to improve the investigated procedures were verified by means of
prototypes. This resulted in the following conclusions.

Measurement system (Chapter 4)

The dimensions of the prototype of the measurement system were chosen adequately, since all
subjects fitted in the system. The measurement system proves to be able to measure hindfoot
angles that are consistent with the clinical diagnosis, and with values found in literature. It allows
for measurement in weightbearing standing and nonweightbearing prone position. The
intratester reliability and intertester reliability were in the same range as found in literature,
whereas the accuracy of the measurement system is slightly better. It is derived that the hindfootl
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angles of subjects are symmetric within a range of 2°, which is probably sufficient to use the
opposite leg as reference for performing correction. This supports the possible application of this
concept in clinical practice.

Instrument to prepare the subtalar joint arthroscopically for fusion (Chapter 4)

The practical embodiment of the instrument consists of a drill actuated by a steel cable, which
can be passively controlled. The cable is placed in a shaft that is flexible in one direction, which
makes it possible to follow the contour of the joint surfaces. The shaft is stiff in the other
direction to resist tooling forces of the drill. A frame at the tip allows for passive control of the
instrument. The instrument can be used on combination with conventional shaver systems.
Experiments prove that most requirements are met, but the combination of functions in the
prototype needs fine tuning.

Guidelines for usage of irrigation systems (Chapter 5)

It is advised for the gravity pump to use the separate cannula as inflow portal, and to start with
a low suction level when a separate suction device is used. For the automated pump it is
advisable to determine the pressure sensor location that provides the feedback signal with which
the pump is controlled. Once this is known, care should be taken to include the sheath-scope
combination in the feedback control loop of the automated pump.

Arthroscopic sheath (Chapter 5)

The prototype of the new sheath consists of a tube with a removable partition that has to be
used in combination with a 2.7-mm arthroscope which is placed asymmetrically in the tube. The
new scope-sheath combination demonstrates to have a 4 times lower fluid restriction, which
allows for a significantly quicker irrigation of the joint. In the case of the three-portal technique
the irrigation time is about a factor 10 shorter when the new sheath is used. When using the
two-portal technique, for which in- and outflow take place via the same portal, the irrigation time
is reduced by a factor 2 in comparison to the conventional sheath.

Handle of steerable punch (Chapter 6)

The prototype of the steerable handle consists of handle that can be held with several different
grips, and incorporates one lever with which opening and closing of the tip as well as side-ways
steering can be controlled. The concept to develop a sideways steerable punch is promising, and
could lead to a more safe and efficient performance of a meniscectomy. The current design of
the ergonomic handle appears to incorporate two degrees of freedom in an intuitive way. The
major advantage of the new handle in comparison with the conventional handles is the greater
comfort. However, the external memory capabilities could be improved. Further development of
this handle and the addition of a sufficient instrument tip and force transmission are supported
by surgeons.

All the prototypes met the assumptions and requirements that were derived from prior analysis.
!Although further development is necessary, no conceptual changes are to be foreseen.
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7.2 Future research

In this thesis a research line is set up for which three topics were addressed in more detail. A
lot of material is left to continue improvement of arthroscopic techniques and instruments in
order to facilitate the procedures and improve safety. In addition to the possible research topics
that were identified but not further explored, some loose ends remain for the topics that were
addressed.

Technical data of joints

The assessment of the geometric dimensions of the joints and the machining forces of different
human tissues are important for the design of any instrument that is used to machine the human
tissues. Surprisingly, these data are missing in literature. Therefore, research should be started
to set up a complete overview of technical data for joints. To simplify the measurement of
dimensions, a model for each type of joint space can be set up. To determine machining forces
a lot of experiments have to be done, since the forces are not only dependent on the machining
processes, and dimensions of the tools, but also on the tissues, which usually have an
inhomogeneous structure. Specific machining forces and rules of thumb can be set up as is
common for the machining of materials in the industry. The set up of tissue models could
probably help to assess the sensitivity of different variables, which helps to focus on the most
important variables. The results presented in this thesis can be used as a pilot study.

Irrigation

The irrigation process of joints appeared to be difficult to capture. This topic needs further
investigation to explore the situations that occur during an operation, and to extend the current
experimental set up to assess the influence on joint irrigation of additional conditions, that are
more related to the clinical practice. Thereto, the physical joint model needs to be rebuilt to
obtain a more realistic representation of a joint. It is expected that this approach will eventually
lead to one protocol and configuration of the complete irrigation system to achieve optimal
arthroscopic view for all operative procedures.

