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Summary

Medical needles may not be very popular among patients, but they are exception-
ally versatile instruments that have found their way into virtually every clinical
intervention imaginable. However, despite their versatility, needles can be very
difficult to use, and there is much room for improvement.

Improvements can be realized by optimization of needle geometry, by the
development of training facilities for clinicians, imaging modalities and needle-
based sensors, by development of needle-steering mechanisms and path plan-
ning methods, or even by fully automating the needle insertion process. These
approaches all rely on a proper understanding of the mechanical interaction be-
tween needle and soft-tissue.

Ideally, insight into needle-tissue interaction mechanics should follow from
the development and refinement of theoretical models based on experimental
observation. The development of theoretical models has received a lot of atten-
tion in the literature, but our inability to collect useful and reliable experimental
data remains an important obstacle. For this reason, the present thesis deals with
the experimental study of needle-tissue interaction.

The goal of the thesis is to provide insight into needle-tissue interaction me-
chanics based on experimental observation. To achieve this goal we measure
the axial component of the external force acting on the needle during interaction
with tissue, and we observe the position of the needle relative to the surrounding
tissue.

The first part of the thesis provides a basis for experimentation. This includes
a survey of literature related to needle-tissue interaction force measurements.
The intention of this survey is to gather existing experimental evidence regarding
the influence of different factors, such as needle type, tissue type, and insertion
speed, on the axial force. Based on this survey, a data model is constructed that
describes the interrelations between the different aspects of needle-tissue interac-
tion experiments. This data model enables the detailed encoding of experimental
equipment, conditions, design, and results, and can be used as the blueprint for
a database for experimental needle-tissue interaction data.

The second part of the thesis presents two examples of relatively well-controlled
experiments involving artificial specimens. These examples illustrate what hap-
pens at the tip of a needle during puncture of a membrane. The first experi-
ment involves the use of high speed video to investigate the relation between
axial force and needle tip geometry. The second experiment presents a follow-up
study that investigates the influence of needle coating (lubrication) on the axial
force during membrane puncture.

The last part of the thesis presents two examples of experiments involving
biological tissue. The first example is an exploratory study aimed at the charac-
terization of forces during needle insertion into the kidney of a human cadaver.
This is done with the help of synchronized ultrasound visualization. The sec-
ond example is concerned with needle insertion into isolated porcine kidneys, in-
tended to achieve a more detailed characterization of forces for different anatom-
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ical structures inside the kidney. This experiment uses synchronized ultrasound
visualization with the ultrasound probe moving along with the needle.

The thesis contributes to the field of needle-tissue interaction mechanics by
providing an overview of available knowledge concerning needle-tissue interac-
tion forces, and by providing a framework for structuring and expanding this
knowledge. The thesis provides some insight by illustrating how needle reuse,
needle coating, and specimen boundary conditions influence specific force met-
rics in artificial specimens. In addition, the thesis provides a first impression
of the variability encountered during needle insertion into human cadaverous
kidneys, and it provides a multivariate stochastic model of membrane puncture
forces in porcine kidneys that can be used to simulate puncture events. However,
the most important contribution consists of a set of tools for gathering, analyzing,
and disseminating experimental needle-tissue interaction data.
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Samenvatting: Naald-weefselinteractie op basis van
experimenten

Naalden voor medische doeleinden zijn misschien niet erg populair bij de pati-
ënt, maar het zijn uitzonderlijk veelzijdige instrumenten die hun toepassing vin-
den in bijna elke denkbare klinische interventie. Ondanks deze veelzijdigheid is
het gebruik van een naald vaak moeilijk en is er nog veel ruimte voor verbetering.

Verbetering wordt onder andere gezocht in de optimalisatie van naaldgeo-
metrie, de ontwikkeling van trainingsfaciliteiten voor clinici, de verbetering van
beeldvormende technieken, de ontwikkeling van sensoren in de naald, de ont-
wikkeling van stuurmechanismen en routeplanning van naalden, of zelfs in het
volledig automatiseren van het inbrengproces. Al deze toepassingen vereisen
een gedegen inzicht in de mechanische interactie tussen naald en weefsel.

In het ideale geval volgt dit inzicht uit het samenspel tussen theorie en expe-
riment, maar in de praktijk is de beschikbare wetenschappelijke literatuur vooral
gericht op theoretische modellen en blijkt de ontwikkeling van deze modellen
beperkt door een gebrek aan bruikbare experimentele gegevens. Om die reden is
dit proefschrift gericht op het empirisch onderzoek van naald-weefselinteractie.

Het doel van dit proefschrift is om op empirische gronden inzicht te verschaf-
fen in de mechanismen van naald-weefselinteractie. Om dit doel te bereiken me-
ten we de axiale component van de externe kracht op de naald tijdens de in-
teractie met verschillende soorten weefsel en observeren we de positie van de
naaldpunt ten opzichte van deze weefsels.

Het eerste deel van het proefschrift levert een basis voor het experimenteel
onderzoek. Dit gebeurt aan de hand van een literatuuronderzoek waarin expe-
rimentele kennis wordt verzameld over de invloed van verschillende factoren,
zoals type naald, type weefsel, en inbrengsnelheid, op de axiale kracht. Op basis
van dit onderzoek wordt een datamodel opgesteld dat de verbanden beschrijft
tussen de verschillende experimentele aspecten van naald-weefsel-interactie. Dit
datamodel vormt de blauwdruk voor een database met empirische bevindingen
ten aanzien van naald-weefselinteractie.

Het tweede deel van het proefschrift beschrijft twee voorbeelden van relatief
goed gecontroleerde experimenten met kunstmatige weefsels. Deze voorbeelden
laten zien wat er gebeurt aan de punt van de naald tijdens het doorprikken van
een kunststof membraan. Het eerste voorbeeld behandelt het gebruik van high-
speed video om verband te leggen tussen de axial kracht en de geometrie van de
punt. Het tweede onderzoekt de invloed van coating op de axiale kracht.

Het laatste deel van het proefschrift presenteert twee voorbeelden van expe-
rimenten met biologische weefsels. Het eerste voorbeeld is gericht op het ka-
rakteriseren van de krachten die optreden tijdens het prikken in de nier van een
menselijk kadaver. Het tweede richt zich op een meer gedetailleerde karakterise-
ring van de krachten tijdens het prikken in geïsoleerde varkensnieren. In beide
experimenten wordt gebruik gemaakt van echovisualisatie om de positie van de
naald ten opzichte van het weefsel te bepalen.
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Het proefschrift draagt op verschillende manieren bij aan het veld van de
naald-weefselinteractiemechanica. Het levert een overzicht van beschikbare ken-
nis op het vlak van de interactiekrachten en het voorziet in een kader voor het
structureren en uitbreiden van deze kennis. Deze uitbreiding wordt ook in de
praktijk gebracht door te illustreren hoe de interactiekrachten beinvloed worden
door factoren zoals hergebruik, coating, en randvoorwaarden voor kunstmatige
membranen. Daarnaast geeft het proefschrift een eerste indruk van de variabili-
teit die optreedt bij het prikken in de nier van een menselijk kadaver en presen-
teert het een multivariaat stochastisch model van de prikrachten in varkensnie-
ren, dat onder andere gebruikt kan worden in priksimulaties. De belangrijkste
bijdrage bestaat echter uit een set gereedschappen voor het verzamelen, analyse-
ren en verspreiden van experimentele naald-weefselinteractiedata.
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Chapter 1

Introduction

If it disagrees with experiment, it’s wrong. That’s all there is to it. —Richard P.
Feynman, 1964

1.1 Background

Although they may not be very popular among patients, medical needles are
exceptionally versatile instruments that have found their way into virtually ev-
ery clinical intervention imaginable. However, despite their versatility, needles
can be very difficult to use, and there is much room for improvement. To en-
able such improvement, it is necessary to understand how needles interact with
tissue. This thesis deals with the experimental study of needle-tissue interaction.

1.1.1 Basic anatomy of a needle

The thesis focuses on hollow needles1 such as those depicted in Figures 1.1 and
1.2. These needles are typically characterized by their tip shape, cannula length,
and outer diameter. Needle diameter is expressed using the Stubs wire gauge
system [1] and standard sizes range from 10G (3.4mm) to 35G (0.2mm) according
to ISO-9626 [2].2

Before proceeding it is important to discuss some jargon. Figure 1.1 presents
a basic overview of needle components, which are defined below.

Needle: A long slender instrument used to perform medical procedures, typ-
ically comprising a hub, cannula, and (optional) stylet.

Hub: The proximal end of the needle, specifically that part by which the
clinician holds the needle, typically made of plastic and equipped

1This excludes the class of suture needles (also called surgical needles).
2Other useful standards related to needles are DIN-13097 [3] (hypodermic needle tip geometry

and testing), ISO-7864 [4] (sterile hypodermic needles), and ISO-11608-2 [5] (needle based injection
systems for medical use).
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with one or more interfaces for the attachment of syringes or tubes
(Luer interface).

Cannula: A long slender tube, typically made of stainless steel, that facilitates
passage of a medium from the hub to the tip and vice versa, and that
transfers loads between the hub and the tip.

Lumen: The hollow space inside the cannula.

Stylet: A long slender solid, made of plastic of stainless steel, that fills the
lumen. We distinguish between cutting stylets that protrude from the
cannula, and non-cutting stylets that are flush with the cannula.

Tip: The distal end of the needle, specifically that part for which the shape
of the cross-section3 varies along the longitudinal axis of the (unde-
formed) needle. Note that the tip is often an integral part of the can-
nula and may include part of the stylet (as in Figure 1.1).

Point: The distal end of the tip, specifically that point at which the cross-
sectional area becomes zero.

Shaft: That part of the cannula that does not belong to the tip, i.e. that part
for which the cross-section shape is constant.

An extensive glossary is provided by Kucklick [1], who also discusses needle
materials and manufacturing methods. The precise definitions of tip, point, and
shaft given above differ from those found in the literature, but are more conve-
nient for the discussion of needle-tissue interaction forces.

Figure 1.1: Basic anatomy of a needle with cutting stylet (partial cross-section).
Note that the tip comprises part of the stylet and part of the cannula.

1.1.2 Why study needle-tissue interaction?

The most common type of needle is the hypodermic needle, which is used to
reach superficial targets, just under the skin. However, as illustrated by Figure

3perpendicular to the longitudinal axis of the undeformed needle
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1.2, there are many other types of needle that can be used for a great variety
of complicated interventions such as regional anesthesia, biopsy, catheterization,
ablation, and other procedures. These needles allow us to reach deep inside the
body with a minimal amount of tissue damage, but this comes at the cost of lim-
ited navigation ability. As a result, the success of a needle intervention depends
heavily on the clinician’s skill and knowledge.

The ability to navigate is limited by two factors: Firstly there is no direct view
of the needle tip and surrounding tissue, which makes it difficult to know the po-
sition of the tip in relation to relevant anatomy. Secondly, the needle can only be
controlled by applying loads to the part that is outside the body, which makes it
difficult to steer the needle towards a desired position inside the body, especially
for long, slender needles. These issues limit the placement accuracy, thereby re-
ducing treatment efficacy and increasing the risk of inadvertent tissue damage.

The navigation problem can be dealt with in different ways, for example
by focusing on improved training facilities for clinicians, improved information
(better visualization, needle-based sensors), designing needle geometries that al-
low better manual control, developing steering mechanisms and path planning
methods, or even by fully automating the needle insertion process [6–8].

These approaches all rely on a proper understanding of the mechanical inter-
action between needle and soft-tissue.

Figure 1.2: A random assortment of needles for a variety of interventions, rang-
ing from intravenous cannulation to kidney catheterization.
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1.1.3 A very short word on needle-tissue interaction models

Ideally, a proper understanding of needle-tissue interaction mechanics should
follow from the development and refinement of theoretical models based on ex-
perimental observation. Such theoretical models may range from very general
descriptive models that are mainly phenomenological in nature (top-down ap-
proach) to very detailed models based on first-principles (bottom-up approach).

A detailed model of needle-tissue interaction would typically describe the
deformation of the needle due to loads exerted by the tissue, and, conversely, the
deformation of the tissue due to loads exerted by the needle. We refer to these
loads, acting on the interface between needle and tissue, as interaction loads.
On a more detailed level, the interaction loads are governed (and limited) by
phenomena from the fields of contact mechanics (including friction mechanics),
and fracture mechanics.

The development of theoretical models has received a lot of attention in the
literature [6, 7, 9, 10], and some experimental work has been done in conjunction.
However, as shown e.g. by Misra et al. [9] in their extensive review of continuum
mechanics-based tool-tissue interaction modeling, our inability to collect useful
and reliable experimental data remains an important obstacle to the development
of useful models.

1.2 Problem statement

In testing the agreement between theory and experiment, one usually presup-
poses that the experiment represents something close to the truth. Whether this
assumption is accurate depends on the ability to control the experiment and to
observe its outcome. Shortcomings in these respects will introduce discrepancies
that may invalidate the test itself. This implies that disagreement between theory
and observation does not necessarily invalidate the theory, nor does agreement
necessarily validate the theory [11]. Thus, it is imperative that we understand
how to control needle-tissue interaction experiments and measure their results.

Perhaps the most important challenge in this respect is dealing with bio-
logical soft-tissue. These tissues often show effects of preconditioning (history
dependent behavior), hysteresis (under cyclic loading), relaxation (reduction of
stress under constant strain), creep (increase of strain under constant stress), and
nonlinear stress-strain relationships. Moreover, soft-tissues are composite struc-
tures,which implies that their properties depend not only on the materials in-
volved but also on the composition and structure in which these materials are
arranged. Thus, biological soft-tissues are typically inhomogeneous (properties
depend on location) and anisotropic (properties depend on orientation). To com-
plicate matters even more, soft-tissue naturally exists in a living state, which im-
plies that its properties are time variant.

However, even when dealing with artificial materials, there are many factors
in a needle-tissue interaction experiment that are difficult to control but may have
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a large influence on the outcome. One example is the question of how to control
specimen boundary conditions.

Whether using biological or artificial specimens, the interaction process is dif-
ficult to observe visually, because the action is obscured by both needle and tis-
sue. Instead we need to rely on measurements of external reaction loads and
crude measurements of local tissue displacement, in combination with theoreti-
cal models, to infer what is actually taking place at the needle tip.

Finally, due to the large variety of dependent and independent factors in-
volved in these experiments, it is difficult to keep track of experimental data and
conditions tested.

Thus, to obtain reliable experimental data that can be used to test and improve
theories of needle-tissue interaction mechanics, it is imperative that we learn how
to control experimental conditions and interpret experimental data.

1.3 Goal of the thesis

The goal of this thesis is to provide insight into needle-tissue interaction me-
chanics based on experimental observation. This involves the development of a
structured approach to experimentation, storage of data, and analysis of data.

1.4 Approach and thesis outline

The current thesis focuses on an aspect of needle-tissue interaction that is rela-
tively easy to measure, namely the axial component of the external force acting
on the needle during interaction with (soft-)tissue. To make sense of this axial
force, it is necessary to relate it to the position of the needle relative to the sur-
rounding tissue.

The approach adopted here to study needle-tissue interaction is mostly phe-
nomenological. We consider what is already known, construct a general frame-
work to facilitate the storage of experimental data, and then proceed by inves-
tigating some specific questions that have not been answered yet in the litera-
ture. To this end we consider experiments with artificial materials, in relatively
well controlled environments, and experiments with biological tissue, which are
much more difficult to control and analyze. An outline of the thesis is sketched
below.

Chapter 2 presents a survey of literature related to needle-tissue interaction
force measurements. The intention of this survey is to gather existing experi-
mental evidence regarding the influence of different factors, such as needle type,
tissue type, insertion speed, etc. on the axial force.

Chapter 3 presents a data model that describes the interrelations between
the different aspects of needle-tissue interaction experiments, based on findings
from the literature survey. This data model enables the detailed encoding of ex-
perimental equipment, conditions, design, and results, and forms the basis of a
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database for experimental needle-tissue interaction data.
Chapter 4 describes what actually happens at the tip of a needle during punc-

ture of an artificial membrane. The experiment presented involves the use of
high speed video to investigate the relation between axial force and needle tip
geometry.

Chapter 5 presents a follow-up study that investigates the influence of needle
coating (lubrication) on the axial force during membrane puncture.

Chapter 6 takes us from the well controlled artificial environment into that of
the human body. An exploratory study is presented that is aimed at the charac-
terization of forces during needle insertion into the kidney of a human cadaver.
This is done with the help of synchronized ultrasound visualization.

Chapter 7 describes a study of needle insertion into isolated porcine kid-
neys, intended to achieve a more detailed characterization of forces for different
anatomical structures inside the kidney. This experiment uses synchronized ul-
trasound visualization with the ultrasound probe moving along with the needle.

Chapter 8 finally puts everything in perspective.
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Chapter 2

A Survey of Experimental
Data

(This chapter is an adaptation of [12], reprinted with permission)

2.1 Introduction

Needles are common medical tools, yet considerable skill is required to use them
effectively and safely. Developments in the fields of medical simulation and
robotics, aimed at improving needle intervention efficacy, require a thorough un-
derstanding of needle-tissue interaction mechanics.

2.1.1 Background

The development of theoretical models that describe the interaction between nee-
dle and tissue, in terms of loads and displacements, has received a lot of atten-
tion in recent years (e.g. [6, 7, 9]). These models form an essential component of
virtual-reality simulators with force feedback, intended for skills training. More-
over, they are indispensable for the development of new types of needles and
needle-insertion robots.

Validation of these theoretical models is essential, especially for medical ap-
plications, and this requires reliable experimental data. However, for both prac-
tical and ethical reasons, experimental data from needle insertions into living
biological tissue are rather difficult to come by.

To provide a starting point for researchers in this field, we have performed a
survey of the experimental data available in literature.
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2.1.2 Related work

Other researchers have reviewed the theory behind mathematical models for
needle-tissue interaction, but none of them focused explicitly on experimental
data.

Abolhassani et al. [6] provide an overview of research related to needle inser-
tion into soft-tissue with a broad scope, covering topics such as needle modeling,
tissue modeling, and the application of these models to automated needle inser-
tion.

Misra et al. [9] present an extensive review of literature related to the model-
ing of tool-tissue interaction for use in virtual-reality simulation. Topics covered
include continuum mechanics and finite element methods, and their application
to modeling of non-invasive as well as invasive tool-tissue interaction. Exper-
imental methods for parameter identification and validation are also discussed
briefly.

Cowan et al. [7] provide a thorough discussion of needle-tissue interaction
models, path planning methods and imaging options in relation to robotic needle
steering, but experimental findings receive little attention.

The survey of force sensing techniques presented by Trejos et al. [13], although
mainly aimed at general minimally invasive surgery, helps to clarify the difficul-
ties encountered when measuring instrument-tissue interaction forces in a clini-
cal setting.

The current work is different from these reviews because it focuses solely on
collecting and interpreting experimental data available in literature.

2.1.3 Aim

The mechanical interaction between needle and biological tissue is influenced by
a great number of variables, e.g. related to insertion method, needle characteris-
tics, and tissue characteristics. The aim of this survey is to collect experimental
data that show how the axial needle force is influenced by these variables, and to
guide the reader to the relevant literature. In addition, quantitative force infor-
mation is collected and areas open for further research are identified.

2.1.4 Survey method

The survey is limited to those papers that present original force measurement
data obtained during insertion of a needle (or similar tool) into any kind of soft
material, either artificial or biological, living or dead.

The search was conducted during the last months of 2010, using the PubMed
database (medical literature), the Scitopia.org search engine (technical literature),
and Google Scholar.1

1A typical search string is: (needle* OR cannula) AND (force* OR haptic* OR resistance OR friction)
AND (measur* OR instrument*) AND (insert* OR advanc* OR displace* OR position* OR introduc* OR
punctur* OR interact*)
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Table 2.1: Classification of papers by information content, indicating usefulness
for the current survey

Class Criteria References
C3 methods clear, data presented with vari-

ability and sample size, and some form
of statistical analysis

[14]-[25]

C2 as C3, but no statistical analysis [26]-[39]
C1 as C2, but data are presented without in-

dication of variability or sample size
[40]-[82]

C0 as C1, but description of methods not
clear or incomplete (e.g. needle diame-
ter not mentioned)

[83]-[112]

Relevant papers were selected by considering title and abstract, and subse-
quently by examining tables and figures for useful information. In addition, ref-
erences found in these papers were investigated. This resulted in a total of 99
papers.

Details of experimental methods and results were extracted manually and
stored in a custom database. Using this database, the papers were objectively
classified into four categories as shown in Table 2.1 (based purely on information
content). A paper with C3 classification is more likely to be useful for the cur-
rent survey than one with classification C0. However, it is stressed here that this
classification is not a measure of quality: a C0 paper can still be of high quality.