Subtalar joint

The proposed technique to perform subtalar arthrodesis via a minimal access approach needs to
be further developed. No attention was paid so far to the optimal temporary fixation. The part
of the technique that was developed so far could eventually be adapted for the placement of a
subtalar implant. In the changing health care, the patient might no longer be satisfied when a
joint is fused. A proper functioning subtalar prosthesis has not been developed so far. A sequel
research proposal has been submitted for the development of a subtalar prosthesis.
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Appendix 5B:

Results of experiments to determine influence factors on irrigation.

Results of measurements performed to determine the influence of several factors (Table 5.4.1)
on the fiow pattern in a joint. The measurements were performed with an experimental set up
that included a physical joint model. For each factor the results are presented and discussed.

Different combinations of inflow and outflow portal (Figure 5B.1)

Appendices

With the help of an ANOVA single factor test (p < 0.05) it was calculated that the
irrigation times of different inflow and outflow combinations are significantly different.
Column 2 gives the fastest t,,. and t... The difference between this combination and
others is that the diameter of the cannula, which is used as inflow, is larger than the
effective diameter of the scope-sheath combination, which is used as inflow for the other
configurations. Due to this fact the inflow velocity is at least six times lower than for the
other in-outflow combinations. The low velocity causes the kinetic energy of the inflow
stream to be low, which results in the fact that the direction of this flow can be easier
influenced, leading to a faster distribution of the blue ink. Furthermore, the pressure in
the joint model at the inflow location for Column 2 is higher than the pressure in the
joint model at the outflow, which causes a flow from inflow towards outflow portal.
Leakage of the joint model occurred during experiments of Column 2 (leakage mainly
along the clamps of the joint model (Figure 5.4.1)), and Column 4 (mainly between
shaver and sleeve).

The irrigation times of Column 3 are actually incomparable with the rest of the
combinations, because there is no partition in the sheath housing the scope. This causes
a part of the colored ink to flow directly through the sheath without entering the joint
model. Thus, less ink is introduced in the joint model. 1t is difficult to estimate the
fraction of colored ink that does not enter the model, but the fraction is assumed to be
approximately 30%. If this is the case then the irrigation times of Column 3 are about
the same is for Columns 1 and 4.

Column 1 is a regularly used setting in clinical practice, and scores the worst.

From the results, it can be concluded that the diameter of the inflow is an important
factor for the design of a new sheath. It appears that the increasing cross-sections result
in faster irrigation times.
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Different locations of bleedings (Figure 5B.2)

. With the help of an ANOVA single factor test (p < 0.05) it was calculated that the
irrigation times of different bleeding locations are significantly different for t,. and not
significant for t,...

. When a bleeding takes place near the inflow portal (Column 2) the blood (ink) spreads

quickly, because it is carried along with the main inflow stream. For the two other
conditions (Columns 3 and 4) the blood stream is pushed backwards by the dominant
inflow stream.

. t..r IS NOt significant which implies that the surgeon can freely choose the position of the
outflow cannula in order to remove the blood.

Different pressure and flow combinations (Figure 5B.3)

J With the help of an ANOVA single factor test (p < 0.05) it was calculated that the
irrigation times of different pressure and flow combinations are significantly different.
However, Columns 1 and 2, Columns 3 and 4, and Columns 5 and 6 do not differ
significantly.

. This division of the pressure and flow combinations in three groups can be explained as
follows. At the first group (Columns 1 and 2) initial set pressures are too low to create
a good flow pattern. At the second (Columns 3 and 4) the initial set pressure creates at
least a positive pressure in the joint model, which causes the irrigation times to
decrease with approximately 30%. In the third group (Columns 5 and 6) the flow rate
is increased and accordingly the irrigation times are further decreased. This outcome
was expected (Section 5.3). There is one disadvantage when suction is performed using
this automated pump. During suction with an increased flow rate, the pressure in the
knee joint model decreases significantly and can reach underpressures of 200 mmHg.
This willlead to the joint collapse, and is highly undesirable.
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Irrigation times for different
conditions using a shaver as
outflow portal (Table 5.4.1).
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Different conditions when using the shaver as outflow portal (Figure 5B.4)

With the help of an ANOVA single factor test (p < 0.05) it was calculated that the
irrigation times of the different shaver conditions are significantly different, accept for
Column 2 in comparison with Column 3.

The usage of the 3D-profile does not give a significantly different result. This implies that
the configuration of the joint model is sufficient so far to test several factors.

When the shaver is used as outflow, leakage occurs along the shaver and sleeve. This
together with the occurrence of underpressure in the joint model enables air to be
sucked into the knee joint model. This causes the water level to drop to the position of
the shaver tip. This effect influences the flow pattern.

Different directions of inflow stream (Figure 5B.5)

Appendices

With the help of an ANOVA single factor test (p < 0.05) it was calculated that the
irrigation times of the different directions of the inflow stream are significantly different.
The configuration in Column 3 (90°) produces the fastest irrigation times. This is
probably due to the fact that the tip of the sheath-scope combination for this
configuration is located towards the center of the joint modei. The inflow stream at the
90° location is less influenced by the walls of the sleeve (Figure 5.4.1) than it is in the
other configurations, and therefore the inflow stream looses its kinetic energy at a
slower speed.