The survey is structured in such a way that relevant literature is discussed by
topic. The intention is to allow the reader to quickly skip to the topic of interest
without having to read the entire survey.

2.2 Axial Force Characteristics

A typical medical needle consists of a slender stainless steel tube or ‘cannula’,
with a plastic hub on one end and a sharp tip on the other. The hollow space
inside the cannula is called the lumen. The tip is the part of the cannula that has
varying cross-section, whereas the shaft has constant cross-section.

Axial force is defined here as the force acting on the needle hub in the direc-
tion of insertion. As will be discussed in the following sections, the axial force
can consist of puncture force, cutting force, and friction force.

2.2.1 Magnitude of axial forces

The order-of-magnitude of needle-tissue interaction forces represents an impor-
tant practical consideration for many applications. However, due to the large
number of variables involved in needle tissue interaction, and the large variety
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Table 2.2: Maximum axial force values found in all papers
Description n Median Min-Max
- [- ] [N] [N]
total axial force 63 5.0 0.00004[58]-92.0[27]

puncture force 24 1.22 0.0005[110]-19.2[72]

cutting force 10 0.95 0.05[39]-1.3[18]

friction force 10 1.0 0.15[33]-2.8[68]

of experimental approaches, it is difficult to give a comprehensive overview of
all the forces encountered.

To provide at least some indication of the order-of-magnitude of forces typi-
cally encountered, the medians and extrema of the maximum axial forces found
in all papers (irrespective of experimental conditions etc.) are presented in Table
2.2. The large range of forces is mainly due to atypical needle diameters (30µm
[58] to 11mm [27]). The median is used because it is insensitive to these extrema.

2.2.2 Needle insertion phases

During needle insertion into soft-tissue, the motion of the needle relative to the
surrounding tissue needs to be considered, rather than the absolute motion of the
needle. By looking at the position of a needle relative to a tissue boundary, it is
possible to distinguish three basic phases of interaction, as depicted in Figure 2.1.
These phases may be repeated when the needle encounters internal structures or
variations in tissue properties. Similar penetration phases are described in the
German industry standard for hypodermic needle tips, DIN 13097.

Phase 1: Boundary displacement

The first phase (Figure 2.1b) starts when the needle comes into contact with the
tissue boundary, and ends when the tissue boundary is breached. The actual
breaching of the boundary is referred to as the puncture event.

During the boundary displacement phase, the tissue boundary deflects un-
der the influence of the load applied by the needle tip, but the needle tip does
not penetrate the tissue (the boundary moves along with the needle). This phe-
nomenon is known as “tenting” [60], [63].

A typical force-time curve is shown in Figure 2.2. This figure was borrowed
from Kobayashi et al. [30], who specifically measured the tissue displacement
and investigated relative velocity during insertion.

This figure clearly shows a non-linear increase in force during the boundary
displacement phase (relative velocity is zero). The shape of this curve is remi-
niscent of the load increase during thin-membrane displacement as found by e.g.
Selvadurai [113]. Similar non-linear behavior of the axial force during boundary
displacement is found in nearly all studies included in this survey.
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Figure 2.1: Basic phases in needle insertion: a. no interaction; b. boundary dis-
placement; c. tip insertion; d. tip and shaft insertion

Figure 2.2: Distinction between the pre-puncture and post-puncture phases
based on relative velocity, for a 17G beveled needle inserted into porcine liver
ex vivo, at 5mm/s [30]. Position is that of the tissue boundary. (©2009 IEEE)

At some point, the relative velocity starts to increase, which indicates that

11



Figure 2.3: Crack shapes in fresh porcine liver. Left-to-right: triangular dia-
mond tip, small bevel angle, very large bevel angle. (With kind permission from
Springer Science+Business Media: [46] Fig. 3)

puncture has occurred. The puncture event and the processes at work during the
post-puncture phases (phases 2 and 3) can be described using fracture mechanics
theory, as shown by Mahvash and Dupont [64], Nguyen et al. [72], Shergold and
Fleck [80], Azar and Hayward [46], and Mahvash and Hayward [114].

As the needle displaces the tissue boundary, the load at the needle point in-
creases, as do the stresses in the tissue surrounding the contact area. Once these
stresses exceed a certain critical value, according to Kobayashi et al. [16], a crack
will be initiated in the tissue and the needle will start to penetrate the tissue.

The work of Shergold and Fleck [80] and that of Azar and Hayward [46] sug-
gests that the shape of this crack depends on the shape of the needle tip. A planar
crack is initiated when using sharp bevel needles or conical needles. Diamond
tips were found to create star shaped cracks, and needles with a very large bevel
angle were found to create ring cracks, as illustrated by Figure 2.3. This result
was found for artificial gels as well as for porcine skin and porcine liver ex vivo,
and for human skin in vivo. Once a crack has been initiated, phase 2 commences.

Phase 2: Tip insertion

The second phase (Figure 2.1c) starts when the tissue boundary is breached, and
ends when the tissue-boundary slides from the tip onto the shaft. During this
phase, as the needle is advanced, the crack in the tissue-boundary is enlarged.
The cut made by the sharp edges of the tip is wedged open by the increasing
cross-sectional area of the tip, as described by e.g. Mueller [33].

The crack growth process can be either gradual, stable crack growth (cutting),
or sudden, unstable crack growth (rupture), depending on the local properties of
the tissue, such as rupture toughness (i.e. the work required to cut the tissue, per
unit cross-section area), and on the amount of strain energy stored in the tissue
due to deformation.

When a thin membrane is punctured, the amount of energy stored during the
boundary displacement phase is often so large that rupture occurs (sudden crack
extension). This results in a (relatively large) drop in force, as the accumulated
strain energy is used to extend the crack (an irreversible process). Rupture con-
tinues until the strain energy levels become low enough for the crack extension
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to proceed in a stable manner (i.e. cutting).
A needle traversing an internal tissue boundary can cause rupture when the

toughness of the new tissue layer is significantly lower than that of the current
tissue layer, according to Mahvash and Dupont [64].

The transition from tip to shaft may also give rise to an increase in axial force,
due to the hole in the tissue boundary being wedged open. The magnitude of
this effect depends on needle type, as will be discussed later.

Phase 3: Tip and shaft insertion

The third phase (Figure 2.1d) starts just after the transition from tip to shaft and
ends when the needle is stopped or when a new (internal) tissue boundary is
encountered. During this phase, the contact area between tip and tissue and the
size of the hole at the boundary remain more or less constant. Only the contact
area between shaft and tissue increases as the needle is advanced.

During this phase the needle is subject to cutting (or rupture) forces at the tip,
and to a varying friction force that is due to the increasing contact area between
shaft and tissue.

Hing et al. [28] found that the stable cutting force is more or less constant,
in porcine liver ex vivo, with some fluctuations due to rupture (small internal
puncture events), depending on the level of inhomogeneity of the tissue. These
findings were based on 45 insertions of diamond tip needles at 13 mm/s. Results
for a single insertion are depicted in Figure 2.4.

Their approach was based on the assumption that the axial force is composed
of a cutting force and a friction force. Evidence in support of this assumption is
discussed next.

2.2.3 Components of the axial force

Interaction between needle and tissue results in distributed loads along the needle-
tissue interface, that is, along the contact area between needle and tissue, as de-
picted in Figure 2.5. These surface forces consist of normal and tangential trac-
tions acting on the contact surface, as mentioned by e.g. [67, 105]. An important
question is how these loads are distributed along the needle.

Since direct measurement of such a load distribution is practically impossible,
indirect methods need to be used. This implies that one has to resort to the use
of needle-tissue interaction models to reconstruct the load distribution along the
needle based on external force measurements and tissue displacement measure-
ments.

Artificial materials are generally easier to model than biological tissues, since
the latter are composite structures and thus are inhomogeneous and anisotropic.

Load distribution in artificial materials

DiMaio and Salcudean [50, 51, 91] employed finite element (FE) models to ex-
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Figure 2.4: Cutting force estimation by subtracting withdrawal force from inser-
tion force [28], for 18G diamond tip needle at 13mm/s in porcine liver ex vivo
(©2006 IEEE)

Faxial

Figure 2.5: Axial force acting on the base of the needle and surface forces acting
on the tip and on the part of the cannula inside the tissue. Forces and moments
will typically act on the hub in all directions, but focus here is only on the axial
force since this is considered the most important.

tract an approximate axial load distribution based on axial force measurements
and tissue-displacement measurements in PVC phantoms. The load distribution
along the needle was found to be largely uniform, with the exception of a peak
near the tip, as depicted in Figure 2.6. Although no explanation is given for this
peak, it is reasonable to assume that it is related to the mechanical processes at
work near the tip (cutting/rupture). The large uniform part of the distribution is
supposedly due to friction.

Dehghan et al. [88] used a three-parameter model (shaft height, peak height,
peak width) to approximate that same distribution (Figure 2.6), and identified
these parameters using a finite element approach similar to that of DiMaio and
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Figure 2.6: Distribution of axial load along a 17G Tuohy needle at different veloc-
ities in a PVC phantom [51] (©2003 IEEE), and the three-parameter model used
by Dehghan et al. [88] to approximate this distribution, with peak width w, peak
force density fp and shaft force density fs (With kind permission from Springer
Science+Business Media: [88] Fig. 3b).

Salcudean [51]. The peak widths found for insertions into artificial phantom ma-
terial are in the same order of magnitude as the needle tip length, which supports
the assumption that the peak is due to the cutting process.

Crouch et al. [26], used a similar approach, based on a FE model and measure-
ments of tissue displacement and force, to estimate the load distribution along an
18G diamond tip needle in a silicone gel. Their approach focused on the influ-
ence of needle velocity. The distribution shape was approximated using cubic
splines and also shows a large uniform part together with a peak at the tip. A
drop in force is observed, just behind the peak, but no explanation is given for
this peculiarity.

The detailed distribution of loads along the tip of a beveled needle is investi-
gated by Misra et al. [105], but they only consider transverse forces.

Note that a constant force density (force per unit length) along the cannula,
i.e. a uniform load distribution, corresponds to a linear force-position relation
with slope equal to the force density. This knowledge is useful when considering
biological tissue.

Load distribution in biological tissue

In the aforementioned, the axial load distribution was found to be largely uni-
form when the needle is inserted into homogeneous isotropic artificial materials.
The question now is whether this is also true for biological tissue.
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The FE approach is not practical here, due to difficulties in modeling biolog-
ical tissue and in measuring internal tissue displacement. However, if the load
distribution does indeed remain uniform, this would result in a linear rise of fric-
tion force with insertion distance, or in a constant friction force if the contact area
remains constant during insertion. In order to verify this, friction force needs to
be measured somehow.

Different approaches can be adopted for measuring the friction force acting on
a needle. For example, Hing et al. [28, 29] assume that the force during removal
of the needle is due to friction only, thereby yielding a direct friction measure-
ment. The resulting friction curve shown in Figure 2.4, for porcine liver, can be
interpreted as approximately linear.

Another approach is to make sure that the needle tip is outside the tissue on
the other side, thereby ensuring that the tip no longer interacts with the tissue
and the force measured is only due to friction along the cannula. This method,
in combination with unidirectional motion, is used by Abolhassani et al. [40]
(turkey muscle), and Kobayashi et al. [30] (porcine liver), resulting in approxi-
mately constant friction force (as the contact area between needle and tissue re-
mains constant).

The same approach is used by Simone and Okamura[81, 82], O’Leary et al.
[73], and Okamura et al. [18] (bovine liver). Using bi-directional motion, they
investigated of static as well as dynamic components of friction force.

Yet another approach is to measure the tip force and total force independently,
as was done by Kataoka et al. [56] for a 17G diamond tip needle in canine prostate
ex vivo. Their special measurement device allowed indirect determination of the
friction component based on the assumption that total insertion force is the sum
of tip force and friction force. Their results seem to indicate that, during the
post-puncture insertion phases, friction force does indeed increase linearly with
insertion distance. However, in their findings the (friction) force does not change
sign during retraction, which undermines the credibility of the results.

The above findings suggest that axial load distribution along the needle is ap-
proximately uniform, not only for (homogeneous, isotropic) artificial materials,
but also for the biological tissues investigated here.

In addition, force vs position diagrams presented by other authors, who did
not explicitly measure friction, in many cases show an approximately linear rise
in total force during the post-puncture phases. This too is consistent with the
assumption that the total insertion force is composed of a constant force due
to (quasi-steady) cutting and a linearly increasing force due to friction. Exam-
ples are provided by Meltsner et al. [66], Okamura et al. [18], O’Leary et al. [73],
Podder et al. [74] for artificial materials, and by Healey et al. [52], Mahvash and
Dupont [64], Kobayashi et al. [30] for biological tissue. Note that there are always
some excursions due to e.g. internal puncture events, as found e.g. by Mahvash
and Dupont [17] for porcine liver.

Note that Howard et al. [55], Jensen et al. [15] and Naemura [69] attempted
to measure friction by inserting the needle twice at precisely the same location,
under the assumption that all the cutting was done on the first insertion so that
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the force during the second insertion would be entirely due to friction. This ap-
proach is questionable because there is no reason to assume that the needle tip
will follow the exact same path without so much as scraping the tissue wall.

In short, three phases can be distinguished during basic needle insertion,
based on the position of the tip relative to the tissue boundary. During insertion,
crack initiation and stable or unstable crack extension processes occur, which are
referred to as puncture, cutting, and rupture respectively. There are indications
that cutting results in approximately constant force, and that the friction force
increases approximately linearly with insertion depth in various materials. The
following section investigates how the axial force components are influenced by
insertion method.

2.3 Influence of Insertion Method

The interaction between needle and tissue is influenced by the way the needle
is inserted. For example, manual insertion will yield different results than auto-
mated insertion. Likewise, force may be influenced by insertion velocity, axial
rotation during insertion, location and direction of insertion, and by bevel orien-
tation during insertion.

2.3.1 Manual vs automated insertion

During clinical procedures, the clinician, needle and patient are all part of a com-
plex dynamical system with many interactions. This means that there are many
potential confounding factors.

To illustrate this point, an example of a force vs position diagram for manual
needle insertion during a clinical procedure and the corresponding velocity vs
position diagram are depicted in Figure 2.7 [75].

Obviously, the velocity varies tremendously throughout the procedure, but
it is not known whether this is deliberate, or if it is a result of the interaction
between needle and tissue, or perhaps both. This makes interpretation of the
forces difficult.

If a haptic simulator were developed for this procedure, the interaction be-
tween trainee and simulator would have to result in force and velocity charac-
teristics like those presented in Figure 2.7. On the other hand, for the systematic
investigation of needle-tissue interaction, experiments at constant velocity would
be preferable.

A comparison between robotic insertion and manual insertion, both attempt-
ing to maintain the same constant velocity, is found in Figure 2.8 [75]. The inabil-
ity of the human to maintain a desired constant velocity during manual insertion
is evident from this figure. This emphasizes the necessity of using robotic inser-
tion devices to ensure controlled experimental circumstances.
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Figure 2.7: Force and velocity vs penetration distance measured during a clinical
brachytherapy procedure [75] (©2005 IEEE). The needle seems to be inserted in
short bursts.

2.3.2 Insertion velocity

The velocities encountered during actual clinical procedures may be relevant
when investigating the influence of insertion velocity on axial force.

Insertion velocity during clinical procedures

A limited amount of information was found concerning typical velocities during
clinical procedures.

Healey et al. [52] mention a speed of 500mm/min (8.3mm/s) as an approx-
imation of the speed of needle insertion during interventional radiology proce-
dures, but no source is provided. Hiemenz et al. [95] mention a video observation
study of 20 epidural procedures which showed the insertion speed to range from
0.4mm/s to 10mm/s.

Abolhassani et al. [42] consider the range from 1mm/s to 20mm/s to be rep-
resentative for prostate brachytherapy, based on feedback of physicians. Pod-
der et al. [20, 35, 75] measured the velocity during more than 25 actual prostate
brachytherapy procedures and found peak velocities in the order of 1000mm/s,
which is two orders-of-magnitude larger. This may seem strange at first, but it is
not uncommon in clinical practice to insert the needle in short bursts, and Figure
2.7 [75] shows that mean velocity during the initial phase of the insertion was
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Figure 2.8: The result of trying to maintain a constant velocity during manual
(hand held) insertion and during robotic insertion into beef wrapped in chicken
skin (average of five insertions at different locations) as presented by Podder et al.
[75] (©2005 IEEE)

in the order of 100mm/s, whereas during the final approach, mean velocity was
reduced to the order of 1mm/s.

Whether or not based on these data, the majority of experiments included
in this survey were performed at constant velocities in the order of 1mm/s to
10mm/s. Note that nearly all authors consider absolute needle insertion velocity,
instead of that relative to tissue motion. This is not surprising given the practical
difficulties in measuring relative motion.

In light of the differences between artificial materials and biological tissue, it
is to be expected that velocity effects differ between the two types of material.

Velocity effects in artificial phantom materials

Five papers specifically investigated velocity effects during needle insertion into
artificial phantom materials and presented results accordingly [26, 51, 66, 70, 74].
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The latter considered the range from 5mm/s to 200mm/s, whereas the others all
used velocities in the range from 1mm/s to 20mm/s.

Crouch et al. [26] considered insertion of an 18G diamond tip needle into
silicone gel at velocities of 3mm/s to 21mm/s in steps of 3, with video based
tissue deformation tracking. They found a logarithmic relation between insertion
force (at a fixed depth) and insertion velocity and a similar relation for the slope
of the force-position curve (both increase with speed).

DiMaio and Salcudean [51] show that insertion speed influences the load dis-
tribution along the shaft (shaft force density), as depicted in Figure 2.6. For a 17G
Tuohy needle in PVC gel, not only does the total force (i.e. total area under the
distribution curve) increase with speed, but the peak in the distribution becomes
smaller and disappears altogether at 9mm/s, resulting in a fully uniform distri-
bution. Thus, although cutting forces increase slightly with speed, friction forces
increase much faster with speed and become dominant at higher speeds. The re-
lation between shaft force density and velocity resembles the relation found for
the total force vs velocity by Crouch et al. [26].

Meltsner et al. [66] investigated the effect of needle insertion velocity on in-
sertion force for both rotating needles and non-rotating needles. Insertions of
17G bevel needles and conical needles into porcine gelatin at 5 to 20mm/s (non-
rotating) showed an increased slope of the force vs position curve. The same
trend appears to hold for rotating needles up to 5rpm, although overall slopes
are lower here.

Podder et al. [74] investigated the effects of velocity on insertion force and
tissue deflection, by inserting 18G diamond tip needles into PVC gel under flu-
oroscopic imaging. Axial velocities of 5 to 200mm/s were considered, also in
combination with rotational velocities. The axial force vs position curves for the
non-rotating case clearly indicate an increase in slope with increasing velocity.
This effect seems to persist if the needle is rotated (< 5Hz) during insertion.

Naemura et al. [70] investigated the effect of tip shape on the slope of the
force-position curve just after puncture (force drop), during insertion of an 18G
Tuohy needle through silicone rubber membranes at 2 to 8mm/s. No clear effect
of velocity was observed.

In short, axial force in artificial materials, like PVC, silicone, or porcine gel,
increases almost linearly with position. The slope of the force-position curve also
increases (non-linearly) with velocity, suggesting an increase in friction.

Velocity effects in biological tissue

Eleven papers examine velocity effects during needle insertion into biological
tissue [14–17, 28, 30, 42, 53, 64, 66, 85]. Three of those, viz. [17, 53, 64], considered
velocities larger than 25mm/s (up to 250mm/s).

Brett et al. [85] inserted Tuohy needles (unknown size) into porcine ligamen-
tum flavum (2-5hrs old) at 0.83 to 2.50mm/s. Results indicate a decrease in punc-
ture force with increasing velocity, but sample size is unknown. The puncture
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Figure 2.9: Force required to initiate cutting (i.e. puncture force), as a function of
insertion velocity, using a 19G diamond tip needle in porcine heart tissue ex vivo
(n = 28) as presented by Heverly and Dupont [53] (©2005 IEEE)

forces presented here are one order-of-magnitude higher than most of the other
forces in this survey.

Heverly and Dupont [53] inserted a 19G diamond tip needle into porcine
heart (epicardium and myocardium), ex vivo, at velocities between 5mm/s and
250mm/s. In the epicardial layer they found a decrease in puncture force (force
required to initiate cutting) with velocity up to 75mm/s, and velocity indepen-
dence at higher speeds, as depicted in Figure 2.9. It is concluded that cutting
force and tissue displacement can be minimized by maximizing velocity.

Mahvash and Dupont [64] conclude that both puncture force and tissue dis-
placement at the moment of puncture decrease with increasing velocity. These
conclusions are based on insertions of a 19G diamond tip needle into porcine
heart tissue, at speeds of 1 to 100mm/s (five insertions per velocity). The differ-
ence in mean puncture force at 50mm/s and 100mm/s is very small compared to
the standard deviation.