The inflow angle of 15° is a configuration that surgeons do not often use for treatment.
For this condition, the inflow stream is directed along the wall of the rubber sleeve
(Figure 5.4.1) and only mixes slowly to reach the entire joint model.

With the results if these tests, it can be concluded that the inflow direction has
influence on the irrigation of joints. This leads to the requirement that the inflow should
take place towards the open space in a joint.
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Figure 5B.6

Irrigation times for different
conditions (Location 1,
Instrument, 3D-profile, Inflow
angle at 90°) when the inflow
portal is located at Location 1
(Table 5.4.1).
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Different effects in location 1 (Figure 5B.6)

. With the help of an ANOVA single factor test (p < 0.05) it was calculated that the
irrigation times of the different conditions at Location 1 in the joint model (Table 5.4.1)
are significantly different, except for the comparison of Column 1 with Column 3.

J The scope-sheath combination of the configuration with an instrument placed in front of
the scope-sheath combination is at a slightly different position in the joint model. It
appears that the presence of an instrument in front of the tip of inflow sheath has a
positive effect on the irrigation time. This is due to the fact that the inflow stream is
redirected towards the center of the joint model which causes the colored ink to mix
faster. This result is clinically important, because it often happens that an instrument is
used in front of the camera.

o For Columns 1 and 4, the scope-sheath combination location differed only slightly, but
the average irrigation times are significantly different. An explanation could be that the
scope-sheath combination in Column 1 is so close to the wall of the rubber sleeve
(Figure 5.4.1) that this greatly influences the mixing of colored ink in the entire joint

model.

. The presence of a 3D-profile does not effect the irrigation times.

Different effects in location 2 (Figure 5B.7)

. With the help of an ANOVA single factor test (p < 0.05) it was calculated that the
irrigation times of the different conditions at Location 2 in the joint model (Table 5.4.1)
are not significantly different.

. A closer look at the results shows that the presence of an instrument in front of the
inflow stream has positive effect on the irrigation times.

. For Columns 1 and 4, the location of the scope-sheath combination differs slightly, which

results in a difference of 10 seconds in the average irrigation time t,.,.. Since this result

is consistent with the result found for different conditions tested in Location 1, it

strengthens the argument that the inflow stream is greatly influenced by when it comes
into contact with the wall of the sleeve.

. If the results of Location 1 and 2 are compared (Figures 5B.6 and 5B.7), the following
aspects become apparent:

1. The irrigation times at Location 2 are about 20 seconds larger. Therefore,
Location 2 is not favorable. This is due to the fact that in this location the
distance between the glass plates is smaller than for Location 1 and the
sheath-scope tip is closer to the wall of the sleeve.

2. The location of the inflow stream influences the flow patterns and irrigation
times. Care should be taken in the design of a new sheath that treatments take
place in different operating areas in a joint.
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Irrigation times for different
conditions (Location 2,
Instrument, 3D-profile, Inflow
angle at 15°) when the inflow
portal is located at Location 2
(Table 5.4.1).

Technical improvemnt of arthscoc techniques

171

MHIT




List of terms

Arthrodesis
(Articular) cartilage
Acromioplasty

Allograft
Anterior
Anthropometry

Arthritis
Arthroscope

Arthroscopy
Autograft
Calcaneocuboid joint
Calcaneus
Cancellous bone
Cannula

Carpal tunnel release
Concave

Condyle

Convex

Contralateral

Cortical bone
Cruciate ligament
Curette

Debridement
Ergonomics

Eversion
Feedback loop

Fibula
Fluoroscopy

Force

Frontal

Hydrodynamic pressure

Hydrostatic pressure
Intraclass coefficient

Inversion

Ipsilateral
Irrigation system
Lateral

!Lateral decubitus

The surgical fixation of a joint by a procedure designed to accomplish fusion of the joint
surfaces by promoting the proliferation of bone cells

A flexible, somewhat elastic, semitransparent substance with an opalescent bluish tint
on the articular surface of bones in synovial joints

Surgical removal of the anterior hook of the acromion to relieve mechanical
compression of the rotator cuff during movement of the shoulder joint

A graft of tissue between individuals of the same species but of disparate genotype
Situated in front of an organ

The science which deals with the measurement of the size, weight, and proportions of
the human body

Inflammation of a joint

An endoscope for examining the interior of a joint and for carrying out diagnostic and
therapeutic procedures within the joint (Figure 1.1.2)