Mahvash and Dupont [17] investigated the effect of insertion velocity on punc-
ture force for 19G diamond-tip trocar needles and 18G beveled needles in porcine
heart muscle, at speeds ranging from 1mm/s to 250mm/s. The results, based on
10 insertions per velocity, again show a decrease in puncture force with increas-
ing velocity up to approximately 50mm/s, as depicted in Figure 2.10. At higher
velocities the puncture force appears to remain constant. This trend holds for
both needle types and is supported by statistical analysis.
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Figure 2.10: Mean peak axial force, with standard deviation (n=10), measured
during insertion of 19G diamond tip trocar needles and 18G beveled needles into
porcine heart [17] (©2010 IEEE)

Hing et al. [28, 29] investigated the insertion of 18G diamond tip needles into
three different porcine liver samples, at 1.0 to 25.4mm/s. Differences in mean
cutting force and mean puncture force are small compared to their standard de-
viations, suggesting little or no effect of velocity. The variability in the puncture
force does appear to decrease with increasing velocity.

Kobayashi et al. [16] performed needle insertions with a 17G needle into
porcine liver samples at 0.5 to 8mm/s (9 insertions per velocity). Here again
the median puncture force seems independent of velocity, whereas variability in
puncture force seems to decrease with increasing velocity. On the other hand the
median tissue displacement at the moment of puncture appears to decrease with
velocity, whereas the variability in puncture displacement remains constant.

Kobayashi et al. [30] investigate the velocity dependence of frictional force, by
inserting 17G needles into 2cm thick sections of porcine liver at velocities ranging
from 0.01mm/s to 10mm/s. Figure 2.11 shows the result for initial frictional force
as a function of velocity, based on a total of 60 insertions and 24 livers. The
increase in friction force appears to be logarithmic for speeds up to 2mm/s and
remains constant for speed higher than that.

Abolhassani et al. [40–42] considered the insertion of an 18G beveled needle
into turkey breast (with skin) at 1 to 20mm/s. Tissue displacement at the moment
of puncture was found to decrease with increasing velocity.

Meltsner et al. [66] investigate the effect of needle insertion speed on total
axial force for both rotating needles and non-rotating needles. Insertions of 17G
bevel needles and conical needles into bovine muscle at 5 to 20mm/s show no
clear trend.

Frick et al. [14] investigated the effect of velocity on insertion force for a
straight (0.88mm) suture needle, inserted into sheep skin at different skin-tension
levels. Five insertions were performed for each combination of speed (1, 5, 10mm/s)
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Figure 2.11: Increase in frictional force for a 17G needle in 2cm thick porcine liver
at constant speed [30] (24 livers, 60 insertions per measurement point, error bars
undefined) (©2009 IEEE)

and skin-tension load (1, 3, 5kg). This was repeated for three adjacent samples
of skin, for a total of 135 insertions. No significant effect of velocity on axial
force was found, although it is mentioned that statistical power is low. It should
be noted here that this is the only study that considers statistical power or the
number of insertions required to obtain sensible results.

In short, puncture force was found to decrease with increasing velocity in
porcine heart, but remained constant at velocities over 50mm/s. In porcine liver
the mean puncture force seems independent of velocity, but its variability was
found to decrease with increasing velocity. Friction force in porcine liver was
found to increase with velocity up to 2mm/s and remain constant at higher speeds.
No effect of velocity on axial force was found in bovine muscle and sheep skin.

In addition to insertion velocity, axial needle rotation is also expected to in-
fluence the puncture force and the cutting force (due to drilling effects), as well
as the friction force.

2.3.3 Axial rotation

Abolhassani et al. [40–43] inserted 18G beveled needles into turkey tissue with
skin, at a constant translational velocity of 10mm/s with rotational frequencies
ranging from 1rpm to 25rpm (0.02Hz to 0.42Hz). Continuous rotation was con-
sidered, as well as rotational oscillation with amplitudes of 10◦, 30◦, and 90◦

for each frequency. Based on 20 insertions per condition (rotation type and fre-
quency), both tissue displacement before puncture and friction force were found
to be reduced by rotational motion. Reductions for both variables were in the
order of 10% with respect to the non-rotating case. No clear influence of rota-
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tional frequency was found, but the range from 3 to 7rpm (0.05Hz to 0.12Hz) is
suggested as optimal. Rotational oscillation is said to yield better results than
continuous rotation, but it is not clear for which rotational speed.

Meltsner et al. [66] investigated the influence of needle rotation on needle
placement accuracy and tissue damage. This was done by inserting 17G beveled
needles and 17G conical needles into porcine gel and into beef phantoms, at in-
sertion velocities of 5 to 20mm/s and rotational frequencies of 0, 3, and 5Hz (uni-
directional rotation). In both materials, reductions in total axial force greater than
50% were achieved due to rotation of the (conical) needle.

Langevin et al. [60] investigate a phenomenon in acupuncture called needle
grasp, referring to the sensation that the needle is grasped by the skin when
pulled out. To this end, they measured pull-out force acting on 31G acupuncture
needles, after subjecting them to a specific rotation pattern (no-rotation, unidi-
rectional, or bidirectional rotation) at a prescribed depth. Insertion velocity was
10mm/s, rotational frequency 8rpm (0.13Hz), and pull-out velocity was 5mm/s.
Measurements were performed on 60 human test subjects, at 16 locations on the
body. Needle rotation was found to cause a statistically significant increase in
pull-out force in the order of 50% for bi-directional and 150% for unidirectional
rotation (compared to no-rotation).

In short, axial rotation was found to reduce friction force in chicken breast,
typically by 10%. It was found to reduce total axial force in porcine gel and in
beef by up to 50%. In live human skin, rotation of acupuncture needles before
pull-out was found to increase pull-out force by up to 150%.

2.3.4 Insertion location and direction

Biological tissue is typically inhomogeneous and anisotropic, i.e. the (mechani-
cal) properties depend on position and orientation respectively. Therefore, it is
important to consider the location at which the needle is inserted, as well as the
direction of needle insertion with respect to the tissue.

A new location is selected for every insertion by Hing et al. [28, 29], Mat-
sumiya et al. [31], Tran et al. [38], Abolhassani et al. [42], Hiemenz Holton [54],
Kataoka et al. [56], Lechner et al. [61], Mahvash and Dupont [64], Naemura et al.
[70], but this was done to prevent the needle from following an existing path, not
to investigate the influence of insertion location. Insertion location was random-
ized (within a specific area) by Westbrook et al. [24] and Mahvash and Dupont
[17].

Three studies showed some form of systematic investigation of the influence
of location on axial force:

Podder et al. [36] and Yan et al. [25] explicitly investigated differences in in-
sertion forces between locations. This was done by inserting 18G diamond tip
needles into three different zones of human prostate ex vivo (including cancer-
ous tissue). Axial forces in the different zones were comparable, but no clear
conclusions were drawn in this respect.
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Langevin et al. [60] found some statistically significant differences (post hoc)
in pull-out force for acupuncture needles inserted into the skin of human sub-
jects at different locations of the body, but no conclusion was drawn from this
observation.

Crouch et al. [26], Healey et al. [52], Howard et al. [55], Langevin et al. [60],
Matsumiya et al. [31], and Westbrook et al. [24] inserted their needles perpen-
dicular to the tissue surface. Okuno et al. [34], Saito and Togawa [78], Saito and
Togawa [37], and Hiemenz et al. [96] investigated needle insertions at other an-
gles. However, none of the above explicitly investigated the influence of insertion
angle on axial force.

Suzuki et al. [23] investigated the influence of insertion angle (30◦ and 45◦)
on axial force and hole shape during penetration of a polyethylene membrane by
two catheter tips with different multi-faceted bevels (“Lancet” and “Backcut”) at
3.3mm/s (20 insertions per condition). Only for the “Backcut” type, axial force at
30◦ was found to be significantly lower (approx. 40%) than for 45◦.

In short, information concerning the influences of insertion location or direc-
tion is scarce.

2.3.5 Bevel orientation

When a needle with a tip that is not cylindrically symmetrical, e.g. a beveled
or diamond tip, is inserted into an anisotropic material, then it is important to
consider the orientation of the bevel(s) with respect to the material (i.e. the angle
of rotation about the longitudinal axis of the needle). Although this is recognized
by Reed et al. [76], Abolhassani et al. [42], and Westbrook et al. [24], the only
systematic investigation into the effects of bevel orientation was performed by
Lewis et al. [63].

Lewis et al. [63] investigated the effect of bevel orientation on force required
to puncture human dura (ex vivo) using a 17G Tuohy needle. The needle was
advanced at 20mm/min (0.33mm/s). The difference between puncture forces
was investigated for bevel orientations parallel to and perpendicular to the dural
fibers. The needle oriented perpendicular to the dural fibers required approxi-
mately 30% higher force to penetrate the dura than the parallel one. This differ-
ence was found to be statistically significant (p < 0.05), based on a total of 40
insertions into 10 different dura specimens.

In short, bevel orientation with respect to tissue fibers appears to have a con-
siderable influence on axial force in human dura.

In addition to insertion method, needle characteristics may also play an im-
portant role in needle-tissue interaction.

2.4 Influence of Needle Characteristics

Needles come in many shapes and sizes, and are primarily defined by tip type,
diameter (expressed in wire gauge G), and length. The latter is not discussed
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here, although a longer needle could deflect more easily, which would influence
the loads. Other factors that may influence the axial force are the presence of
lubricants and the sharpness of the tip.

2.4.1 Diameter

The outer diameter of the cannula is specified according to the Stubs wire-gauge
standard (ISO 9626), denoted by a capital G. Popular sizes range from 10G (3.4mm)
to 30G (0.31mm), where a higher gauge indicates a smaller diameter.

Stellman [22] compared 18G, 22G, 26G and 30G beveled needles from dif-
ferent manufacturers, with different types of lubricant, by inserting them into
polyurethane membranes at 1.7mm/s. An increase in puncture force with diam-
eter was observed, irrespective of lubrication type and manufacturer.

Shergold and Fleck [80] inserted conical tip needles (60 degree tip angle)
with diameters 0.5mm (25G), 1mm (19G), and 2mm (14G) into silicone rubber at
0.8mm/s. Peak axial force was found to increase with diameter.

Okamura et al. [18] and O’Leary et al. [73] investigated the influence of di-
ameter on the average slope of the axial-force vs position curve by inserting the
needles into silicone rubber (three insertions per needle) at 2.65mm/s (for 7 sec-
onds). Two-way analysis of variance for three ranges of diameter (0.59-0.75mm,
0.95-1.0mm, and 1.55mm) and three tip types (bevel, cone, diamond) showed sta-
tistically significant influence of diameter on force-position slope (slope increases
with diameter). This is consistent with increased friction force. Significant inter-
action between factors was also found, suggesting that the effect of tip type is
aggravated by increased diameter.

Okuno et al. [34] measured total axial force during puncture of human skin
and vena mediana cubiti in ten human subjects, in vivo. Insertion was performed
manually at approximately 15mm/s with 27G and 21G beveled needles. The
results suggest an influence of needle diameter on peak axial force.

Podder et al. [20] measured total axial force during manual insertion of 18G
and 17G diamond tip needles during clinical procedures on 20 patients (10 pa-
tients per needle size, with a total of 52 insertions). Results clearly suggest that
peak axial force increases with needle diameter. In order to assess the influence
of confounding factors, this conclusion was verified by inserting the needles into
a PVC phantom under controlled circumstances. The effect was still present, al-
beit somewhat smaller. Similar results are found for 17G and 18G needles in 25
patients (72 insertions total) by Podder et al. [21, 35].

In short, puncture force was found to increase with diameter for beveled nee-
dles in polyurethane. Peak axial force was found to increase with diameter in
human tissue in vivo as well as in silicone rubber. The slope of the force-position
curve in silicone was found to increase with diameter, which is consistent with
an increase in friction. In addition, increased diameter was found to aggravate
the effect of tip type in silicone.
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Figure 2.12: Basic needle tip shapes (left-to-right): blunt, beveled, conical,
Sprotte, diamond (Franseen), Tuohy. Note that there are many variations of the
basic beveled tip, characterized by the presence of multiple facets (e.g. Quincke).

2.4.2 Tip type

The function of the needle tip is to create a passage through tissue. This is typ-
ically achieved by a combination of cutting and wedging. The amount of force
needed to cut a path, and the amount of tissue damage that arises as a result,
depend on the shape of the needle tip. The most common needle tip shapes are
depicted in Figure 2.12.

Basic tip shape

Westbrook et al. [24] found that conical needles of various size lead to higher
peak axial force than Quincke needles (i.e. multi-faceted bevel) when inserted
manually into excised bovine dura, with bevel parallel to the fiber direction.

Shergold and Fleck [80] compared the peak axial force and crack propagation
mechanisms for 1.0mm (19G) blunt and conical tip needles in two types of silicone
rubber, at 0.8mm/s. The conical needle showed a steady increase in peak axial
force due to steady crack extension, the blunt needle exhibited much larger forces
with unsteady crack extension.

Mahvash and Dupont [17] inserted 19G diamond tip trocar needles and 18G
beveled needles into porcine heart ex vivo at a wide range of velocities. It was
found that the diamond tip needle, despite its smaller diameter, consistently
showed a peak axial force approximately twice as high as for the beveled nee-
dle. This is depicted in Figure 2.10. It is not clear from the text whether this is
due to the actual puncture or to the transition from stylet to shaft.

Okamura et al. [18] and O’Leary et al. [73] inserted conical, beveled, and dia-
mond tip needles into silicone rubber at 2.65mm/s. It was found that an increas-
ing number of cutting edges (conical→ beveled→ diamond) leads to a decrease
in slope of the axial-force vs position curve (which is consistent with a decrease
in friction force). This effect was shown to be statistically significant, and was
shown to become stronger for larger diameters.

Meltsner et al. [66] inserted 17G conical needles and beveled needles into
porcine gelatin at 5, 10, and 20mm/s. Differences in axial force were minimal.
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Photographs of the effect of tip type on gel damage are shown.
In short, conical tips produce higher peak axial force than Quincke bevels in

bovine dura. Peak axial force for blunt tipped needles was much higher than
for conical tips in silicone. Diamond tip trocar needles caused much higher peak
axial force than beveled needles in porcine heart, despite smaller diameter. Fur-
thermore, an increased number of cutting edges was found to decrease friction
force in silicone.

Tip shape details

Details in the shape of the tip often lead to characteristic traits in the axial force.
Hing et al. [28, 29] inserted a diamond tip trocar needle into porcine liver at

velocities up to 25.4mm/s. This kind of needle consists of a blunt cannula with
a diamond tip stylet that protrudes fully from the cannula. It is observed that
there are two peaks in the force-position curve: a small one due to the diamond
tip (puncture) and a large one due to the transition from tip to shaft.

Stellman [22] discusses the detailed characteristics of the force-displacement
curve during penetration of a polyurethane film using a 22G beveled needle. A
small peak was typically found for initial puncture of the membrane, followed
by a large peak associated with the transition from bevel to shaft.

Sources from industry show similar results. Mueller [33] measured the ax-
ial forces for 18G, 20G, and 21G multi-faceted bevel needles during 24 insertions
into 0.4mm polyurethane membranes at 100mm/min (i.e. 1.67mm/s). Distinct
force peaks were observed at the moment of initial puncture, at the transition be-
tween facets, and at the transition from bevel to shaft. Mayer et al. [32] found the
same kind of result for 27G, 29G and 30G beveled needles. Both sources closely
follow the methods described in the German industry standard DIN 13097 for
hypodermic needle tips.

Nguyen et al. [72] present a force-displacement curve for a 25G multi-faceted
bevel needle inserted into a 0.8mm thick neoprene membrane at a very low speed
of 0.05mm/min (0.0008mm/s). It shows that, under these circumstances, crack
initiation (i.e. puncture) occurs well before the peak force is reached. The peak
force is found to occur at the moment the tip protrudes at the other side of the
membrane.

Naemura [69] investigates differences in tip shape between six 18G Tuohy
needles from different manufacturers, but no useful conclusions are drawn. Tuohy
needles have a bent tip, which typically causes the cutting edge to be offset from
the center of the cannula. Naemura et al. [70] found that a Tuohy needle with
larger tip offset causes a steeper slope after puncture (larger drop in axial force),
in both silicone rubber at 2, 4, and 8mm/s (n = 10) and porcine ligamentum
flavum at 8mm/s (n = 2).

Suzuki et al. [23] compare the effect of tip shape details on axial force for two
types of multi-faceted bevel tips (‘Lancet’ and ‘Backcut’, 20G). They associate the
force fluctuations observed with specific geometrical traits of the tip, but their
experimental equipment does not include a means to verify whether these asso-
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ciations are accurate (e.g. synchronized imaging). No significant influence of tip
type on peak forces was found.

In short, a diamond tip trocar needle was found to cause two distinct force
peaks when inserted into porcine liver: a small one during puncture, and a large
one during the transition from tip to shaft. Similar observations were made
for beveled needles penetrating polyurethane and neoprene membranes at low
speeds. A larger tip offset in Tuohy needles was found to cause a larger drop in
force after puncture.

Bevel angle

Westbrook et al. [24] compared 26G Quincke needles (multi-faceted bevel) from
two different manufacturers during manual insertion into bovine dura ex vivo.
They found a significantly higher puncture force for larger bevel angles (mean/std:
0.15/0.03kg f vs 0.03/0.01kg f for n = 10). The bevel angles were not specified.

Okamura et al. [18] and O’Leary et al. [73] attempted to correlate axial forces
and bevel angle for 1.0mm diameter beveled needles, with bevel angles of 10◦,
14◦, and 20◦, inserted into silicone rubber at 2.65mm/s. No significant effect was
found.

Azar and Hayward [46] found indications (based on small samples) that crack
length in porcine liver is approximately equal to needle diameter for a 22◦ bevel,
but larger than diameter for 45◦ bevel.

Misra et al. [105] inserted large needle models of 15mm diameter with bevel
angles of 10◦ to 60◦ into three different Plastisol gels. The transverse force was
found to decrease quickly with increasing bevel angle, starting at 4N for 10◦ bevel
angle and approaching zero at 45◦.

Kataoka et al. [98] and Naemura [69] also considered the effect of tip angles,
but methods and results are not clear.

In short, there are some indications that increased bevel angle may lead to
higher axial forces and greater crack length.

Influence of the stylet

Most needles are equipped with a stylet that fits inside the lumen and prevents
the accumulation of tissue during insertion. This stylet is usually flush with the
tip, but so-called trocar needles have a cutting stylet which protrudes from the
cannula.

It is not unthinkable that the presence of a stylet could influence the cutting
behavior of the needle, since it influences the size of the contact area between
needle tip and tissue. However, the presence of a stylet is not explicitly consid-
ered in any of the publications discussed here (except for the diamond tip trocar
needles).
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2.4.3 Sharpness

A sharp needle cuts more easily than a blunt one. The question is whether this
effect is large enough to be of importance.

Westbrook et al. [24], Frick et al. [14], and Langevin et al. [60] used a new nee-
dle for each insertion. Nguyen et al. [72] re-used their needles up to five times,
and Lewis et al. [63] used each of their needles for eight insertions into human
dura. The latter used needles that had already been ‘appropriately blunted’ dur-
ing actual epidural procedures.

Stellman [22] presents the only systematic investigation of sharpness. This
was done by performing three subsequent penetrations of polyurethane mem-
brane with each needle, using 22G and 26G beveled needles from different man-
ufacturers, in combination with various lubricants. Successive insertions showed
a statistically significant (although quite small) increase in peak force compared
to the first insertion for the 26G needle, irrespective of lubricant type. For the 22G
needle no significant influence was found.

In short, for 26G beveled needles penetrating polyurethane membrane a small
increase in axial force was observed in successive insertions.

2.4.4 Lubrication

Needles are typically covered with lubricant by the manufacturer.

Stellman [22] investigated the influence of different needle lubricants on peak
insertion forces for (beveled) hypodermic needles, of different diameters (18G,
22G, 26G, 30G) and brands, inserted through a thin polyurethane membrane at
100mm/min (1.7mm/s). For all diameters a large (and significant) difference was
found between peak forces for the lubricated needle and those for the bare nee-
dle (irrespective of lubricant type and needle manufacturer). The bare needles
generated peak forces over two times as large as those for the lubricated needles.
Variability was shown to be relatively small for sample sizes of 10 to 30 insertions
per needle, and was smaller for lubricated needles than for bare needles.

Naemura et al. [70] found that the first insertion of their custom-made 18G
Tuohy needles into 3mm thick silicone rubber membranes required consistently
higher total axial force (in the order of 10%) than subsequent insertions (at new
locations). Microscopic investigation of the needle surface after insertion showed
traces of silicone, which may act as a lubricant.

In short, lubricant, irrespective of type, appears to have a large effect on peak
axial force for beveled needles puncturing polyurethane membranes. However,
it is not known whether this effect is also present in biological tissue. The fact that
moisture is released due to cutting of biological tissue might play a role here. The
influence of tissue properties is discussed next.
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2.5 Influence of Tissue Characteristics

Of the 99 papers included in this survey, 38 considered artificial tissue in the form
of porcine gelatin, PVC, Plastisol, silicone or similar materials.

In vitro measurements were performed on porcine tissue (25 papers), bovine
tissue (12 papers), canine tissue (2), rabbit (1), chicken (4), turkey (3), sheep (2),
and human (8) tissue, in a variety of organs, muscle being the most popular.

In vivo measurements were performed on human test subjects (14 papers),
porcine subjects (8) and rabbits (5), again in a variety of organs, where skin (with
underlying tissue) is most popular.

A table relating specific articles to combinations of organism, tissue type, and
tissue condition is provided online as supplementary material.

The first question to be asked here is whether artificial tissue is a reliable sub-
stitute for biological tissue.

2.5.1 Artificial vs Biological

Artificial tissue offers many practical advantages over biological tissue, in terms
of reproducibility, availability, visibility, etc. However, based on differences in
microscopic structure between the two, most likely there will also be differences
in needle-tissue interaction. For example, rubber or silicone phantoms may ex-
hibit excessive frictional force. Whether the practical advantages of using artifi-
cial material outweigh the supposed lack of realism depends on the application.

The differences between artificial and biological tissue have not been investi-
gated rigorously in any of the papers included in this survey. Nevertheless, the
subject is touched upon in [18, 25, 66, 67, 70, 71, 73, 76, 80].

Meltsner et al. [66] inserted rotating and non-rotating conical needles into
bovine muscle tissue and into a porcine gelatine phantom, at three different ve-
locities. The axial force vs position relation for the artificial phantom was approx-
imately linear, contrary to that for the bovine muscle tissue, which was highly
non-linear. The effect of insertion velocity is clearly distinguishable in the artifi-
cial phantom, whereas no such effect is seen in the muscle tissue. The influence
of rotation on axial force is clearly visible in both artificial phantom and muscle
tissue.

Misra et al. [67] determined the (effective) modulus of elasticity and the rup-
ture toughness for plastisol gel, porcine gel, and chicken breast. Although the
mean modulus of elasticity was found to be comparable for all materials, mean
rupture toughness for porcine gel was almost five times as high as for chicken
breast. For plastisol it was approximately twice as high as for chicken breast.

Reed et al. [76] investigated rotational friction acting on the shaft of a 24G
needle during rotational and translational motion, in various materials, by mea-
suring the lag in rotation angle at the tip. Plastisol gel, porcine gel, ballistics gel,
and chicken breast were investigated. Tip lag in chicken at a depth of 10cm was
found to be negligibly small (in the order of 1◦), followed closely by soft plastisol
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and hard plastisol (in the order of 10◦). In porcine gel the tip lag was approx-
imately 30◦ and in ballistic gel it was as high as 45◦. Porcine gel was found to
exhibit the worst stick-slip behavior.

Shergold and Fleck [80] investigated insertion force and crack shape for beveled,
conical, and blunt needles, inserted into two types of silicone rubber as well as
into human skin in vivo and porcine skin in vitro. Inspection of microscopic im-
ages of the crack at the surface level indicated that crack shape depends on tip
shape for both rubber and skin. This is the only paper found that attempts to
justify the use of artificial phantoms using data from literature.

Naemura et al. [70, 71] compared axial forces for Tuohy needles inserted into
silicone rubber membranes and porcine ligamentum flavum. Peak axial force
for the silicone rubber was found to be approximately three times as high as for
the ligamentum flavum. Forces in an artificial phantom composed of melamine
foam and latex rubber were found to be qualitatively and quantitatively similar
to those in porcine ligaments.

In short, force-position curves in porcine gelatine were found to be linear,
whereas in bovine tissue they were highly nonlinear. Axial force in gelatine was
influenced both by velocity and rotation, but in bovine muscle it was only influ-
enced by rotation. Although modulus of elasticity was comparable for chicken
breast and several artificial materials, the rupture toughness of chicken breast
was several times smaller. Indications were also found that friction in artificial
materials is much higher than for chicken breast. Crack shapes were found to be
similar in skin and silicone rubber.

2.5.2 Human tissue vs other biological tissue

It would be useful to know to what extent animal tissue can be used as a substi-
tute for human tissue, since the former can be obtained in greater quantities and
is typically easier to work with. The difference between human tissue and tissue
from other animals is discussed in [34, 54, 85, 86], but an extensive systematic
investigation of the influence on needle-tissue interaction forces was not found.

Brett et al. [85, 86] investigated the force patterns encountered during epidu-
ral needle insertion (through skin and relevant ligaments). This was done by
inserting Tuohy needles (unknown size) into recently deceased porcine samples
(constant velocity) and into recently deceased human cadavers (manual inser-
tion). The force-position curves were found to be qualitatively similar, but peak
forces and friction forces in porcine tissue were much higher.

Hiemenz Holton [54] investigated insertion of 18G Tuohy needles into human
skin and fat (0.2mm/s) and into porcine skin (0.1mm/s). Mean peak axial force
for porcine skin, as well as variability (although unspecified), were found to be
over twice as high as those for human skin.

Okuno et al. [34] inserted 27G and 21G hypodermic needles through the skin
into rabbit veins and human veins, both in vivo. The rabbit insertions (n = 24)
were automated, whereas the human insertions (n = 10) were performed manu-
ally. It is concluded that the force patterns (in time) are qualitatively similar.
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In short, penetration of porcine skin using Tuohy needles was found to re-
quire higher force than penetration of human skin. In vivo penetration of blood
vessel, through the skin, delivered qualitatively similar force-time relations for
both human and rabbit.

2.5.3 Live vs dead biological tissue

In vivo measurements are typically more difficult to perform than ex vivo mea-
surements, for practical as well as ethical reasons. Therefore it is very important
to know if, and under which circumstances, ex vivo measurements can be used as
a reliable substitute for in vivo measurements when investigating needle-tissue
interaction.

No studies were found that systematically investigate the difference between
living and dead tissue in terms of needle-tissue interaction. The subject is, how-
ever, touched upon in [53, 93, 99].

Heverly and Dupont [53] measured axial force during needle insertions into
the hearts of very recently (10 minutes) deceased rabbits. They also performed
ultrasound (US) guided needle insertions into rabbit hearts in vivo, without mea-
suring force. It is concluded that puncture force is reduced at higher velocity both
in vitro and in vivo.

Kobayashi et al. [99] inserted a 17G beveled needle into porcine liver, both in
vitro and in vivo. Data were used to identify the parameters of a non-linear finite
element model. In vivo, the stiffness parameters were two to six times as high as
in vitro.

Elagha et al. [93] punctured porcine interatrial septum (internal heart wall),
both in vitro and in vivo, but no conclusions are drawn with respect to the differ-
ence between living or dead tissue.

In short, there are indications that velocity effects are present in rabbit heart
tissue, both dead and alive. Live porcine liver was associated with higher stiff-
ness values in a FE model.

2.5.4 Decay time

Only Choy et al. [49] explicitly investigate the influence of decay time on instrument-
tissue interaction force. Strictly speaking, they use a RF-ablation catheter tip in-
stead of a needle. A 12G catheter was moved into porcine heart tissue (endo-
cardium) in thee different areas, from 0.5mm up to 4mm penetration depth. This
was done 15min, 40min, 3h, 8h and 18h after death. The force at a given depth
was found to increase with decay time. For example, at 4mm depth, the force af-
ter three hours was already twice as high as after 15 minutes, and after 18 hours it
was eight times as high. It is concluded that tissue properties can already change
considerably within minutes after death.

Other authors also recognized the necessity to minimize (or mention) decay
time. The following decay times were achieved with various tissues: 10min hu-
man prostate [25, 36]; 10min rabbit heart [53]; 2h porcine liver [29]; 2h bovine
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dura [24]; 2-5h porcine back [85]; 3-6h bovine liver [18]; 24h canine back [96]; 24h
porcine liver [46]; 24-48h porcine back [38]; and 26h porcine back [54].

2.5.5 Freezing and tissue hydration

The influence of freezing and thawing tissue, despite its potential to inflict dam-
age on the tissue at a microscopic scale, is not investigated in any of the studies
included in this survey. The effects of temperature, tissue hydration or perfusion,
or rigor mortis are also neglected. Several authors do mention storing tissue in
saline to prevent moisture loss [24, 29, 39, 48, 49, 53, 63, 85].

Literature related to the food industry, e.g. Lawrie and Ledward [115] and
Warriss [116], contains a wealth of information concerning the changes that take
place in muscle tissue post-mortem. The influence of rigor mortis, moisture loss,
and freezing are investigated there in relation to the tenderness of meat (after
cooking).

2.6 Discussion

In the preceding sections, information regarding the influence of different vari-
ables on the axial force during needle insertion was presented, irrespective of
classification.

However, in order to properly interpret the experimental data presented, in-
formation concerning sample size and variability is indispensable. Therefore
only papers in the C2 and C3 classes are discussed here. The most important
findings from these papers are summarized in Table 2.6, and a table with find-
ings from all articles is available online as supplementary material.

2.6.1 Axial force characteristics

It is safe to say that the moment at which puncture (crack initiation) occurs de-
pends on the stress levels in the tissue surrounding the needle tip, as described
by Kobayashi et al. [16]. Moreover, in order to understand the puncture phe-
nomenon, it is essential that tissue displacements are measured in addition to
needle displacement, as done by Kobayashi et al. [30].

As far as composition of the axial force is concerned, the (practically) linear in-
crease in force with needle position, as observed by Hing et al. [28, 29] in porcine
liver, is consistent with the assumption that axial force is composed of a constant
cutting force at the tip and a friction force that is uniformly distributed along
the needle. The latter is also supported by the findings of Crouch et al. [26], for
silicone gel.
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Table 2.3: Main findings from C2-C3 articles (for puncture, cutting, friction, and total force)

Fp Fc Ff Ftot

Velocity
art +

bio 0/- +

Diameter
art + +

bio +

Bevel angle
art 0

bio +

# Tip edges
art -

bio - +

Tip details
art +

bio + 0

Sharpness art -

Lubricant art -

Patient crit. bio 0

Location bio 0 0

Art vs bio 0

+ pos. correlation, - neg. correlation, 0 no corr. or inconclusive

2.6.2 Insertion method

It is clear that the mean puncture force in porcine heart decreases with increasing
velocities up to 75mm/s, after which it remains more or less constant, as shown
by Mahvash and Dupont [17]. The variability of the puncture force in porcine
liver was also found to decrease with increasing velocity, according to Kobayashi
et al. [16] and Hing et al. [28, 29].

On the other hand, velocity could not be shown to influence cutting force in
porcine liver by Hing et al. [29], nor could a sound investigation by Frick et al.
[14] uncover any influence of velocity on peak axial force when penetrating sheep
skin.

It is likely that friction force in silicone gel is increased by increasing velocity,
based on the increase in slope of the force-position curves found by Crouch et al.
[26].

The investigation into the effect of insertion location in the human prostate by
Podder et al. [36] and Yan et al. [25] came up inconclusive in this respect.

2.6.3 Needle characteristics

Quite some data, based on manual insertions in over fifty live human patients, is
presented by Podder et al. [20, 21, 35] in support of the assumption that peak axial
force is increased when needle diameter is increased. A similar conclusion was
reached by Okuno et al. [34].

The type of needle also seems to be of influence: Conical needles were as-
sociated with a higher peak axial force than beveled needles when penetrating
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bovine dura, and large bevel angles required more force than small bevel angles
[24]. Furthermore, peak axial force for diamond tip trocar needles was consistently
higher than for beveled needles during insertion into porcine heart, despite the
fact that the beveled needles had larger diameter [17].

The latter should be considered in light of the findings presented by Hing
et al. [28, 29], who observed that diamond tip trocar needles in porcine liver pro-
duce a small peak during puncture, followed by a much larger peak due to the
transition from tip to shaft. A similar effect was found for beveled needles pene-
trating polyurethane film, e.g. by Stellman [22].

A decrease in slope of the force-position curve suggests that friction force in
silicone rubber decreases with increasing number of cutting edges (conical →
beveled→ diamond) as found by Okamura et al. [18]. This effect was amplified
by increased needle diameter.

Bevel shape details were not found to have a relevant effect on axial force by
Suzuki et al. [23], nor was bevel angle [18].

2.6.4 Tissue characteristics

Forces during hypodermic needle insertion into human skin and into rabbit ears
(both in vivo) were found to be qualitatively similar by Okuno et al. [34]. How-
ever, the actual influence of tissue characteristics on axial force during needle
insertion remains a mystery.

2.7 Conclusion

A survey was presented of experimental needle-tissue interaction force data avail-
able in literature. This survey is organized in such a way that the reader can
quickly find literature (useful for) investigating the influence of specific variables
on axial force during needle insertion.

Although many studies did present force data, dedicated experimental inves-
tigations of the topics of interest were scarce and thinly spread. Therefore it was
not possible to synthesize conclusive results from literature in the manner of a
meta-analysis.

Nevertheless, good indications were found that puncture force decreases and
friction force increases with increasing insertion velocity, and that needles with
larger diameter typically cause higher peak forces, although the strength of these
effects depends on the type of tissue. The highest force peaks during membrane
puncture appear not to occur during initial penetration but slightly later, when
the membrane is transferred from the tip to the shaft.

Many questions remain open for investigation, especially those related to bi-
ological tissue. For example, it is not clear whether artificial phantom materials
provide a good alternative for biological tissue when investigating the effect of
insertion velocity on axial force. Although the trends found for the influence of
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velocity on friction force were similar in both types of tissue, there were consid-
erable quantitative differences.

Moreover, measuring forces in vivo is substantially more difficult, both in a
practical sense and in an ethical sense, than measuring forces ex vivo. Therefore
it would be interesting to know to what extent ex vivo measurements can be
used as a substitute for in vivo measurements. The same goes for using animal
tissue as a substitute for human tissue. However, this survey was not able to
shed sufficient light on these issues.

Seeing that variability is typically high when dealing with biological tissue,
it is difficult to interpret experimental data without some indication of both the
variability and the sample size. Out of 99 papers, 73 did not report these values.
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Chapter 3

A data model for
needle-tissue interaction
experiments

Science is communicated by instruction, in order that one man may profit by the
experience of another and be spared the trouble of accumulating it for himself; and,
thus, to spare posterity, the experiences of whole generations are stored up in libraries.
—Ernst Mach, 1919

3.1 Introduction

The needle-tissue interaction process involves a great number of variables. The
preceding chapter investigated the effects that some of these variables may have
on the insertion force, by studying experimental data available in the literature.
This task was complicated by the diversity of experimental methods, the sparsity
of available data, and the variability in these data.

The current chapter presents a structured approach to storage and usage of
experimental data, designed to deal with these complications. The challenge here
is to represent experimental data from a variety of sources in such a way that
reliable knowledge can be synthesized and specific questions can be answered.

3.1.1 Structured representation of experiments

To make experimental data tractable and comparable, it is necessary to provide a
uniform description not only of measurement results but also of the experimental
methods and materials used. Small details in the experimental approach can
make a large difference in the observed results. Thus, a structured method for
summarizing all relevant aspects of an experiment is required.

39



This requirement is met in the scientific literature, to a certain extent, by ap-
plying standard formats such as IMRaD (Introduction, Methods, Results, and
Discussion) [117]. However, to allow proper assessment of experimental data,
such uniformity of structure needs to be carried through much more rigorously.

In the present chapter, the generic needle-tissue interaction experiment is de-
constructed into its basic components and interrelations, to serve as a blueprint
for the construction of a database. Ponniah [118] defines a database as “... an or-
dered collection of related data elements intended to meet the information needs
of an organization and designed to be shared by multiple users.” The informa-
tion needs in this case cover a broad spectrum, so that a considerable amount of
detail is required. In fact, the database should capture at least the level of detail
contained in a scientific publication, and preferably more.

The definition of the basic elements in the database and the relationships be-
tween these elements is contained in a data model. Common data models are
the hierarchical model, the network model, and the relational model. The latter
is adopted here because it offers the flexibility required to encode needle-tissue
interaction experiments.

3.1.2 Relational data model basics

The relational data model represents the current standard for database solutions
[118–120]. In a relational database, pieces of information (data elements) are
stored in two-dimensional tables that represent an information entity or class
(e.g. RESEARCHER). Table columns represent relevant attributes of that class
(e.g. first_name, last_name) and rows (also referred to as records or tuples) rep-
resent unique instances (e.g. Charlie, Parker). These instances are uniquely iden-
tified by one or more of the table’s attributes. Such a set of identifying attributes
is called a primary key (PK) (e.g. a personnel number).

Relationships between tables, or between instances (rows) within a single ta-
ble, can be established by adding attributes that refer to the primary keys of other
instances. These reference attributes are called foreign keys (FK). The referencing
table, i.e. the one with the foreign key, is called the child table, and the referenced
table is called parent [120].

Relationships between tables or within a table, defined using foreign keys,
may be either one-to-one (e.g. husband and wife) or one-to-many (e.g. relating
father and daughter). Many-to-many relationships (e.g. relating brothers and
sisters) can be established using an intermediate table which is here referred to
as a link-table.

An important aspect of the relational data model is that it incorporates rules
and constraints that ensure data integrity. For example, entity integrity is ensured
by requiring that primary keys always need to be fully defined (i.e. no part of
a primary key may have a null value), and referential integrity is ensured by
requiring that a foreign key must either be null or refer to an existing primary
key [118]. A practical example of data integrity is that a row (record) cannot be
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removed from a table as long as there exist foreign keys that refer to it (either in
the same table or in other tables).

3.1.3 Relational data model diagrams

Figure 3.1 presents an example diagram of a relational data model, as imple-
mented in a MySQL environment1. In this diagram, tables are represented as
blocks interconnected by lines which represent relationships.

Each block shows the table name and the names of its attributes (columns).
Names of general attributes are preceded by an open diamond. Attributes be-
longing to the table’s primary key are indicated by light-bulbs, and attributes
representing foreign keys are indicated by solid diamonds.

Note that the primary key in the LINK table consists of two foreign keys. Both
are therefore represented as light-bulbs. This table defines a many-to-many rela-
tionship between the other two tables. The link table can incorporate attributes
specific to that relationship.

Solid lines represent identifying relationships, and dashed lines represent
non-identifying relationships. An identifying relationship implies that entity in-
tegrity of the child table depends on the parent table. This happens if the foreign
key that defines the relationship is part of the primary key of the child table, so
that the foreign key cannot be null.

Note that the lines in the figure have two symbols on either end, representing
the minimum (0 or 1) and maximum (1 or many2) number of rows from the table
associated in the relationship. Thus, they indicate the type of relationship: one-
to-one, one-to-many, or many-to-many.

Let us now have a closer look at the structure of the relational data model for
needle-tissue interaction.

3.2 A relational data model for needle-tissue inter-
action research

The diagram presented in Figure 3.2 represents a prototype of a relational data
model for needle-tissue interaction experiments. The model may not be optimal,
but it provides sufficient flexibility to encode the needle-tissue interaction exper-
iments encountered in the literature and in the current thesis.

Although there is no strict global hierarchy in the model (no single root), lo-
cal hierarchy is present in the form of parent-child relationships. Data integrity
constraints require the parent to exist before the child.

To see how an experiment can be encoded using this data model, we will
consider the most important components, starting with the experiment table.

1SQL = Structured Query Language
2The symbol for “many” is a fork or “crow’s foot”
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Figure 3.1: Diagram showing basic components of a relational data model (as
implemented in MySQL)

3.2.1 Experiment

Without an experiment, there would be nothing to encode. Thus, in a concep-
tual sense, the experiment could be considered a starting point or root of the data
model. Physically, however, the diagram in Figure 3.2 shows that the EXPERI-
MENT table itself is a child of the AFFILIATION table through the FK at_affiliation_id,
thus, at least one affiliation needs to be stored in the database before an experi-
ment can be defined.

The FK at_affiliation_id identifies the physical location where the experiment
was conducted. An experiment is conducted in order to answer a specific re-
search question, and usually yields some overall conclusions with respect to this
question. Both can be stored in the table. The EXPERIMENT table has additional
relationships with two “link” tables and with the CONDITION table. Recall that
link tables are used to specify many-to-many relationships.

3.2.2 Researcher

Details of the people involved in an experiment are stored in the RESEARCHER
table. A single researcher may be involved in several experiments, and each ex-
periment typically involves several researchers. This many-to-many relationship
is accomodated by the LINK_EXPERIMENT_RESEARCHER table. Note that this
table also allows specification of the researcher’s affiliation and role, which may
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be different for each experiment.