Examination of the interior of a joint with an arthroscope

A graft of tissue derived from another site in the body of the organism receiving it
Joint between the calcaneus and cuboid bone

Heel bone, the irregular quadrangular bone at the back of the tarsus (Figure 3.0.1)
Spongy or lattice-like structured bony tissue

A tube for insertion into a joint (Figure 1.1.5)

Cutting of the passage for the median nerve and the flexor tendons in the wrist
Resembling the hollowed inner surface of a segment of a sphere

A rounded projection on a bone usually for articulation with another bone

Resembling a segment of the external surface of a sphere

Situated on or affecting the opposite side

Bone of the nature of a cortex or bark

A cross shaped ligament with the knee joint (Figure 6.0.1)

Spoon-shaped instrument for removing material from the wall of a cavity or other
surface (Figure 1.1.3)

Mechanical removal of tissue, usually sharp dissection

The science relating to man and his work, embodying the anatomic, physiologic,
psychologic, and mechanical principles affecting efficient use of human energy
Consists of elevation of the lateral border of the foot and depression of the medial
border of the foot (Figure 3.1.1)

Causes the system to take corrective action if the output signal deviates from the input
signal

The outer and smaller of the two bones of the leg (Figure 3.0.1)

Examination by means of a device used for inspection of deep structures by means of
X-rays

The action of one body on another, whereby the force tends to move a body in the
direction of its action

Denoting a longitudinal plane of the body at right angles to the sagittal piane
Pressure which is solely the result of the presence of flow

Pressure caused by differences in height between two locations

A coefficient that is used to assess agreement of quantitative measurements in the
sense of consistency and conformity

Consists of elevation of the medial border of the foot and depression of the lateral
border of the foot (Figure 3.1.1)

Pertaining to the same side, as opposed to contralateral

System that pumps liquid through a joint for irrigation during arthroscopy (Figure 1.1.4)
Denoting a position farther from the midline of the body or of a structure

Lying on the side
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Ligament

Malleolus
Medial
Meniscectomy
Meniscus

Neurovascular
Osteochondral defect
Ovoid

Peroperative
Posterior
Postoperative
Preoperative

Probe

Prone

Punch

A band of fibrous tissue that connects bones or cartilages, serving to support and
strengthen joints

The rounded processes of the tibia and fibula on either side of the ankle joint
Denoting a position closer to the midline of the body or of a structure

Excision of an intra-articular meniscus as in the knee joint

A crescent-shaped disk of fibrocartilage attached to the superior articular surface of the
tibia (Figure 5.0.1)

Pertaining to both nervous and vascular elements

Damage to a bone and its cartilage

Egg-shaped

Occurring during a surgical operation

Situated in the back part of a structure

Occurring after a surgical operation

Occurring before a surgical operation

Instrument used to examine tissue (Figure 1.1.3)

Lying face downward

Instrument used to cut soft tissue (Figure 1.1.3)

Reflex sympathetic dystrophy A series of changes caused by the sympathetic nervous system following muscle sprain,

(Fluid) Restriction
Rotator cuff

Sagittal

Shear stress

Sheath

Soft tissue endoscopy
Steinmann pin
Stiffness

Subchondral bone
Subtalar joint

Supine

Synovia

Talonavicular joint
Talus

Tibia
Tourniquet
Unilateral

Valgus

Varus

List of terms

bone fracture or injury to nerves or blood vessels

Resistance to flow

A musculotendinus structure about the capsule of the shoulder joint, providing mobility
and strength to the shoulder joint

Denoting any vertical plane that passes through the body and divides the body in left
and right portions

Stress cause by forces trying to cut through material

A tube for insertion into a joint that projects the arthroscope (Figure 1.1.5)

Surgery performed via small incisions in artificial cavities created in the body

A long slender rod for the fixation of the ends of fractured bones

The ability of a structure to resist changes in shape

Bone beneath a cartilage

Joint between the calcaneus and talus located in the hindfoot (Figure 3.0.1)

Lying with the face upward

A transparent alkaline viscid fluid, resembling the white of an egg, secreted by the
synovial membrane, and contained in joint cavities

Joint between the talus and the navicular bone

Ankle bone, the highest of the tarsal bones and the one which articulates with the tibia
and the fibula to form the ankle joint (Figure 3.0.1)

The inner and larger bone of the leg below the knee (Figure 3.0.1)

An instrument for the compression of a blood vessel by application around an extremity
to control the circulation and prevent the flow of blood to or from the distal area
(Figure 1.1.7)

Affecting but one side

Denoting a deformity in which the angulation of the part is away from the midiine of
the body

Denoting a deformity in which the angulation of the part is toward the midline of the
body
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List of symbols and abbreviations

ay
o3
o3

aoorrection

Al
AP,

emax

P1
P2
P3

Pslice

6,

Poend
T

Trmassive

Tmeniscus

AP

®)
)
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®)