3.2.3 Publication

An experiment may or may not have been published in some form. It is quite
common for data from the same experiment to be used in different publications,
and it is also common to find data from several experiments in a single publica-
tion, hence the LINK_EXPERIMENT_PUBLICATION table.

3.2.4 Condition

The CONDITION table is a child of EXPERIMENT and acts as a hub, connect-
ing various kinds of equipment with test specimens, factors, raw measurement
data, and data summaries. This construction allows for a considerable amount
of flexibility in encoding experimental designs.

Each needle insertion is unique and is conducted under a specific condition
set, i.e. using a unique set of equipment, using specific levels for various factors
such as speed and insertion location, and using a specific specimen. Each con-
dition may relate to one or more insertions (repetitions), but each insertion may
also relate to one or more conditions, thus allowing different ways of grouping
insertions, as shown in Table 3.1. Measurement data from a single insertion (typ-
ically in the form of time histories of sensor output) may be stored in multiple
files, depending on the various modes of data (e.g. force, position, video).

The measurement results from all insertions belonging to the same condition
can be summarized using sets of statistics (e.g. mean, standard deviation, range).
A statistic typically describes a specific metric.

Metrics must be specified in as much detail as possible, and may vary widely
in definition depending on the research question. For example, one might be
interested in the peak force relative to some baseline force in a specific part of a
specimen, and perhaps also in the tangent slope (in the force-position plane) just
before that peak force.

It is important to note that each metric is associated with its own sample size.
The model allows this association to be implemented by defining sample size as
a row in STATISTIC_TYPE. Ideally, the sample size would be implicitly known
because it would equal the number of insertions associated with the condition.
However, not every insertion has to yield a value for each metric. For example, in
some insertions it may be possible to identify metric A but it may be impossible
to identify metric B.
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Figure 3.2: Relational data model





To illustrate the flexibility in encoding experimental designs, consider Table
3.1, which shows a design matrix for an hypothetical experiment. In this exam-
ple, speed is constant, specimen and insertion location are varied in random or-
der, and metrics A and B are summarized by their mean and sample size. Rows 1
to 8 represent the experiment as a 2-by-4 factorial design, rows 9 and 10 represent
the same experiment as a 2-by-1 design, and row 11 represents the experiment in
a pooled design. Any or all of these representations can be stored in the database
by encoding the rows as individual conditions. Thus, different levels of detail
can be accommodated.

Table 3.1: Hypothetical example of experimental design

mean sample size
# insertion speed specimen location A B A B
1 6 1 1 1 1.2 10.6 1 1
2 1 1 1 2 0.5 - 1 0
3 3 1 1 3 2.6 8.3 1 1
4 8 1 1 4 1.0 7.1 1 1
5 7 1 2 1 0.8 - 1 0
6 4 1 2 2 - 11.0 0 1
7 5 1 2 3 1.1 9.2 1 1
8 2 1 2 4 1.9 8.4 1 1
9 1,3,6,8 1 1 1,...,4 1.33 8.67 4 3

10 2,4,5,7 1 2 1,...,4 1.27 9.53 3 3
11 1,...,8 1 1,2 1,...,4 1.30 9.10 7 6

3.2.5 Factor

The FACTOR table is used to specify unique factor-value combinations. Factor
types, such as insertion speed, insertion location, specimen temperature, etc., are
defined in the FACTOR_TYPE table. Separate type tables are required because it
is not possible to specify all potential factors beforehand.

Many factors may be involved in a condition, and each factor can take many
values or levels (note that factor_id may be used as level code). It is also possible
that the same factor value is used in multipe conditions. Thus, a link table is
required here.

Separate tables are provided for the factors SPECIMEN and NEEDLE, be-
cause they must be specified for all conditions and require a more detailed defi-
nition.

3.2.6 Specimen

The specimen definition is relatively complex. An individual specimen has var-
ious size and history attributes, and is tested in a certain state (e.g. in vivo, in
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vitro, or something more specific), as defined in the SPECIMEN table.
A specimen belongs to a certain SPECIMEN_TYPE, which consists of a certain

tissue type from a certain organism type. The specimen type also has more spe-
cific attributes such as manufacturer (or supplier), type specification (e.g. specific
breed of animal, or manufacturer’s code), and allows for a detailed description if
necessary.

The ORGANISM_TYPE may be biological, such as human or pig, or artifi-
cial (synthetic). The TISSUE_TYPE may refer to a specific type of organ, or to a
general tissue type such as connective tissue. In case of artificial materials, their
general type may be specified as e.g. silicone gel, agar gel, polyurethane mem-
brane, etc.

3.2.7 Needle

Each needle belongs to a certain class, with general size and shape characteristics
as specified in the NEEDLE_TYPE table. In addition, each needle instance has its
own specific history which is represented in the NEEDLE table.

A single needle may be used in several conditions, but a single condition may
also involve several needles. Thus, a many-to-many relationship is established
using LINK_CONDITION_NEEDLE.

If the experimental design is encoded in sufficient detail, it becomes possible
to trace indivual needles to individual insertions via the condition table. How-
ever, this does not necessarily have to be the case.

3.2.8 Equipment and instrumentation

The EQUIPMENT table represents various types of equipment. Typical examples
would be (custom built) structures for the support of actuators, sensors, needles,
or specimens.

The SENSOR table specifies measuring equipment (sensors in a very broad
sense) such as load cells, position sensors, temperature sensors. It may also iden-
tify imaging equipment such as ultrasound probes or video cameras. Some sen-
sors may be connected to specific actuators, hence the relation with the ACTU-
ATOR table. this table specifies the actuators used to move the needle and/or
specimen.

The CONTROLACQ table represents various kinds of electronics used for
control and data acquisition. This may include servo-controllers, signal con-
ditioning electronics, power regulation, AD/DA-conversion equipment, image
processing equipment, but also general purpose computers.

All equipment and instrumentation tables have many-to-many links with the
CONDITION table. Note that equipment settings such as sampling rate for an
AD-convertor can be specified per condition using the corresponding link tables.
Each piece of equipment can be traced back to a specific owner through the FK
owner_affiliation_id.
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3.2.9 Unit type

One of the main reasons for setting up a needle-tissue interaction database is to
allow comparison of experiments and measurement data. This requires that all
values should be expressed in common units. For example, a value expressed in
millimeters cannot be directly compared with a value expressed in meters: one
of the two has to be converted first. The convention adopted here is to convert
everything to SI base units3, which are kg (kilogram), m (meter), s (second), K
(Kelvin), A (Ampère), mol (mole), and cd (candela).

To enable automated conversion, each user defined value has to be specified
in conjunction with a unit type. The UNIT_TYPE table requires specification of
SI-conversion parameters, viz. the slope and intercept required to convert that
specific unit type to SI base units. For example, a value specified in degrees
Fahrenheit [◦F] is converted to Kelvin [K] using slope 5

9 and intercept 255.37, or
a value in revolutions per minute [rpm] is converted to [rad/s] (i.e. [m/m/s])
using slope π

30 and intercept 0.

3.3 Model implementation

3.3.1 Data model implementation

The data model provides a blueprint for database implementation. An imple-
mentation language like SQL facilitates the conversion from the theoretical data
model to a functional database and enables storage and usage of data [118]. SQL
incorporates functions for defining the database structure, for adding, changing,
and deleting data, and for retrieving data using specific queries. It also provides
security functionality for restricting user access. Some general aspects of data
manipulation for this specific database are discussed next.

3.3.2 Adding data

Data for the needle-tissue interaction database can originate either from experi-
ments described in the literature, or from original experiments (in which case the
database user has access to all information). In both cases, a lot of information
needs to be entered by the user. This process needs to be streamlined with the
help of a user interface that allows specification of data within the restrictions
imposed by the data integrity constraints.

Such an interface can provide the user with the option to reuse existing data
elements, such as equipment, factor type or unit type, or to add new ones if
necessary. The user interface also needs to deal with the fact that information
available in the literature is often incomplete. For example, summary statistics
are usually presented, but information about individual insertions is typically not

3SI = Système International d’unités
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available. Moreover, not all publications provide sufficient detail to reconstruct
the experimental design used.

For data from original experiments, on the other hand, information is com-
plete, and the problem is rather the opposite: Manual input of all available infor-
mation for each and every insertion can easily become cumbersome. This prob-
lem can be avoided by providing batch processing capability on the basis of a
specified experimental design. For example, the user can specify the experimen-
tal design by providing levels and number of repetitions for all relevant factors,
and the user-interface application can then create the individual database records
with the appropriate relationships.

3.3.3 Retrieving data

Data retrieval is possible with the help of SQL’ s extensive query functionality.
Appropriate queries can be constructed using the data model as a guide. Default
queries, called views, can be specified to reduce query complexity, if necessary.

Simple query examples are: “find all experiments involving bovine liver tis-
sue in an in vitro setting”, or “find all experiments using Tuohy needles longer
than 80mm.” A more complicated example would be “find values of mean fric-
tion force in polyurethane membranes with a thickness of 0.2mm from all ex-
periments that use insertion speed higher than 10mm/s and take into account
specimen temperature and fixed boundary conditions.” It is also possible, for
example, to extract all the results obtained using a specific piece of equipment,
by a specific person, or at a specific institution (affiliation).

3.4 Discussion

In addition to providing an indispensible tool for reviewing the literature and
performing meta-analyses, the database and data model described here repre-
sent a framework for storing data and experimental details of new experiments.
Using this database approach, it becomes possible to define an experiment be-
forehand, selecting factor settings and equipment from the database. Moreover,
by automating the experimental protocol, results can be added to the database
automatically as an experiment progresses.

Thus, by implementing this database and adhering to its structure, not only
experimental data but also the corresponding experimental design, methods, and
materials can be encoded and stored for future reference.
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Chapter 4

Observations of membrane
puncture

4.1 Introduction

The preceding chapters discussed the great variety of factors involved in needle-
tissue interaction, and their influence on the axial force. Moreover, it was found
that there is no such thing as the axial force, as this force develops over time
and can be characterized in many ways. The present chapter identifies typical
characteristics of the axial force that arises during puncture of an artificial thin
membrane.

4.1.1 Background

Membranous tissue structures are found throughout the body. These structures
typically represent important anatomical boundaries. Think, for example, of the
skin, blood vessels, fascia layers, fetal membranes, meninges, the capsules sur-
rounding internal organs, and so on and so forth. To gain access to target sites
inside the body, these structures inevitably need to be punctured.

Membrane puncture is defined here as the process from initial contact be-
tween needle and membrane up to the point where the membrane has been
fully penetrated and the needle tip has passed through completely. The physical
mechanism of membrane puncture is of interest in the study of tissue damage,
patient discomfort, needle placement accuracy, clinical training, path planning,
automated needle insertion, etc.

The most convenient way to study the membrane puncture mechanism is by
studying the axial force that arises during puncture. However, the axial force
provides only a limited amount of information, which, in itself, is not sufficient
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to study the mechanisms at work. The present chapter explores the use of visual
observation, in addition to force measurement, to study the puncture process in
detail.

4.1.2 Problem statement

As puncture is facilitated by the needle tip, tip geometry must play an important
role in the puncture process, and this is likely to be reflected in the axial force. To
establish just how the axial force is influenced by tip geometry, it is necessary to
relate this force to the actual needle insertion depth, i.e. the depth of the tip with
respect to the deformed tissue boundary.

A visual account of the puncture process is required to establish this relation
with an acceptable degree of confidence. However, the puncture process is typi-
cally difficult to observe visually because, by default, the needle tip is largely ob-
scured by surrounding tissue. Moreover, at practically relevant insertion speeds
the puncture process evolves too quickly for the human eye to follow.

Thus, the challenge is to visually observe the puncture process in such a man-
ner that axial force characteristics can be related to geometric properties of the
needle tip.

4.1.3 Related work

Naturally, the first step is to see whether this challenge has been met already in
the literature. Analytical studies of tip geometry are available, e.g. [121, 122],
but these studies do not present useful force measurement data. As described in
Chapter 2, the influence of tip geometry on axial force during insertion is indeed
considered in a number of studies [3, 22, 23, 28, 29, 32, 33, 69, 70, 72, 123].

All of these studies attribute details of the axial force to specific geometric
traits of the needle, as described in Section 2.4.2. However, direct visual accounts
of a supposed relation between force and tip geometry are only presented by
two commercial sources [3, 33], which are rather brief in terms of methodological
detail. Although it is highly likely that the required knowledge exists in industry,
as suggested by e.g. [123–125], this information is typically unavailable to the
public.

As accurate visual accounts of the puncture process were not found in the
scientific literature, there is sufficient reason to pursue this investigation further.

4.1.4 Research question

The present investigation focuses on the puncture of a thin artificial membrane,
using a needle with back bevel, under a strictly controlled set of conditions. A
camera is used for close observation of the puncture process. To provide a clear
field of view for the camera, the membrane is suspended in a unidirectional ten-
sion device.
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The primary research question is how characteristic force metrics relate to
needle tip geometry for the back(-cut) bevel needle, under the specified condi-
tions. The use of specimens in unidirectional tension raises the secondary ques-
tion whether the orientation of the bevel with respect to the direction of tension
has an influence on the force characteristics.

4.1.5 Approach

To answer these questions, a total of 18 penetration tests were performed on three
thin polyurethane membranes. The membranes were punctured repeatedly, at
fixed speed, using the same needle. The puncture process was observed in detail
with the help of a high speed camera, while needle position and axial force were
measured. Membrane displacement and needle insertion depth were estimated
using the video footage. Sudden changes in the rate of membrane displacement
were identified, and the corresponding forces and geometric details were eval-
uated. Based on this evaluation, force metrics were established and rules were
developed for their evaluation. Details of the approach are presented below.

4.2 Materials and methods

4.2.1 Instrumentation

The measurement apparatus, depicted in Figure 4.1, comprises a linear motion
stage equipped with a force/torque sensor and mounted vertically on a steel
frame. The base of the needle is attached to the force/torque sensor. Test spec-
imens are supported by a uniaxial tensioning device, and placed directly below
the stage. A high speed camera is placed a short distance from the specimen.

The linear stage is an Aerotech PRO115-400 with 400mm travel and 5mm/rev
ball screw (Aerotech Inc., Pittsburgh, USA). The stage is powered by a Maxon
EC40 brushless motor and 4-Q-EC servo-amplifier (Maxon Motor AG, Sachseln,
Switzerland), using feedback from a Scancon 2RMHF-7500 incremental rotary
encoder with 7500 pulses per revolution (Scancon A/S, Alleroed, Denmark).

Loads on the needle are measured using an ATI nano17 six-axis force/torque
sensor (ATI Industrial Automation, Apex, USA). The rated load in insertion di-
rection is 17N, with an effective resolution of 0.003N for the complete system.

Data acquisition and position control of the linear stage are achieved using a
dedicated PC (AMD Athlon 64 X2 5200+, 3GB RAM, MS Windows XP Pro SP3)
equipped with a dSPACE DS1104 real-time controller board (dSPACE GmbH,
Paderborn, Germany). Analog data signals are sampled at 1kHz with 12bit reso-
lution.

Forces and moments along all axes are stored on the computer, together with
time stamp, position, operating state (insert, pause, retract), and ambient temper-
ature. Data analysis is performed using Matlab R2012b software (The Mathworks
Inc., Natick, USA).
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Figure 4.1: Equipment, showing linear motion stage with force sensor and nee-
dle, uniaxial tensioning device with specimen, and high-speed camera

A Qualisys Oqus 3 high-speed camera is used, in conjunction with Qual-
isys Track Manager software (Qualisys AB, Gothenburg, Sweden), to record the
puncture process at 400 f ps (frames per second) with a 1024× 1280 resolution.
At an insertion speed of 20mm/s, this framerate yields a resolution of 20

400 =
0.05mm/ f rame. To synchronize with the force and position signals, video capture
is triggered by the (rising flank) linear stage run-state (output from the dSPACE
board).

4.2.2 Specimens

Specimens are cut from a single piece of Platilon U 4201 AU thermoplastic polyurethane
film (Epurex Films GmbH, Walsrode, Germany). The film material has a Shore A
hardness of 87. Material type, thickness, and hardness conform to the DIN-13097
[3] standard for testing needle penetration.

It is noted that thermoplastic polyurethane exhibits (strong) viscoelastic be-
havior Qi and Boyce [126]. Polyurethane (although perhaps in a different form)
was also found to be a valid alternative to biological tissue by Pavlovich et al.
[127].

Specimen size is 200mm × 8mm with a thickness1 of 0.3mm. Specimens are
welded end on end to create a loop (similar to a rubber band) that fits in the
specimen support. Specimens are cleaned with alcohol before use.

1For comparison, thickness of a typical shopping bag (LDPE) is less than 0.1mm
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Figure 4.2: Side view and top view of the Vygon Biovalve needle tip (units mm)

4.2.3 Specimen support

The uniaxial tensioning device used to support the specimens is depicted in Fig-
ure 4.1. The device uses a fixed mass to apply uniaxial tension to the specimen.
The specimen is clamped at two ends, with a free standing length of 30mm.

4.2.4 Needles

The needle from a Vygon Biovalve IV cannula (ref 106.21, Vygon SA, Ecouen,
France) is used for this experiment because of availability (Figure 4.2). This nee-
dle has an outer diameter of 1.5mm (17G), wall thickness approximately 0.2mm,
cannula length of 70mm, and a back(-cut) bevel tip. No stylet is used. The needle
surface is covered with a silicone-based lubricant (no details available).

The tip is defined here as that part of the needle for which the cross-section
shape depends on the axial coordinate, and the cannula as that part for which
the cross-section is constant. The very end of the tip, where the cross sectional
area becomes zero, is referred to as the needle point. Tip length is approximately
4.5mm, and the main bevel angle is approximately 18◦. The tip has two so-called
back bevels [121] at an included angle of approximately 50◦. Back bevel length is
approximately 1.4mm.

4.2.5 Insertion parameters

All runs are performed at a constant speed of 20mm/s (both for insertion and
retraction) with a 20mm stroke, the needle moving downward along the vertical
axis. Initial distance to the specimen is approximately 5mm, so that a constant
speed is reached before making contact with the specimen.

The direction of motion is normal to the specimen surface, and the slip angle
is close to zero (i.e. the velocity vector approximately coincides with the longitu-
dinal axis of the needle). Orientation of the bevel with respect to the specimen,
i.e. the rotation angle about the longitudinal axis of the needle, is manipulated.
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4.2.6 Protocol

In the ideal case, a new needle would be used for each run, but because of limited
availability of needles, a single needle is re-used for all runs. To limit the influ-
ence of re-use effects (e.g. wear), this needle is pre-conditioned before the start of
the experiment. Pre-conditioning consists of 100 manual punctures up to 30mm
depth in a piece of sample material.

Before use, specimens are wiped clean using alcohol. After placing a spec-
imen in the tension device, tension is applied and the specimen is clamped. A
small tension of 0.4N is used, just to keep the specimen taut. Tension is main-
tained after clamping. The tension device is placed under the stage so that the
specimen is penetrated in the center between clamps.

The bevel orientation is changed before each run by manually rotating the
needle about its longitudinal axis. Orientations are chosen according to the ex-
perimental design discussed in the next section.

Each run consists of an initial one-second pause, then insertion at constant
speed, a two second pause, and finally retraction at the same speed. Video cap-
ture is triggered automatically at the start of the run, but needs to be primed
manually before each run.

After each puncture, the clamps are released and the specimen is conveyed by
33mm to reveal an undamaged and unstretched part. Given a specimen length of
200mm this allows for a maximum of 6 runs per specimen.

4.2.7 Experimental design

Three specimens are used in sequence (not randomized). With a maximum of 6
runs per specimen this allows a total of 18 runs.

Two bevel orientations are applied, viz. 0◦ and 90◦, because uniaxial load-
ing is expected to cause anisotropic effects (despite the specimen material being
homogeneous and isotropic). At 0◦ (bevel facing the camera) the incision pro-
duced by the tip is in line with the direction of tension, so that tension will tend
to close the hole. At 90◦ the incision is perpendicular to direction of tension, so
that tension will tend to open the hole.

To reduce the influence of variability between specimens on the evaluation
of a bevel-orientation effect, specimens are blocked. That is, random allocation
of treatements (bevel orientations) is performed separately for each specimen.
This is done in such a way that each bevel orientation occurs three times for
each specimen. The allocation is presented in Table 4.1. Since specimens are
confounded with time, this blocking scheme also helps to reduce the influence
time dependent effects.