©)
")
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(mm)
(mm)

(mm)
(mmHg)
(kg/ms)
©
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)

)
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(rad)
(kg/m?)
(mm)
(MPa)
(MPa)
(MPa)
(mm?)
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(mm)
(mm)

(mm)
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Flexion angle of lower leg (Figure 6.2.4)

Abduction angle of lower leg (Figure 6.2.4)

Rotation angle of the lower leg (Figure 6.2.4)

Difference between the measured hindfoot angle and the required hindfoot
angle (Figure 4.1.3)

Maximum opening angle of steerable punch

Angle between the portal and the line through the starting point of the
contour of the subtalar joints space and the top of the same contour (Figure
4.2.4)

Angle of the arc of the contour of the subtalar joint space fitted with by a
circle (Figure 4.2.4)

Deflection of a segment i of the flexible shaft (Figure 4.3.3)

Displacement of the curved flexible shaft out of the plane of curvature (Figure
4.3.3)

Distance per sample (Section 4.2)

Pressure difference over part n

Maximum allowable strain of the superelastic alloy

Dynamic viscosity

Portal angle in transversal plane (Figure 4.2.2)

Portal angle in mediolateral view (Figure 4.2.2)

Crest angle: angle between the crest line and the axis along the medial side
of the calcaneus (Figure 4.2.1)

Slicing angle of the blade (Figure 4.2.5)

Kinematic viscosity

Angle of a segment of the flexible shaft when it is in a curved position (Figure
43.3)

Angle of the flexible shaft when it is in a curved position (Figure 4.3.3)
Density

Radius of curvature of one flexible segment of the flexible shaft (Figure 4.3.2)
Shear stress

Shear stress resulting from punching with a massive tube

Shear stress resulting from punching with a hollow sharp edged tube
Cross-sectional area of a bone chip that is sliced

Automated pump (Figure 1.1.4)

Circumferential surface along which tissue is punched with the tip of a punch
Width of a bone or cartilage chip that is sliced (Figure 4.2.5)

Shortest axis of the ellipse that covers the size of the knee joint in the
transversal plane (Figure 6.2.2)

Shortest axis of the ellipse that covers the size of the cruciate ligaments in
the transversal plane (Figure 6.2.2)
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dﬂex
Dhydrau!ic
Din

Dout
dr'ing in
dring out

Ering

Eint:e/driIl/milI

f

Fdrill
Fmeniscus
Fmill
Fslice
Gﬂex
Gring
GP
Pbone

hbonegraft

hcartilage
by
b

(mm)
(mm)
(mm)
(mm)
(mm)
{mm)
(mm)
(mm)
(mm)

(mm)
(mm)
(mm)
(mm)
(mm)
(mm)
(mm)

(GPa)
(GPa)
(GPa)
@

{mmHg-s/m3)
or (mmHg-min/ml)

(N)

(N)
(N)
(N)
(N)
(GPa)
(GPa)
(mm)
(mm)

(mm)
(mm)
(mm)
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Width of lateral meniscus (Figure 6.2.2)

Width of lateral meniscus (Figure 6.2.2)

Width of the middle horn of the lateral meniscus (Figure 6.2.2)

Width of the middle horn of the medial meniscus (Figure 6.2.2)
Distance between two knee portals in frontal plane (Figure 6.2.2)

Width of the talus at the subtalar joint height (Figure 4.1.3)

Width of a punch tip

Diameter of a tube

Fitted diameter of the curved contour from a portal to a point on the subtalar
joint surface (Figure 4.2.4)

Diameter of the superelastic wire of the flexible shaft (Figure 4.3.2)
Hydraulic diameter of a noncircular tube

Inner diameter of a tube

Outer diameter of a tube

Inner diameter of a ring of the flexible shaft (Figure 4.3.2)

Outer diameter of a ring of the flexible shaft (Figure 4.3.2)

Diameter of the cylinder which is part of the model for the subtalar joint
surface (Figures 4.2.1)

Modulus of elasticity of the flexible segments of the flexible shaft
Modulus of elasticity of a material i

Modulus of elasticity of a ring of the rings of the flexible shaft

Applied energy to work tissue according to the working process of slicing,
drilling or milling

Constant restriction factor which is dependent on the geometry and fluid
characteristics

Force applied to the end of the flexible shaft with which the bending stiffness
are calculated

Maximum force needed to drill tissue

Force needed to punch meniscus tissue

Maximum force needed to mill tissue

Maximum force needed to slice tissue

Shear modulus of elasticity of the flexible segments

Shear modulus of elasticity of the rings

Gravity pump (Figure 1.1.4)

Thickness of a bone or cartilage chip that is sliced (Figure 4.2.5)