The resulting experimental design is a generalized randomized block design
(treatments are replicated in each block). It is noted that the runs represent (se-
quential) repeated measurements on the same needle.
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Table 4.1: Allocation of treatments to runs (ui) following a 3× 2 generalized ran-
domized block design

bevel orientation
0◦ 90◦

specimen
1 u3, u5, u6 u1, u2, u4
2 u7, u8, u10 u9, u11, u12
3 u13, u17, u18 u14, u15, u16

4.2.8 Data analysis

The experiment yields time-series of absolute needle position and axial force, 18
each, with corresponding high speed video recordings.

The main goal of the investigation is to relate the time-series of axial force to
aspects of tip geometry based on the video observations. The axial force arises
because the membrane resists deformation, so that axial force must be a func-
tion of membrane displacement. The first step, then, is to estimate the (absolute)
membrane displacement by (manually) tracing the position of the lowest point
on the membrane in each video frame.

Changes in the average rate of membrane displacement (i.e. changes in aver-
age membrane velocity) are assumed to represent interesting events. For exam-
ple, as soon as the rate of membrane displacement starts to differ from the rate
of needle displacement, which is constant, we know that the membrane must
have failed and the needle is being inserted into the membrane. The points in
time (tpi , where i = 1, 2, .., m ) at which the average rate of membrane displace-
ment changes are estimated automatically by constructing an optimal piecewise
fit to the membrane displacement curve using an appropriate method (discussed
later). The video frames corresponding to tpi are extracted for visual inspection
and verification.

Subsequently ,prominent features (e.g. stationary points) in the vicinity of
tpi are identified on the force-time curve or its first or second derivative. These
points represent the characteristic metrics we are looking for. Note that the nu-
merical derivatives with respect to time are obtained from the force-time series,
after smoothing2, using a fourth-order central difference approximation.

The second goal is to determine to which extent bevel orientation influences
the force characteristics. This is achieved by evaluating the most important met-
rics and comparing them between the 0◦ and 90◦ groups. Analysis of variance
for the generalized randomized block design is used to strengthen the argument.

First, however, the physical results of the puncture process are examined
by studying the needle point and punctured specimens under an optical micro-
scope.

2Noise-robust numerical differentiators exist, but we use separate smoothing in combination with
the basic central difference scheme
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4.3 Results

4.3.1 Microscopic observations

Figure 4.3 shows close ups of the needle tip after preconditioning. The approxi-
mate radius at the point is in the order of micrometers. The point appears to be
very slightly bent, but this is not necessarily due to preconditioning, as similar
deformations were also observed on new needles. No changes were observed
after the experiment.

The back bevel needle tip creates a v-shaped (or chevron-shaped) incision
as depicted in Figure 4.4. The incision starts at the needle point and branches
outward in two main directions. The inset shows a close up of the initial puncture
location with a small third branch due to the edge where the back bevel planes
intersect. The edges of the incision are smooth (at this scale), but striations are
visible at the initial puncture location and at the ends of the incision, i.e. at the
points of largest deformation. As the final incision width is lower than the needle
diameter, the material must have been stretched considerably when the needle
passed through. The incisions for the 90◦ orientation are approximately 10− 15%
wider than for the 0◦ orientation. This is consistent with expectation considering
that the specimen is already elongated in the 0◦ direction when the incision is
made.

4.3.2 High speed video footage, membrane displacement,
and force response

The high speed video recordings for all 18 runs were found to be qualitatively
similar, and so were the measured forces. The results for run 002 ( 90◦) and run
003 ( 0◦) are presented here as representative examples.

The estimated membrane displacement for both runs, which was extracted
from the video footage manually, is presented in Figure 4.5. The displacement
curve can roughly be divided into six parts, each approximately linear, i.e. with
approximately constant slope (i.e. rate of displacement or speed). The transition
points between these regions, indicated by black circles in the figure, were esti-
mated automatically by constructing an optimal piecewise linear least squares fit
with six line-segments. This was achieved with the help of a global optimization
algorithm.

Figure 4.6 shows the axial force as a function of membrane displacement. The
loading part of the curve, up to the point of maximum displacement (point 3), is
approximated well by a polynomial of (at least) third degree. This figure shows
that the axial force indeed behaves as a function of membrane displacement,
because initial membrane failure (point 2) does not noticably alter the loading
curve. The unloading part of the curve appears to exhibit hysteresis loops, but it
is noted that this type of shape is very sensitive to force-displacement synchro-
nization errors, e.g. due to bias or drift in the estimation of membrane displace-
ment.
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Figure 4.3: Optical micrographs of the needle point after preconditioning. Front
view (0◦) and side view (90◦). Fuzzy appearance is due to limited depth of field,
as the point is in focus

Figure 4.4: Optical micrographs of the incisions resulting from runs 002 and 003.
Incision width is 1.45mm for run 002 (90◦) and 1.24mm for run 003 (0◦). The bub-
bles that are observed on the polyurethane are similar in size to human epidermal
skin cells (typical diameter around 0.02mm [128, 129]).
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Figure 4.5: Absolute displacement of needle point and membrane for run 002
(90◦) and run 003 (0◦). Circles indicate estimated changes in rate of displacement

Figure 4.7 presents the axial force as a function of insertion depth and needle
geometry. Note that insertion depth is defined as the difference between abso-
lute needle position (measured from the initial contact point) and membrane dis-
placement. This figure clearly shows that the largest force occurs at the end of the
back bevel part of the tip (around 1.5mm). After passing the back bevel part, the
force quickly drops, then increases slightly as the main bevel enlarges the hole,
before dropping off gradually as the membrane passes onto the cannula. We re-
fer to this process (hole enlargement without cutting) as wedging. The principle
is illustrated by Figure 4.8.

To verify the relation between force and tip geometry, the video frames cor-
responding to points 1 to 6 from Figure 4.5 need to be examined more closely.
Figure 4.9 shows the video frames in conjunction with the force-time curve. As
expected, frame 1 shows the moment of initial contact between needle and mem-
brane. Frame 2 corresponds to the estimated point of intial membrane failure.
This initial failure cannot be observed directly, but the needle is seen to exit the
membrane several frames later, which confirms that membrane failure has in-
deed occurred. Frame 3 shows the membrane just before reaching the end of the
back bevel part of the tip. Frame 4 shows the membrane just after passing the
end of the back bevel part and just before reaching the widest part of the tip. Be-
tween frames 3 and 4, both displacement and force drop considerably in a short
amount of time. Frame 5 shows the membrane just before reaching the end of
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Figure 4.8: Idealization of the wedging process during membrane puncture, in
which the bevel enlarges the hole without cutting, resulting in an axial force com-
ponent. A spring is used to represent the specimen’s resistance to hole enlarge-
ment, although this process need not be fully reversible.

the tip. Frame 6 shows the membrane just after passing the end of the tip. Af-
ter frame 6, friction is the only mode of interaction (in axial direction) between
needle and membrane (assuming that the angle of slip is zero). The friction force
appears to remain constant until motion stops.

No obvious qualitative differences are observed between the two bevel ori-
entations (0◦and 90◦), although a small difference in peak heights seems to be
present. Thus, the same metrics can be used to describe both orientations. these
metrics are discussed next.

4.3.3 Basic rules for the identification of characteristic points
on the force response curve

To identify characteristic metrics on the force curve for the Biovalve needle we
consider the raw force F, the smoothed force Fs, and its first and second deriva-
tives with respect to time, F′s and F′′s . These are depicted in Figure 4.10 (for run
003), and the six points of interest are highlighted (tpi ). Smoothing of the force re-
sponse is necessary because the basic central difference differentiator is sensitive
to noise. A cascaded unweighted moving average filter, using four passes with a
10-sample kernel, was found to produce adequate results for the current dataset.
The question now is whether the points of interest can be estimated on the basis
of prominent features of the force signal.

Judging from Figure 4.10, the initial contact point, tp1 , can be estimated di-
rectly from the smoothed force. The estimated time of initial membrane failure,
tp2 , approximately coincides with a local maximum of the first derivative F′s , i.e.
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Figure 4.10: Force vs time, for run 003, with first and second derivative and time
stamps corresponding to changes in membrane displacement rate

the maximum slope of Fs. Intuitively it would make sense to select the global
maximum of F′s , because a limit to the force-slope is a likely indication that the
material is failing in some sense. However, this approach seems error prone due
to the plateau in F′s preceding tp2 . The local minimum of F′′s just following tp2
represents a more precise alternative, although perhaps not very robust. To iden-
tify this local minimum, we find the minimum of F′′s on the interval from tp1 to
the last zero-crossing of F′′s before its global minimum. The points tp3 to tp6 ap-
proximately coincide with the four strongest extrema of F′′s . For our purpose,
however, it is more interesting to select the local extrema of Fs (or F). These can
be easily found by locating the zero-crossings of F′s surrounding its two most
negative extrema.

Thus we have established rules for evaluating force metrics that correspond
with the points identified on the basis of the video footage.

4.3.4 Evaluation of the metrics

By implementing these rules in an algorithm, the six metrics were evaluated suc-
cessfully for all 18 measurement runs. Correct identification was verified using
the camera footage. The results that we are most interested in are the force at start
and end of incision (corresponding to tp2 and tp3 ) and the maximum force during
the wedging phase (corresponding to tp5 ). These three metrics are presented in
Figure 4.11.

The figure shows that the force at the start of incision is much smaller than
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Figure 4.11: Force at start of incision, force at end of incision, and maximum
wedging force, for all runs (blue 0◦, red 90◦)

that at the end of incision, and the maximum wedging force closely follows
the former (similar experiments show this to be coincidental). All three met-
rics show positive trends, with linear regression slopes (95% confidence inter-
val) of 0.017(0.010, 0.025), 0.026(0.019, 0.033), and 0.015(0.007, 0.024) respectively.
Closer scrutiny of the data indicates that these trends are indeed functions of
number of runs (re-use), and not of time.

No obvious influence of bevel orientation on the force at start of incision is
observed, but the force at the end of incision does appear to be higher for the 90◦

group. The maximum wedging force, on the other hand, appears to be higher for
the 0◦ group. These observations are supported by analysis of variance, taking
into account the blocked design, with F = 0.41(p = 0.54), F = 7.69(p = 0.02),
and F = 127.2(p < 0.01), respectively. Block effects were present, although
most likely due to the re-use trend (p < 0.01). No significant block-treatment
interactions were observed (p > 0.15).

4.4 Discussion

4.4.1 Interpretation of the results

A needle with back bevel was used to puncture uniaxially tensioned polyurethane
membranes at a speed of 20mm/s. The orientation of the bevel with respect to
the membrane was varied in order to allow assessment of quasi-anisotropic ef-
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fects of uniaxial tension. Membrane displacement was estimated on the basis of
high-speed video footage. Knowledge of membrane displacement allowed cal-
culation of the approximate needle insertion depth, leading to the establishment
of an approximate relationship between axial force and details of needle tip ge-
ometry. On the basis of these observations, six force metrics were identified and
related to initial contact, start of incision, end of incision, start of wedging, end of
wedging, and friction. Subsequently, rules were established that allow objective
identification and evaluation of these metrics on the basis of force alone, that is,
without using the video information. Three of the metrics were examined for
effects of needle reuse and bevel orientation.

The observed relation between axial force and estimated membrane displace-
ment (Figure 4.6) suggests that the force is largely independent of the mode of
interaction (contact, cutting, wedging, friction). This was expected because the
axial force itself must arise from the membrane’s overall resistance to deforma-
tion.

The rule-based identification of the initial contact point and local minima and
maxima on the force curve, as implemented here, is sufficiently robust for the
present dataset. However, the identification of the start of incision is more pre-
carious, because the feature used for identification (a local minimum of the sec-
ond derivative of force) can become indistinguishable after repeated use of the
needle. Follow up experiments have shown that the start of insertion is more
easily identified for new needles. With the proper caution, we expect the rules
proposed here to perform well in similar puncture experiments with the same
needle type.

Despite needle preconditioning, an effect of needle re-use was observed in
the experiment. Although this effect is much smaller than with new needles, as
found in similar experiments, it is still large enough to obscure the effect under
study. Thus, if needles are reused, it is imperative that this factor be taken into
account in the design and analysis of the experiment.

The reuse effect can be accounted for by experimental control (blocking) and
by statistical control, e.g. by simple trend correction or analysis of covariance.
In the current study, blocking by specimen ensured that at least part of the sys-
tematic variation due to reuse is explained, increasing the power of the analysis
of variance. However, since variation between specimens appears to negligi-
ble compared with effects of reuse, a randomized complete block design would
probably have been a better choice in terms of statistical power.

Bevel orientation does not appear to influence the force characteristics in a
qualitative sense, and no clear effect was observed in the video footage. There-
fore, the same metrics can be used to characterize the force in either orientation.
A quantitative effect of bevel orientation does appear to be present, affecting both
the end-of-incision force and the maximum wedging force, but not the start-of-
incision force. Although analysis of variance suggests that this effect is probably
real, the effect size is relatively small. The fact that the end-of-incision force is
slightly higher and that the maximum wedging force is slightly lower for the 90◦

case is in line with the expectation that the tension in the specimen tends to open
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up the incision. The same goes for the observation that the final incision length
for the 90◦case is slightly higher, although it is not clear whether this is cause or
consequence.

4.4.2 Limitations

If one is to establish a relation between axial force and geometric traits of a needle
tip without resorting to pure speculation, some form of insertion depth measure-
ment is indispensable. Direct visual observation, i.e. without recording, is per-
haps easiest to accomplish, but this is only feasible at very slow insertion speeds
(v� 1mm/s). There is no guarantee that the force at higher insertion speeds has
the same characteristics. At the insertion speeds typical for clinical procedures
(v > 1mm/s), synchronized measurement becomes necessary.

The manual estimation of membrane displacement from high speed video
footage, although possible, has its limitations. Most importantly, the estimation
process is subject to error due to limited image resolution and contrast, and due
to selection bias and drift. Although video observations are more difficult to
obtain and analyze than e.g. distance measurement using mechanical contact
sensors or laser sensors, they have the advantage of providing much more insight
in the actual process.

4.4.3 Conclusion

In conclusion, detailed video observation allowed us to identify force metrics and
relate them to geometric details of the back bevel tip, without resorting to specu-
lation. It proved possible to evaluate the same metrics on the basis of force alone,
i.e without visual corroboration, although the identification of the start of inci-
sion was less reliable. The sensitivity of the identified force metrics to variations
in tip shape, membrane properties, and condition sets remains to be evaluated.
Nevertheless, based on experience with similar experiments, we assert that iden-
tification of metrics based on video observation is a vital first step when exper-
imenting with different needle shapes and specimen types. Under the present
conditions the effect of needle reuse is strong, which implies that needle reuse
has to be accounted for in experimental design and analysis. The use of a uni-
axially tensioned specimen does not appear to restrict the generalizability of our
findings. It remains to be seen whether these findings also apply during needle
insertion into biological tissue.
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Chapter 5

The effects of needle coating
on puncture force

5.1 Introduction

The previous chapter identified and evaluated puncture force metrics for a spe-
cific needle tip geometry. In the present chapter, we investigate the influence of
needle surface coating on these force metrics.

5.1.1 Background

A medical needle is largely defined by its tip geometry, and in the previous chap-
ter it was shown that details of this tip geometry can be related to specific punc-
ture force characteristics. However, tip geometry is not the only factor that influ-
ences the puncture force characteristics of a needle.

To improve penetration properties, medical needles are typically treated with
a lubricant or coating. The ISO-7864 [4] standard for hypodermic needles sug-
gests the use of surface coatings based on polydimethylsiloxane (PDMS), also
known as silicone fluid. Some types of PDMS coating are used in liquid state
[130], other types are cured (hardened) in order to improve surface adherence
and robustness [131, 132].

A surface coating changes the interface between needle and tissue and thereby
influences the interaction force, as confirmed by experiment in e.g. [22, 125, 133].
This raises the question to what extent the force metrics identified in the previous
chapter are influenced by the surface coating.

5.1.2 Problem statement

The axial force during penetration of a polyurethane membrane using a back
bevel tip was characterized in the previous chapter by three metrics: the force
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at the start of incision, F0, the force at the end of incision, F1, and the maximum
wedging force, F2. The end-of incision force, F1, was consistently the largest. All
three metrics were found to increase with needle reuse.

Although these force metrics were related to geometric features of the tip,
the influence of surface coating was not considered. It is possible that the force
metrics change considerably due to surface coating, either qualitatively or quan-
titatively, or both. Moreover, the reuse effect observed in the previous chapter
might be partially due to wear of the coating. Thus, in order to understand how
the puncture force arises, it is necessary to investigate the influence of coating on
the force metrics.

5.1.3 Related work

Some information concerning this topic should already be available in industry,
as manufacturers are not likely to apply coatings without reason.

Contract research was performed as early as 1978 by Schneider et al. [133],
who punctured human cadaverous skin with hypodermic needles of unspecified
bevel type to investigate the influence of lubrication, among other factors. They
found overall peak forces for unlubricated needles to be up to three times as
high as those for lubricated needles . Similar results were found for unspecified
artificial specimens in Schneider et al. [125]. Both studies considered only the
overall peak force without explicitly relating this metric to geometric features of
the tip.

The investigation by Stellman [22] specifically treated the influence of various
lubricants on axial force, and showed that the maximum penetration force for
bare needles in polyurethane membranes was up to three times as high as that
for lubricated needles or coated needles. The relation between distinctive force
characteristics and bevel geometry is discussed in that report, but only the overall
peak force is considered in the investigation of the coatings.

Other sources investigate the effects of needle reuse [12, 134–136]. It is possi-
ble that wear of the coating is partly responsible for the reuse effect, but none of
these sources explicitly considered the influence of surface coatings.

Thus, although the general influence of coatings has been investigated, the
literature does not provide answers regarding the influence of surface coating on
distinct force metrics.

5.1.4 Objective

The goal of the present investigation is to learn how the puncture force metrics
for the back bevel needle, identified in the previous chapter as F0, F1, and F2, are
influenced by surface coating. More specifically, we want to know whether wear
of the coating represents an important contribution to the reuse effect.

70



5.1.5 Approach

Perhaps the most logical way to answer this question would be to compare the
puncture force metrics for coated needles with those for uncoated needles. How-
ever, lacking the facilities to replicate medical-quality bevels and coatings, this
was not an option. As an alternative, we devised a treatment that removes (or
degrades) the existing coating from commercially available back bevel needles,
and compare a treated group with an untreated group to see how the force met-
rics are influenced. Details of the investigation are provided below.

5.2 Materials and Methods

5.2.1 Equipment and instrumentation

Treatments are applied with the help of a 600ml glass beaker and an IKA RH BA-
SIC laboratory heater (IKA-Werke GmbH, Staufen, Germany). The experimental
set-up used to insert the needle and measure the forces is exactly the same as
described in Chapter 4, except for the video camera, which is not used here. The
set-up consists of an Aerotech PRO115-400 linear motion stage mounted verti-
cally on a steel frame, equipped with an ATI nano17 six-axis force/torque sensor,
and a custom built tension device to hold the specimens.

5.2.2 Specimens

Specimens too are the same as in the previous chapter. Six specimens are avail-
able. They are cut to a size of 200mm× 8mm from a single piece of Platilon U 4201
AU thermoplastic polyurethane film, 0.3mm thick. Specimens are welded end on
end to create a loop that fits the tension device. Specimens are suspended in uni-
axial tension (0.4N), with a free standing length of 30mm and clamped boundary
conditions.

5.2.3 Needles

As in Chapter 4, back bevel needles from a Vygon Biovalve IV cannula are used
in this investigation. Six needles are available. Needle diameter is 1.5mm, length
70mm, and tip length is 4.5mm. It is known that these needles receive some kind
of silicone-based lubricant or coating during the manufacturing process, but the
specific type and the method of application are unknown.1 This complicates the
search for a surface cleaning treatment.

1The needle manufacturer would not share this information
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5.2.4 Surface treatment

Assuming that the needles comply with the ISO standard [3], it is likely that
the lubricant or coating is based on polydimethylsiloxane (PDMS) [132], either
uncured or cured. Suggested methods for breaking down cured PDMS coatings
involve the use of strong (alkaline) detergents, e.g. based on potassium hydrox-
ide, as typical organic solvents have no effect [131]. The same approach should
work for uncured PDMS-based lubricants, although these could also be removed
using organic solvents [130, 132]. As the use of a detergent should work in both
cases, regardless of the type of PDMS coating, we adopt this approach.

Two treatment solutions are used here: a1and a2. Solution a1 is the control
and consists of 115ml tap water. Solution a2 consists of 100ml tap water with
15ml (i.e. 13%v/v) RBS T 120 (Chemical Products R. Borghgraef S.A., Brussels,
Belgium), which is a detergent based on potassium-hydroxide .