Height of the bone graft that is placed in the subtalar joint to establish
hindfoot correction (Figure 4.1.3)

Thickness of the cartilage of the subtalar joint

Minimal height of the knee joint space during surgery

Height of the peripheral rim of the menisci
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hg (mm) Height of the subtalar joint space

Pying (mm) Height of the side-wings of a ring of the flexible shaft (Figure 4.3.2)

Jnexy {mm*) Moment of inertia of the flexible segments of the flexible shaft in y-direction

Jtexz (mm*) Moment of inertia of the flexible segments of the flexible shaft in z-direction

Jnex,p (mm*) Polar moment of inertia of the flexible segments of the flexible shaft

Jiingy (mm*) Moment of inertia of the rings of the flexible shaft in y-direction

Jring2 (mm*) Moment of inertia of the rings of the flexible shaft in z-direction

Jring.p (mm*) Polar moment of inertia of the rings of the flexible shaft

k - Number of rings of the flexible shaft, which is equal to the number of flexible
segments

K, (N/mm) Bending stiffness of the flexible shaft in y-direction (Figure 4.3.2)

K, (N/mm) Bending stiffness of the flexible shaft in z-direction (Figure 4.3.2)

Ko (N/mm) Bending stiffness of the flexible shaft, which is firstly bent to its required
maximum in y-direction and than is bent in the transversal direction (Figure
4.3.3)

lbore (mm) Length of a bone or cartilage chip that is sliced or length of hole that is drilled
in tissue (Figure 4.2.5)

lerest (mm) Length of the crest line on the posterior facet. The crest line is the line that

divides the posterior facet of the subtalar joint in a posteromedial and an
anterolateral portions (Figure 4.2.3)

Ldiagonal (mm) The horizontal distance of anterolateral portal in the knee joint to the medial
minimum thickness of the knee joint space (Figure 6.2.2)

ellipset mm argest axis of the ellipse with which the posterior facet of the subtalar joint

letipse {mm) Largest axis of the elli ith which th for fa f the subtalar joi
is modeled (Figure 4.2.1)

letipse2 (mm) Smallest axis of the ellipse with which the posterior facet of the subtalar joint
is modeled (Figure 4.2.1)

lrex (mm) Distance in between the rings of the flexible shaft (Figure 4.3.2)

L (mm) Length of segment i of the flexible shaft (Figure 4.3.3)

la (mm) Largest axis of the ellipse that covers the size of the knee joint in the
transversal plane (Figure 6.2.2)

lo (mm) Largest axis of the ellipse that covers the size of the cruciate ligaments in the

transversal plane (Figure 6.2.2)
Width of the space in between the two menisci that contains the cruciate
ligaments in the knee (Figure 6.2.2)

I (mm) Length of the lateral meniscus (Figure 6.2.2)
Iy (mm) Length of the medial meniscus (Figure 6.2.2)
L, (m) Length of a part n
leing (mm) Length of a ring of the flexible shaft (Figure 4.3.2)
Lopate (mm) Length of the flexible part of the new instrument (Figure 4.3.2)
Istraight (mm) The horizontal distance of anterolateral portal in the knee joint to the lateral
minimum thickness of the knee joint space (Figure 6.2.2)
ilﬁp (mm) Length of a punch tip
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wing

Pn

Q

Re

Rq

sD
tblue
tClear
Vaverage
\'

Vbone

Vpostfacet
Yex

YMaX

YWing

(mm)
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(mmHg)
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(mmHg_min/ml)
(s)

(s)

(m/s)

{mm/s)

(mm?)

(mm?)

(mm)

(mm)
(mm)

List of symbols and abbreviations

Length of one side-wing

Power required to work tissue with the working process of slicing, drilling or
milling

Actual pressure at a location n

Fluid flow

Reynold’s number

Fluid restriction of a part n

Standard deviation

Time until view is completely colored blue

Time until view is completely clear

Average velocity of fluid

Slicing velocity or push velocity of working bench for drilling and milling
Volume of removed bone

Total volume of cartilage and subchondral bone that has to be removed from
the posterior facet

Distance between the from the neutral y-axis to the y-axis at the centroid of
half the area of a flexible segment (Figure 4.3.2)

Largest distance in y-direction to the neutral axis

Distance between the from the neutral y-axis to the y-axis at the centroid of
the area of the a side-wing (Figure 4.3.2)
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Summary

In the past twenty-five years orthopaedic surgery has made tremendous progress by means of
the development of arthroscopy, which implies that the operation is performed by means of small
incisions in the skin. Surprisingly, in the development of arthroscopic instruments sufficient
communication between the users and the developers or manufactures is often missing, leaving
unsolved problems or leading to the development of less functional instruments. The point of
attention in this thesis is the improvement of the techniques and instruments in the field of
arthroscopy. To achieve improvements, the philosophy is emphasized that developments should
be guided by dlinical practice and requirements of surgeons. A thorough analysis of requirements
and inconveniences will lead to the development of useful and simple instruments that can be
straightforwardly controlled.