Directly after removal from their sterile packaging, the needles are suspended
in a glass beaker, filled with 115ml treatment solution, so that the tips are sub-
merged approximately 15mm. Treatment consists of soaking the needles at 60◦C
for 2.5 hours. This is followed by a thorough rinse using hot tap water (77◦C).
The utmost care is taken (before, during, and after treatment) to ensure that the
needle tip does not touch anything other than the treatment solution, so as to
prevent mechanical damage.

5.2.5 Insertion parameters

To evaluate the treatments, a total of 36 penetration runs were performed at a
constant speed of 20mm/s, both for insertion and retraction, with a 30mm stroke.
Initial distance to the specimen was approximately 5mm, to ensure that a constant
speed was reached before making contact with the specimen. Puncture locations
were 33mm apart, allowing six runs per specimen. The direction of motion was
normal to the specimen surface, and the slip angle, i.e. angle between velocity
vector and longitudinal axis of the needle, was smaller than two degrees. The
bevel orientation was 0◦, so that the incision was in line with the direction of
tension in the specimen.

5.2.6 Experimental design

The experiment is designed with a focus on the interaction between surface treat-
ment (factor A) and needle reuse (factor B), that is, we are mainly interested in
the interaction A× B.

Factor A (surface treatment) has fixed levels a1 = control and a2 = detergent,
as described in the previous section. Factor B (needle reuse) has fixed levels
b1 = 1stuse, b2 = 2nduse, ..., b6 = 6thuse, which represent sequential repeated
measurements . Blocking factor S (needle) is introduced to isolate effects of nee-
dle heterogeneity, which are considered a nuisance. As the available needles
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represent a small sample from a large population, the levels of factor S are con-
sidered to be random.

Since each needle can only receive one surface treatment, the available nee-
dles are randomly divided into two groups of three needles, s1(1), .., s1(3) and
s2(1), .., s2(3), and treatments are assigned randomly to these groups. Needles are
then randomly allocated to runs with the restriction that each needle is used once
per specimen, resulting in Table 5.1. This restriction confounds the reuse (factor
B) with the specimen factor, but we observed in previous experiments that the
variability due to specimens was negligible.

The resulting experimental design can be interpreted as a split-plot factorial
design Kirk [137], Oehlert [138] with the following model:

yijk = µ + αi + πk(i) + β j + (αβ)ij + (βπ)jk(i) + εijk (5.1)

where yijk is the observed response for needle k in surface treatment group ai
for reuse-level bj, where i = 1, .., p, p = 2, j = 1, .., q, q = 6, and k = 1, .., n, n = 3.
On the right hand side, µ is the overall population mean, αi is the (fixed) effect
of surface treatment, β j is the (fixed) effect of needle reuse, πk(i) is the (random)
effect of needle sk(i), (αβ)ij is the combined (fixed) effect of surface treatment
and needle reuse, (βπ)jk(i) is the combined (random) effect of needle reuse and
needle, and εijk is the (random) experimental error.

Thus, the model assumes that the effect of needle reuse may be different for
each level of surface treatment (i.e. interaction between A and B), and also for
different needles (i.e. interaction between S and B). Note that S implicitly in-
cludes A, i.e. S = S(A), because each needle is associated with a single surface
treatment.

Table 5.1: Random allocation of conditions to runs ur (r = 1, .., 36)
A (treatment) and needle number

water detergent
2 5 6 1 3 4

B
(u

se
)

1 u5 u3 u1 u6 u2 u4
2 u8 u12 u7 u10 u8 u11
3 u18 u13 u16 u17 u15 u14
4 u19 u20 u23 u21 u24 u22
5 u27 u28 u25 u26 u29 u30
6 u35 u32 u33 u34 u36 u31

5.2.7 Analysis

The force metrics, F0, F1, and F2, are evaluated for all runs, using the methods
from Chapter 4. Analysis of variance is used to test for an interaction effect A× B
(H0 : (αβ)ij = 0) and to test for main effects of B (H0 : β j = 0) and A (H0 : αi = 0),
based on Eq. 5.1.
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5.3 Results

Figure 5.1 compares a single measurement from the control group with a single
measurement from the detergent group. The figure illustrates that the metrics F0,
F1, and F2 can be distinguished in both groups. One striking feature is that the
force peak related to wedging (F2) is much higher and more pronounced for the
detergent needle than that for the control needle. Another important observation
is that the force increases dramatically after puncture is complete, i.e. after ap-
proximately 15mm, for both needles. This is contrary to the findings in Chapter
4, as will be discussed later. In the following analysis we consider only the first
half of the time-series.
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Figure 5.1: Representative examples of force response during first use (b1) of nee-
dles from both treatment groups (a1, a2), showing automatically identified met-
rics.

To evaluate the consistency of the force response, the range of forces for all
runs with all needles is presented in Figure 5.2. This figure shows that the charac-
teristics for individual needles are consistent, but differences between needles are
considerable. The control group and treated group can be distinguished cleary.
Needle 4 from the detergent group shows aberrant behavior.

Focusing only on the first half of the time-series, the three force metrics F0,
F1, and F2, were successfully evaluated using the rules proposed in the previous
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Figure 5.2: Range of force, based on six runs per needle (q = 6).

chapter. The resulting force metrics are presented in Figure 5.3 as a function of
needle use. The figure clearly shows an upward trend in F0 and F1, both for the
control group and the treated group. For F2, however, this trend is not so obvious.
The values of all metrics for the treated group are consistently higher than those
for the control group, with the exception of three observations for needle 4. The
observed differences between control and treated group are by far the largest for
the F2 metric, i.e. the maximum wedging force.

Interaction plots showing the marginal means2 for each of the metrics are
presented in Figure 5.4. A main effect for A (surface treatment) appears to be
present for all metrics, and is especially strong for F2. There appears to be a slight
upward trend in the control group and a slight downward trend in the detergent
group for F2 as a function of reuse (B), which could indicate a weak interaction.
No obvious A× B interaction is observed for F0 and F1.

The analysis of variance corresponding to Figure 5.4 is presented in Tables
5.2 to 5.2. Evaluation of the sample covariances showed that the multisample
sphericity assumption is not tenable, as illustrated by the parameter ε̂ which
should be close to 1 for spherical data. This implies that the F-test for B and A× B
will be biased towards rejection [137, 139, 140]. For that reason, we consider the
adjusted probability pa, which is based on an F distribution with reduced degrees

2Marginal means for one factor are the pooled means over all levels of the other factors
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Figure 5.3: Individual puncture force metrics F0, F1, and F2 as function of needle
use, for all needles. Note that some points for F0 overlap.

of freedom, i.e. the original degrees of freedom multiplied by ε̂ [137].
Assuming a conservative level of significance, α = 0.01, these tables show that

the interaction effect A × B is not statistically significant for any of the metrics.
The main effect of B is clearly significant for F0 and F1, but not for F2. The main
effect of A is significant for F2, but not for F0 and F1. Based on these results we
can reject H0 : αi = 0 for F2, and we reject H0 : β j = 0 for F0 and F1.
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Table 5.2: Analysis of variance for F0, where p is the conventional probability and
pa is the adjusted probability for ε̂ = 0.368.

Source SS d f MS F p pa
A: surface tr. 0.275 1 0.275 8.60 0.043
S(A) 0.128 4 0.032
B: use 0.353 5 0.071 28.23 0.000 0.000
A× B 0.012 5 0.002 0.95 0.472 0.423
B× S(A) 0.050 20 0.003
Total 0.817 35

Table 5.3: Analysis of variance for F1, where p is the conventional probability and
pa is the adjusted probability for ε̂ = 0.413.

Source SS d f MS F p pa
A: surface tr. 0.683 1 0.683 6.94 0.058
S(A) 0.394 4 0.099
B: use 0.524 5 0.105 75.01 0.000 0.000
A× B 0.002 5 0.000 0.29 0.912 0.761
B× S(A) 0.028 20 0.001
Total 1.631 35

Table 5.4: Analysis of variance for F2, where p is the conventional probability and
pa is the adjusted probability for ε̂ = 0.328.

Source SS d f MS F p pa
A: surface tr. 21.993 1 21.993 25.25 0.007
S(A) 3.485 4 0.871
B: use 0.018 5 0.004 1.46 0.245 0.291
A× B 0.036 5 0.007 2.86 0.042 0.132
B× S(A) 0.050 20 0.002
Total 25.581 35
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5.4 Discussion

5.4.1 Interpretation

To investigate the influence of needle surface coating on puncture force metrics
F0, F1, and F2 for the Biovalve needle, we compared the puncture forces from two
groups of needles. The control group was treated with water, which should have
no effect on the coating. The other group was treated with a detergent based
on potassium-hydroxide which should remove the coating from the needles. To
evaluate the effects of these treatments, a total of 36 insertions were performed.

Needles from the detergent group were easily distinguished from those in
the control group by inspection of the force response. The observed values of the
force metrics for the detergent group were consistently higher than those for the
control group. The large increase in maximum wedging force F2, up to 200%, was
particularly striking.

From 5.3 it appears that a rather strong main effect of reuse is present for F0
and F1 in both treatment groups. Analysis of variance suggests that this was not
by accident (both pa < 0.0005). The figure also suggests that there may be a
small effect of reuse for F2 in the control group, as in Chapter 4, and that there is
an opposite effect for the detergent group. However, the analysis of variance did
not detect a main effect of reuse for F2. It is possible that a small effect is obscured
by the relatively large variability in the detergent group.

A main effect of A was not detected for F0 and F1, but judging from the inter-
action plots it seems likely that this effect is indeed present, but that it is obscured
by the systematic variance caused by reuse.

No interaction was detected between surface treatment (A) and reuse (B) for
any of the metrics. This implies that, although there is a considerable main effect
of surface treatment, its does not noticeably influence the reuse effect. If there is
an influence for F0 and F1, it is likely to be small. For F2 it is again possible that
a small interaction effect is obscured by the variability in the detergent group.
Assuming that the surface treatment successfully removed the coating from the
needles, it can be concluded, tentatively, that the presence of a coating does not
noticeably influence the reuse effect.

5.4.2 Limitations

The matter of test validity requires some attention. Instead of directly manip-
ulating the coating (e.g. application vs no application), we applied a surface
treatment that was supposed to remove an existing coating. The efficacy of this
removal treatment, however, is difficult to assess [131]. Moreover, it is possible
that the treatment not only removed the coating but also modified the metal sur-
face in some way. Investigation by optical microscopy did not show noticeable
differences in surface appearance between the needles in the control group and
the detergent group. However, large differences in penetration force were ob-
served between groups. The fact that the forces were altered considerably by the
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detergent implies that the treatment must have had some effect on surface qual-
ity, but we cannot say with certainty that the coating was completely removed.

The split-plot design, although well suited for the evaluation of the interac-
tion effect, is relatively inefficient for the evaluation of the main effect of surface
treatment A. This implies low power, which not only limits the detectable effect
size, but also tends to exaggerate effects that are detected [141]. Nevertheless, the
main effect of surface treatment, on the wedging force in particular, is difficult
to deny: In over a hundred insertions using the same needle type with original
coating, as e.g. in the previous chapter, the wedging force peak (F2) was always
much lower than the incision peak (F1), but the opposite was observed for the
detergent group in the current experiment. For the control group the global max-
imum peak corresponds to F1 (cutting), whereas for a needles in the detergent
group the global maximum corresponds to F2 (wedging). Thus, direct compari-
son of overall peak forces, as in e.g. [22, 125], amounts to comparing the results
of two different phenomena, like comparing apples and pears.

The force after puncture was found to increase dramatically for all needles, as
illustrated by Figure 5.2 (after 15mm). This behavior was consistent within nee-
dles but varied between needles, and it is contrary to the observations from the
previous chapter, in which the force after puncture appeared to remain constant.
However, it is possible that the insertions in Chapter 4 were stopped before the
increase could occur. Attempts to recreate a constant force response with other
needles were unsuccessful.

After puncture, the transfer of force can only be due to a combination of fric-
tion and normal forces on the cannula. The observed increase in force, then,
could be due to increased friction or due to a nonzero slip angle (angle between
velocity vector and longitudinal axis of the needle). The latter seems the most
likely, as both needle and specimen are clamped, and the hole created by the
asymmetric bevel is not exactly in line with the longitudinal axis of the needle.
Fortunately, this problem does not appear to influence the puncture process and
the corresponding findings.

5.4.3 Conclusion

The use of detergent was found to produce small increases in the incision force
metrics F0 and F1, and a large increase in the maximum wedging force F2. Both
treatment groups showed a large effect of needle reuse for F0 and F1, but not for
F2. Interaction between surface treatment and reuse was not observed for any of
the metrics. This suggests that normal wear of the needle surface coating does
not represent a noticeable contribution to the reuse effect.
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Chapter 6

Kidney puncture forces in a
human cadaver

6.1 Introduction

Chapters 4 and 5 dealt with needle insertion experiments using artificial speci-
mens of uniform quality in a well controlled laboratory environment. However,
actual needle interventions are performed on living organisms (humans), which
are much more difficult to control and have a high degree of intrinsic variability.
The measurement of needle-tissue interaction forces in such an environment, or
in any kind of biological tissue, is quite challenging. To illustrate this point, the
current chapter presents an exploratory study aimed at characterizing the vari-
ability encountered when puncturing human cadaverous kidneys.

6.1.1 Background

Needle interventions are characterized by a lack of direct visual feedback: there
is no direct view of the needle tip inside the body. This makes needle interven-
tions difficult to perform. In the absence of direct visual information, the clinician
needs to rely on other sources of information, and one of those is the insertion
force. As the insertion force arises from needle-tissue interaction, it stands to rea-
son that this force may contain information that can help determine which type
of tissue the needle is located in. Kidney catheterization (nephrostomy) is one
example from clinical practice where clinicians are taught to use this information
[142].

The nephrostomy procedure is carried out in case of blockage inside the kid-
ney, in order to drain excess urine. The procedure involves the insertion of a long
needle into the patient’s back, through skin and underlying tissue and into one
of the kidney’s calyces. A catheter can then be placed for drainage.

For an impression of the anatomical structures that are punctured during the
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Figure 6.1: Transverse section of the kidney and surrounding anatomy, show-
ing the muscles of the back with their fascia, the posterior renal fascia, the renal
capsule, and part of the collecting system (adapted from [143], © 2002 Elsevier).

procedure, Figure 6.1 presents a transverse section of the kidney and the sur-
rounding region. Inspection of this figure shows that there may be between three
and seven fascia layers (muscle and renal) that need to be traversed before enter-
ing the kidney through the renal capsule.

To facilitate the training of clinicians for the needle insertion part of the nephros-
tomy procedure, training simulators with force feedback may be used. However,
if force feedback is to be presented as a source of information, then it is impera-
tive for this feedback to be grounded on empirical data.

6.1.2 Problem statement

In order to establish and/or validate mathematical models of the interaction be-
tween needle and tissue during the nephrostomy procedure, it is necessary to
gain insight into the forces that arise during needle insertion into human patients.

One may wonder, for example, how large the puncture forces are during nee-
dle insertion, and whether the forces that arise during fascia puncture are differ-
ent from those during capsule or calyx puncture. Dyer et al. [142] describe two
“tactile pops” that are said to occur when the needle punctures the renal capsule
and the collecting system (calyces) respectively.

This implies that force data from needle insertions into human kidneys need
to be obtained and analyzed.
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6.1.3 Related work

It is natural to look to the literature first, to see whether this problem has already
been tackled [12]. Force measurement data from needle insertions into kidney tis-
sue appear to be scarce in literature. Such data are presented by [52, 108] (porcine
kidney in vitro), [65] (porcine kidney in vivo), and [48] (bovine kidney in vitro,
unpublished source).

However, no data were found in literature related to needle insertions into
human kidney. Thus, original data need to be gathered.

6.1.4 Research Objective

The current work represents a preliminary investigation of the forces that arise
during needle insertion, through the skin, into one of the kidneys of a human
cadaver. The objective is to obtain an initial characterization of the forces that
arise during needle insertion into the human kidney. The forces are characterized
in terms of friction force, peak force, and perceived stiffness. Where possible,
these metrics are to be related to specific tissue structures.

6.2 Materials and Methods

6.2.1 Materials

Test specimen

A single female specimen was available for the test, 85 years old at the time of
death, with a height of 158cm and weight of 50kg. Subject had a history of os-
teoporosis, rheumatism and arthrosis, and had an open skull defect and a rectus-
sheath hernia in the lower abdomen. The right renal pelvis was dilated.

Environment

The measurements were performed in a dissection room at the Maastricht Uni-
versity Medical Center’s Department of Anatomy and Embryology. Temperature
in the dissection room was maintained at a steady 16◦C.

Technical equipment

The specimen was placed on a mobile dissection table with adjustable working
height (Thalheimer Kuehlung GmbH, Ellwangen, Germany).

The measurement apparatus, depicted in Figure 6.2, consists of a linear mo-
tion stage equipped with load sensor, mounted to a frame composed of steel
tubing. The frame allows adjustment of the needle-insertion direction within a
range of approximately ±70◦ from vertical.
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An Aerotech PRO115-400 linear stage with 400mm travel and 5mm/rev ball
screw (non-backdrivable) is used to move the needle (Aerotech Inc., Pittsburgh,
USA). The stage is driven by a 48V 120W Maxon EC40 brushless motor con-
trolled by a Maxon 4-Q-EC servoamplifier (Maxon Motor AG, Sachseln, Switzer-
land). Motor position is measured using an optical Scancon 2RMHF-7500 incre-
mental rotary encoder with 7500 pulses per revolution (Scancon A/S, Alleroed,
Denmark). The positioning-accuracy of the linear stage in combination with this
encoder is at least 12µm with a repeatability of 1µm, according to manufacturer’s
specifications.

The needle is attached to an ATI nano17 six-axis force/torque sensor (ATI In-
dustrial Automation, Apex, USA), with a rating of 17N and resolution of 0.003N
in insertion direction (calibration SI-12-0.12), which is mounted to the moving
platform of the linear stage by means of a bracket.

Data acquisition and position control of the linear stage are achieved using a
dedicated PC (AMD Athlon 64 X2 5200+, 3GB RAM, MS Windows XP Pro SP3)
equipped with a dSPACE DS1104 real-time controller board (dSPACE GmbH,
Paderborn, Germany). Data signals are sampled at 2.5kHz with 12bit resolution.
Capture time was limited to 40s maximum, due to system specifications.

The following variables were stored on the computer: 1. forces and moments
along all three axes; 2. time stamp; 3. stage position; 4. operating state (run,
pause, retract).

In addition to the force measurements, images from a video camera and an
ultrasound (US) machine were recorded at 25 f ps (frames per second) using a
custom-made video capture system (Noldus Information Technology, Wagenin-
gen, The netherlands). An audio signal produced by the force measurement
system was recorded with the ultrasound images, for data synchronization pur-
poses.

An Acuson Sequoia 512 ultrasound machine was used, equipped with a con-
vex Acuson 6C2 6MHz probe (Siemens AG, Erlangen, Germany). The ultrasound
probe was held in position by an experienced clinician, so as to maintain a clear
view of the needle during insertion and to ensure that the needle reached the
desired location. It was verified that varying pressure from the ultrasound probe
did not noticeably affect the insertion force measurements.

Needles

Two 20cm-long 18G Trocar Needles with Echotip (Cook Medical, Bloomington,
USA) were available for the measurements. This type of needle is typical for the
nephrostomy procedure Dyer et al. [142], and consists of a blunt 1.3mm diameter
cannula, with an ultrasound-reflecting grating (Echotip), and a 1.0mm diameter
stylet with a diamond-shaped cutting tip (three faces). A close-up of the needle
point is presented in Figure 6.3.
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Figure 6.2: Measurement apparatus consisting of linear motion stage with six-
axis force/torque sensor mounted to adjustable frame

Figure 6.3: Close-up of the trocar-needle point, clearly showing the blunt cannula
with ultrasound-reflecting grating and the diamond shaped cutting stylet (scale
in mm)
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6.2.2 Methods

Preparation of test specimen

The subject was injected six hours post-mortem with a 2% formalin solution (to-
tal 1.0l). This was followed by a solution of 2% formalin, 5% x-ray contrast (Tele-
brix Gastro), and 12.5% PEG300 (total 2.25l) injected ten hours post-mortem. For
use in another study, CT-images of the whole body were obtained 12 hours post
mortem, directly followed by MRI-imaging of the torso. Fourteen hours post-
mortem the subject was frozen at −30◦C, after which it was kept in frozen con-
dition for eighty days. After this period, during the three days leading up to the
measurements, the subject was defrosted at 16◦C inside a closed bag.

Test procedure

After ensuring that core temperature of the specimen had reached ambient room
temperature (16◦C), measurements on the kidney were performed over a period
of one day.

At least three people were present at all times during the measurements, one
operating the measurement apparatus and video equipment, one operating the
ultrasound equipment, and one or more for positioning the specimen and orient-
ing the linear stage.