To achieve the involvement of surgeons, a method called clinically driven approach was used and
further developed. Observations during operations as well as literature studies give the engineer
sufficient knowledge to communicate with a surgeon. Observations in combination with
discussions with a small group of surgeons lead to the identification of six clinically relevant
research topics in the arthroscopic field. These are optimization of a clear view during
operations, development of soft-tissue endoscopy, development of a minimal access technique
for subtalar arthrodesis, optimization of the treatment of osteochondral defects, development of
multifunctional instruments, and development of criteria and instruments to determine the
quality of a procedure. By means of an interview with a larger population of surgeons, and other
criteria, it was decided to focus on a minimal access technique for subtalar arthrodesis, the
optimization of the view in joints, and the development of a sideways steerable punch (cutter
for meniscus tissue).

For the subtalar arthrodesis (fusion of the joint in the hindfoot) current limitations were
determined with a thorough literature study from a technical point of view, and discussion with
surgeons. This lead to the proposal of a new technique that consists of A) a posterior minimal
access approach with the patient in prone position, B) determination and verification of an
adequate correction peroperatively with the help of a new measurement device, C) removal of
cartilage and subchondral layers by means of a new instrument that preserves the complex joint
shape and creates smooth bleeding contact surfaces to enhance optimal fusion, and D)
temporary fixation by means of a new fixation device that is placed in the optimal fixation
location and transfers its fixation function gradually to the fusion bridges of the bone. Two new
instruments were developed to start the implementation of this new technique. The first
instrument is a measurement system with which the amount of anatomic correction of the
hindfoot can be determined pre-, per- and postoperatively, with adequate accuracy and
reproducibility. The second instrument is a flexible drill that can be passively steered through the
subtalar joint. To be able to dimension this instrument, technical data of the subtalar joint were
determined experimentally. The prototype needs fine tuning to meet all requirements.

To improve the arthroscopic view during operations two aspects were investigated. Insight in the
behavior of two types of irrigation systems was established by the formulation of a descriptive
[model of the complete irrigation system consisting of pump, tubes and joint, as well as
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experiments were performed with an experimental set up including a physical joint model. This
lead to the set up of guidelines for usage of the irrigation pumps. Furthermore, design criteria
were assessed for the development of a new sheath to improve irrigation of the joints during an
operation. A prototype of the new sheath proves that the irrigation times are significantly
decreased.

To improve the reachability in the knee joint, a new arthroscopic cutter was developed that has
a sideways steerable tip. Attention was paid to both the tip and the handle of the instrument.
To dimension the tip, technical data of the knee joint and cutting force of meniscus tissue were
determined. For the handle design, theory on ergonomics was applied. Experiments with a
prototype of the handle support the concept of a sideways steerable punch and show that the
new handle increases comfort.

In conclusion, a new design approach was set up to improve the arthroscopic techniques and
instruments. The requirements and solutions that were derived with this new approach appear
to be useful for usage in clinical practice.
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Samenvatting

In de afgelopen vijfentwintig jaar heeft de orthopedische discipline een grote vooruitgang
geboekt door de ontwikkeling van arthroscopie, waarbij operaties aan gewrichten plaatsvinden
via kleine incisies in de huid. Het is dan ook verbazingwekkend dat in de ontwikkeling van
instrumenten voor deze arthroscopische technieken voldoende communicatie tussen chirurg en
ontwerper ontbreekt, waardoor klinische problemen niet worden opgelost of minder functionele
instrumenten worden ontwikkeld. In deze dissertatie wordt de aandacht gericht op de
verbetering van arthroscopische technieken en instrumenten. Om dit te bereiken worden
ontwikkelingen in gang gezet die gestuurd zijn door vragen uit de klinische praktijk en behoeften
aangegeven door chirurgen. Een uitgangspunt daarbij is dat analyse van de behoeften en
ongemakken van chirurgen zal leiden tot de ontwikkeling van functionele en eenvoudige
instrumenten die gemakkelijk te bedienen zijn.

Om the betrokkenheid van de chirurgen te waarborgen is de zogenaamde Klinisch gedreven
aanpak gebruikt en verder ontwikkeld. Observaties en literatuurstudies geven de ontwerper
voldoende kennis om te kunnen communiceren met de chirurg. Observaties in combinatie met
discussies gevoerd met een kleine groep chirurgen heeft er toe geleid zes klinisch relevante
probleemgebieden aan te duiden. Deze zijn de optimalisatie van het zicht tijdens operaties, de
verdere ontwikkeling van weke-delen-endoscopie, de ontwikkeling van een minimaal invasieve
techniek voor de subtalaire arthrodese procedure, de optimalisatie van kraakbeenbehandeling,
de ontwikkeling van multifunctionele instrumenten, en de ontwikkeling van methoden om de
kwaliteit van de operatie te kunnen controleren. Gebaseerd op een interview met een grotere
populatie chirurgen, en andere criteria, is besloten drie klinische probleemgebieden verder te
onderzoeken: de ontwikkeling van een minimaal invasieve techniek voor de subtalaire
arthrodese procedure, de optimalisatie van het zicht tijdens operaties, en de ontwikkeling van
een zijwaarts stuurbare kniptang.

Voor de subtalaire arthrodese (fusie van het gewricht in de achtervoet) zijn de huidige
beperkingen in kaart gebracht door middel van een literatuurstudie gedaan vanuit een technisch
perspectief en discussie met chirurgen. Dit leidde tot het opzetten van een nieuwe techniek voor
de subtalaire arthrodese, die bestaat uit A) toegang via een twee-portal achterste
enkelbenadering waarbij de patiént in buikligging is geplaatst, B) bepaling en verificatie van een
correcte anatomische uitlijning van de achtervoet ten opzichte van het onderbeen peroperatief
met behulp van een nieuw meetsysteem, C) verwijdering van kraakbeen en subchondrale
botlaag door middel van een nieuw flexibel instrument dat de gewrichtsvorm in stand houdt en
gladde contact opperviakken cre€ert voor optimale vergroeiing, en D) tijdelijk fixatie tot
vergroeiing door middel van een nieuw fixatiemiddel dat geplaatst wordt in een optimale locatie
en verliest zijn functie naarmate de vergroeiing vordert.

Twee nieuwe instrumenten zijn ontwikkeld om een begin te maken met de implementatie van
deze nieuwe techniek. Het eerste instrument is een meetsysteem waarmee de mate van
correctie van de achtervoet bepaald kan worden pre-, per-, en postoperatief. Daarnaast geeft
het meetsysteem voldoende nauwkeurigheid en reproduceerbaarheid ten opzichte van de
lhuidige meettechniek. Het tweede instrument is een flexibel boortje dat passief gestuurd kan
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worden door het gewricht, en vanwege zijn flexibiliteit alle locaties in het gewricht kan bereiken.
Om dit instrument te dimensioneren zijn technische gegevens over het subtalaire gewricht
experimenteel bepaald. Beide prototypen verdienen nog enige aanpassingen om aan alle eisen
te voldoen, maar er zijn geen conceptuele veranderingen nodig.

Om het zicht tijdens operaties te verbeteren zijn twee aspecten bestudeerd. Inzicht is verkregen
in het gedrag van de twee veelgebruikte spoelsystemen door middel van het opstellen van een
beschrijvend model bestaande uit de pomp, de inflow- en uitflowslang, de canule, de scope en
het gewricht. Daarnaast zijn ook experimentele metingen met een eenvoudig gewrichtsmodel en
klinische metingen gedaan. Dit heeft geleid tot het opstellen van richtlijnen voor het gebruik van
de verschillende spoelsystemen, en het opstellen van ontwerp criteria voor de ontwikkelingen
van een nieuwe canule. Testen met het prototype van de nieuwe canule laten zien dat ongeveer
twee keer zo snel gespoeld kan worden dan met de huidige configuratie.

Om de bereikbaarheid in het kniegewricht te verbeteren is een nieuwe kniptang ontworpen die
een zijwaarts stuurbare tip heeft. Aandacht is besteed zowel aan de ontwikkeling van de tip als
aan de ontwikkeling van een nieuw handvat. Om de instrumenttip te dimensioneren zijn
technische gegevens van het kniegewricht en de benodigde snijkracht experimenteel bepaald.
Voor het ontwerp van het handvat zijn theoretische richtlijnen uit de ergonomie toegepast.
Experimenten ondersteunen het concept van de stuurbare kniptang en laten zien dat het nieuwe
handvat comfortabel is.

Concluderend is een nieuwe ontwerp aanpak toegepast ten behoeve van het verbeteren van
arthroscopische technieken en instrumenten. Ontwerpeisen en de daaruit volgende oplossingen
blijken functioneel te zijn voor gebruik in de klinische praktijk.
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To the left: picture of the gravity pump (GP) on the left side and the automated pump FMS duo+ (AP) in the operation room.

To the right: picture of the tubes connected to the sheath-scope combination,

Figure 5.1.1
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Figure 6.4.1

Design of the ergonomic handle. In the picture a drawing of the concept is presented as well as the working principle of the
lever. It is shown that the handle can be held and operated with different grips.
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