Before starting the measurements, the region of interest was examined using
ultrasound and a needle was inserted manually so as to obtain a reference for
positioning and orienting the linear stage. A grid was drawn on the skin in the
region of interest, for reference when choosing an insertion point.

Kidney measurements were performed in the morning, over a period of three
hours, with the specimen in prone position (i.e. lying face-down). Measurements
were obtained from the right kidney. The needle was inserted below the costal
margin, in cranial direction, at approximately 30◦ (about the anteroposterior axis)
with respect to the sagittal plane, as depicted in Figure 6.4. The smallest angle
between needle and skin was approximately 50◦ (measured with a protractor).
In accordance with the clinical procedure, a scalpel was used to make an in-
cision through the epidermis and dermis before each needle insertion. Due to
anatomical restrictions, the ultrasound probe was positioned for an out-of-plane
approach of the needle (i.e. the angle between ultrasound plane and longitudinal
needle axis is non-zero).

A constant speed of 10mm/s was used for needle insertion and retraction, to
ensure repeatability of the motion. This value was based on both the opinion of
the experienced clinicians present and on data available in the literature [12].

Insertion locations were chosen (in quasi-random order) by the clinician, with
several millimeters in between so as to ensure that the needle would not follow
an existing path. The needle was replaced by a fresh one halfway through the
experiment, following difficulties during insertion.

Within the limited time frame, the needle was inserted (and retracted) a total
of 19 times in the kidney region. This was done according to the protocol outlined
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Table 6.1: Protocol for a single needle insertion/retraction run
1. determine desired insertion location and orientation based on ultra-

sound footage of previous insertion
2. reposition and reorient the linear stage and the specimen (if neces-

sary)
3. advance needle until almost in contact with tissue
4. specify needle insertion distance
5. start video capture
6. start needle insertion at constant velocity (data capture starts auto-

matically)
7. maintain US view of needle to assess whether target is reached
8. if necessary, advance needle further
9. assess needle placement using ultrasound (find approximate tip lo-

cation)
10. fully retract needle at constant velocity
11. stop video capture (data capture stops automatically)

in Table 6.1.

Figure 6.4: Location and direction of needle insertion (dots and arrow, respec-
tively) and location of US-probe (gray spot) (posterior view)

Data pre-processing

The dataset obtained from this experiment consists of time histories of needle
loads and positions, with corresponding ultrasound images and video record-
ings. An audio signal produced by the dSPACE system during needle motion
was recorded with the ultrasound images.

Using the audio signal, force and position data are synchronized with the ul-
trasound and video data. This is done manually. Subsequently the ultrasound
data are examined in order to identify any noticeable events, such as puncture
of the renal capsule or calyces. For every such event, the time stamps from the
ultrasound recording are used to find the corresponding insertion force and posi-
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tion. Video recordings are used to investigate any anomalies and to review voice
comments where necessary.

Of the loads acting on the needle hub, only the force in the direction of needle
insertion is considered in the analysis (henceforth simply referred to as force). For
the sake of discussion, compressive forces are taken positive, contrary to common
convention.

For every measurement, reference values are established for both force and
position. The median of the force during initial free-air movement is used as the
zero-reference for the force signal. The point of first contact between needle and
tissue is used as zero-reference for the position.

A two-pass (zero-lag) moving average filter is employed to reduce noise in
the digitized signal. A minimal window size of two samples is used (for each
pass) to limit attenuation of the peaks.

Since only the (local) extrema of the insertion part of the filtered force signal
are of interest, these extrema are identified by differentiating and then locating
zero-crossings. The resulting subset is referred to as the insertion-extrema-signal.

A line-simplification algorithm (following [144]) is subsequently employed to
reduce the number of points in the insertion-extrema-signal, so as to enable auto-
mated peak selection. Simplification is necessary in order to distinguish relevant
extrema in the signal, e.g. those due to major puncture events, from irrelevant
extrema, e.g. those due to small fluctuations and noise. Note that this distinction
is subjective.

The simplification algorithm produces a subsample of the original data signal
(i.e. an interpolating approximation), based on a user specified error threshold ε,
that retains the most important qualitative aspects of the signal. The maximum
normal distance from the simplified line to the original signal is used as the error
metric. This metric is evaluated in dimensionless force and position coordinates,
using force sensor rating (17N) and needle length (200mm), respectively, as the
scaling quantities.

Examples are given in the results section. Evaluation of the peak force metrics
is based on the simplified insertion-extrema-signal, whereas evaluation of the
friction metric is performed on the filtered retraction signal.

Evaluation of the force metrics

At this point, a modeling assumption is made: The insertion force is assumed to
consist of two (potential) contributions, as described in Chapter 2, viz. a force
concentrated at the tip, representing pre-puncture loading, puncture or cutting
interactions, and a force distributed along the length of the needle, representing
friction. For each needle insertion, both the friction and puncture components
are analyzed.

The force measured during needle retraction is assumed to be due to friction
alone, since the tip does not do any work in this phase (consistent with e.g. [28]).
The friction force is approximated here by a constrained piecewise linear least-
squares fit to the filtered retraction data. This friction force approximation is used
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as a baseline for correction of the peaks that occur during needle insertion.
The approximated friction force during retraction is adjusted for position,

such that the position of the global maximum force during retraction coincides
with the end position of the insertion phase, and is then used to correct the sim-
plified insertion-extrema-signal. The resulting (friction-)corrected force signal is
assumed to be a rough approximation to the tip force (i.e. due to cutting and
puncture only).

It is stressed here that the corrected force signal is a subselection of the filtered
force signal during insertion, reduced by the estimated friction at corresponding
insertion positions. We interpret each local maximum (henceforth referred to as
peak) of the corrected force signal as an indication of a puncture event, i.e. a local
tissue-failure event.

The slope of the simplified line segment just before the peak, which is a secant
line to the original (friction-corrected) signal, is used to represent the perceived
stiffness. Note that this is a compound stiffness measure that may include actual
stiffness contributions from all the tissue structures surrounding the needle, but
may also include non-elastic friction and cutting components.

The estimated friction slopes are evaluated for each run, and friction-corrected
peak forces and slopes are evaluated for all peaks in each run. The distribution
of the pooled metrics (i.e. all peaks from all runs combined) is approximated by
fitting a lognormal distribution. This corresponds to fitting a normal distribution
to the (natural) logarithm of the observed data. Note that a normal distribution
cannot apply because it is defined on the entire real line, whereas our metrics are
all strictly non-negative.

The goodness-of-fit of the estimated distributions is assessed using the Anderson-
Darling test for normality (on the log-transformed data) [145, 146]. The Anderson-
Darling statistic, A2, represents the discrepancy between the theoretical and em-
pirical distribution functions (smaller is better).

Individual observations that can be related to specific tissue structures, on the
basis of ultrasound, are discussed separately.

6.3 Results

Out of nineteen runs, ten (runs 4 to 11, 13 and 14) were successfully completed.
Incomplete runs (due to e.g. missing retraction data, needle buckling, etc.) are
not considered here.

6.3.1 Ultrasound

A single ultrasound frame (from run 13) is presented in Figure 6.5. This is one
of the clearest examples obtained. The figure shows the approximate location of
the needle tip inside the kidney. Due to the out-of-plane approach, only a small
part of the needle is visible at any time, so the clinician had to search for the
approximate tip location at the end of every insertion.
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It is important to realize that, by manipulating the position and orientation
of the ultrasound probe in real time, it is possible for the experienced clinician to
construct a three-dimensional (mental) image so as to confirm whether the needle
is indeed located inside a calyx. After the fact, using only ultrasound recordings,
this becomes much more difficult, especially if the corresponding positions and
orientations of the probe are not known.

The actual moment at which the needle contacts the kidney cannot be seen
directly in the ultrasound footage, due to the out-of-plane approach. However, it
can be estimated, roughly, by retracing the path of the needle, taking into account
its constant speed.

Moreover, from separate ultrasound and force observations it was found that,
as the needle tip is retracted through what is probably the kidney capsule, the
needle’s echogenic grating tends to cause a local increase in friction, resulting in
a slight bump in the retraction-force signal (as depicted in Figure 6.6). This bump
occurs in every run, and its location is consistently close to the ultrasound-based
estimate of kidney contact.

For this reason, the bump location is used as an estimated boundary location.
This boundary divides the insertion data into two regions, region 1 for subcuta-
neous tissues, and region 2 for kidney tissue. The estimated boundary position
(approximate distance from skin) ranged from 31mm to 46mm, with a median of
38mm (n = 10). It is emphasized that these are very rough estimates, with errors
as large as ±5mm.

In addition to the estimation of the tissue boundary location, thus creating
a rough division between forces related to the intermediate tissues and those
related to the kidney, an attempt was made to identify which force peaks corre-
spond to calyx entry. Calyx entry was confirmed by the experienced clinician,
based on ultrasound examination, in all but two runs (runs 8 and 11).

Calyces appear in the ultrasound image as dark (hypo-echoic) spots, whereas
the needle appears as a bright (hyper-echoic) spot, as depicted in Figure 6.5. If
at one point in time a bright spot (representing the needle) appears inside a dark
spot (representing a calyx), then it should be safe to assume that the needle has
entered the calyx. However, this could only be confirmed during needle retrac-
tion.

The positions at which needle presence in a calyx was confirmed (during re-
traction) ranged from 47mm to 91mm with a median of 55mm (n = 8). The error in
this position estimation, due, in part, to differences in tissue displacement during
insertion and retraction, may be as large as ±10mm.

6.3.2 Force-position history

A typical force-position diagram for a needle insertion and retraction is presented
in Figure 6.6. The force-position curve during insertion is jagged, showing a large
number of peaks, whereas the retraction curve is relatively smooth. Note that
the retraction force is initially positive, due to an elastic component in the tissue
displacement.
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Figure 6.5: Ultrasound still from run 13 showing the approximate location of the
needle tip inside the kidney

The boundary between regions 1 and 2 is highlighted in the figure. To the
casual observer it would seem that this allows us to relate a force peak to a spe-
cific anatomical structure such as the renal capsule. However, the error in the
estimated boundary position estimate large enough that it becomes impossible
to determine which of the three peaks in the vicinity of the boundary line should
be selected. Moreover, it is not clear from the ultrasound images whether the
boundary is formed by the renal fascia, the renal capsule, or perhaps both.

It does become clear that the slope of the retraction curve differs between the
two regions. Thus for each region a separate linear approximation to the friction
force can be constructed. The approximated friction from the retraction phase
(mirrored about the horizontal axis) is used as the baseline for analysis of the
peaks that occur during the insertion phase, as depicted in the figure.

The approximate position at which the needle was observed inside a calyx is
also highlighted. Judging from this specific figure, one would be tempted to clas-
sify the two closest peaks as being due to calyx entry and calyx exit, respectively.
However, we are again limited by the rather large error in position estimation.
Moreover, the remaining runs were not so clear.

Thus, we are limited to evaluating the peak metrics (corrected force and slope)
per tissue region, stating that region 1 contains mostly muscle and fascia layers,
and region 2 contains mostly kidney tissue. The peak metrics are evaluated after
pre-processing.
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Figure 6.6: Example of force-position diagram (run 4) for insertion and retrac-
tion, showing the (filtered) data, estimated location of boundary between tissue
regions, and the linear approximations to the total friction for each region. Exam-
ples of force peak and secant line are also highlighted, as is the location at which
the needle was observed to be in a calyx (from ultrasound footage).
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6.3.3 Pre-processing

The process of converting raw data to simplified data is illustrated in Figure 6.7,
which shows time histories of force vs position during the insertion phase in run
4. This process inevitably requires some subjective decisions that establish the
required level of signal detail. The number of subjective choices made here is
limited to two: selection of a filter window size and selection of a simplification
threshold. It is even possible to skip the filtering stage if high frequency artefacts
are not an issue.

To reduce noise content, a minimal two-pass (zero-phase shift) moving aver-
age filter is applied. The term minimal implies that the filter window size for
each pass equals two samples. The worst case reduction in peak force due to
filtering is much smaller than 0.1%, thus negligible for our purposes. High fre-
quency artefacts, such as visible in the raw signal at position 15mm, are removed
successfully.

For line simplification, we assume that the bevel length (2mm) represents an
appropriate characteristic length. Thus, the nondimensional bevel length ε =

2
200 = 0.01 is used as simplification error threshold. The figure shows that this
threshold value removes relatively small peaks while preserving the general char-
acteristics of the curve.

The local maxima of the simplified curve and the line segments leading up
to these maxima are considered to be relevant peaks. Their characteristics are
evaluated next.

6.3.4 Evaluation of metrics

As described in Section 6.2.2, two tissue regions were identified for each run,
and a (piecewise) linear friction baseline is estimated based on the retraction
force. The friction slopes for each region, representing the increase in friction
force per unit contact length between needle and tissue, are presented in Figure
6.8. Clearly, the friction slope in region 2 is consistently much higher than that in
region 1.

The number of force peaks (small and large) in each region depends on the
tissue structures that are encountered, and may therefore depend on insertion
depth (which differs between runs). Moreover, the number of peaks that are
actually considered for evaluation depends on the simplification error threshold
(ε = 0.01). As a rough indication, the number of peaks in region 1 ranges from 3
to 9 with median 4 (n = 10), and that in region 2 ranges from 4 to 11 with median
9 (n = 10). Individual peak positions varied widely between runs.

Figure 6.9 presents the corrected peak forces for individual peaks in each run.
With the exception of the extreme outlier in run 14 region 2, the difference in
distribution between regions 1 and 2 is small, as illustrated by the boxplots for
the pooled data. There is no obvious systematic difference between runs.

Figure 6.10 presents the corrected slopes for individual peaks in each run. In
this case, the difference in distribution between regions 1 and 2 appears consid-
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Figure 6.7: Pre-processing stages (run 4): 1. raw data signal; 2. local extrema of
minimal-moving-average-filtered signal; 3. simplified signal; 4. friction corrected
signal
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Figure 6.8: Boxplot of the estimated friction slope (i.e. force per unit needle-tissue
contact length) in regions 1 and 2, for all 10 runs.

erably larger.
The distributions of the pooled data from Figures 6.9 and 6.10 are summa-

rized here by fitting lognormal distributions. The resulting (dimensionless) pa-
rameter estimates, µ̂ and σ̂, together with the Anderson-Darling statistic A2 and
the corresponding probability pA2 , are presented in Tables 6.2 and 6.3.
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Figure 6.9: Friction-corrected peak force values for individual peaks in each run,
with boxplots for all runs pooled, grouped by region (ε = 0.01)

Table 6.2: Lognormal parameter estimates for the friction-corrected peak force for
all peaks pooled (ε = 0.01)

µ̂p σ̂p A2 pA2

- - - -
region 1 (n=46) 0.26 0.71 0.31 0.544
region 2 (n=85) 0.49 0.84 0.16 0.952
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Figure 6.10: Friction-corrected slope values for individual peaks in each run, with
boxplots for all runs pooled, grouped by region (ε = 0.01)

Table 6.3: Lognormal parameter estimates for the friction-corrected slope for all
peaks pooled (ε = 0.01)

µ̂s σ̂s A2 pA2

- - - -
region 1 (n=46) -1.60 0.58 0.43 0.307
region 2 (n=85) -0.96 0.87 1.11 0.007
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Table 6.4: Sensitivity analysis for the lognormal parameter estimates, showing
the percentage change in parameter values as a result of a change ∆ε around
threshold value ε = 0.01 (n is the number of peaks)

∆ε/ε ∆n ∆µ̂p ∆σ̂p ∆µ̂s ∆σ̂s
% % % % % %

region 1 -10 +4 -7 +5 -11 +4
region 2 -10 +6 -2 -0 -11 +1
region 1 +10 -4 +13 -6 +23 -7
region 2 +10 -7 +3 -6 +9 -0

The value of the simplification threshold ε determines the size and number of
peaks included in the evaluation. For example, a smaller value of ε will lead to a
larger number of small peaks. Thus, the value of ε must influence the pooled dis-
tribution and corresponding parameter estimates. To assess the sensitivity of the
estimated parameters to changes in ε, the lognormal parameter estimates were
obtained for a ±10% variation in ε, i.e. ∆ε

ε = ±10%. Results of this sensitivity
analyis are presented in Table 6.4,

6.4 Discussion

6.4.1 Interpretation of the results

The goal of this investigation was to obtain a preliminary characterization of the
axial forces that arise during needle insertion into a human kidney, in terms of
friction, peak force and perceived stiffness, and to attribute observed force peaks
to specific tissue structures. To achieve this, we inserted needles, at constant
speed, into the right kidney of a human cadaver, while measuring force and po-
sition, and capturing ultrasound footage.

Based on ultrasound we distinguished two tissue regions, and characterized
forces for each region. The friction slopes in regions 1 and 2 were clearly different,
with medians of 0.008N/mm and 0.041N/mm, respectively, and no overlap in
range. The difference in slopes is a clear sign that the distinction between the
two regions is meaningful. This result shows that the increase in friction, as a
function of insertion depth, is typically higher in the kidney than in the related
muscle and fascia layers.

We assume that force peaks are due to puncture events (local tissue displace-
ment followed by sudden tissue failure). To isolate the force component acting at
the tip (i.e. due to the current puncture event) from the force component due to
previously punctured tissue, we corrected the total force by subtracting the esti-
mated friction. This approach is based on the notion that previously punctured
tissue layers can only contribute to the total axial force through the mechanism
of friction (any elastic contribution is also limited by friction).
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To justify our implementation of this friction-correction, we argue that: 1.
friction must be present and nonzero (opposed to the direction of motion); 2.
the force during retraction must be due to friction alone; 3. both qualitative and
quantitative similarity between friction during insertion and that during retrac-
tion is to be expected; and 4. as long as the true (unknown) friction force is
larger than half the estimated friction force, the residual error after the friction-
correction must be smaller than the error in the uncorrected data, so that the
correction will yield an improved estimate of peak characteristics.

The number of force peaks observed in regions 1 and 2 differed widely be-
tween runs, with median values of 4 and 9, respectively. Based on anatomical
considerations (Figure 6.1), three to seven peaks were expected to occur in re-
gion 1, and two or more in region 2 (depending on the number of internal kidney
structures punctured). The expectation for region 1 is met, to a degree, but that
for region 2 is not. Possible explanations for the discrepancy in peak numbers are
that multiple membranous tissue layers may be punctured at the same time, and
that the shape of the needle tip may give rise to multiple peaks for a single tis-
sue layer. Moreover, the objective peak selection method, based on simplification
threshold ε, influences the number of peaks by design.

For comparison, purely subjective evaluation based on the original force data
(i.e. counting peaks by hand) yields similar numbers of peaks for region 1, but
slightly lower numbers for region 2. However, despite the apparent simplicity
of this counting task, it proved difficult for the same observer to produce the
same count twice in a row, because it is not clear from the force data alone which
peaks constitute actual puncture events. Thus, in the absence of clear (absolute)
anatomical references, we chose to adopt an objective approach to peak selection,
and we chose to equate force peaks to puncture events.

It is noted that the ultrasound footage did provide some anatomical reference,
but this was mostly indirect, and was not precise enough to attribute force peaks
to specific tissue structures. For this reason, we characterized only groups of
peaks, for all runs pooled per region.

Pooling the peaks from all runs is not strictly correct, as there must be some
dependence between peaks. However, it is not likely that e.g. puncturing a fascia
layer at one point will influence the failure strength of that same layer at another
point several diameters away.

Looking at the pooled results, we find that the range for the peak force in
region 2 is twice as high as that in region 1, although the medians are approx-
imately equal. The range of slopes in region 2 is three times as high as that in
region 1, and the median is almost twice as high. The peak slopes are also at least
an order of magnitude larger than the friction slopes. These findings suggest that
there may indeed be a considerable difference between puncture events in mus-
cle and fascia and puncture events in the kidney, at least in terms of perceived
stiffness. Whether such a difference is noticeable by humans remains to be seen.

The lognormal parameter estimates for the pooled results provide a very con-
cise description of the typical peak characteristics in each region. The lognormal
distribution provides an adequate fit to the data, judging from the Anderson-
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Darling test results, except for the pooled slopes in region 2 (pA2 = 0.007, Table
6.3). Qualitative inspection of the slopes in this region suggests that some of the
smallest slope may be due to friction or cutting instead of puncture. To test this,
leaving out e.g. the two smallest slopes (making n = 83) already improves the fit
to A2 = 0.59 with pA2 = 0.12.

As expected, the lognormal parameter estimates are sensitive to changes in
the simplification threshold (Table 6.4). It is important to keep in mind that the
table reflects stepwise changes around the nominal values (for ε = 0.01). The
change in µ̂s, i.e. ∆µ̂s, is larger than 10%, whereas most other changes are smaller
than 10%. The main point conveyed by this table is that the estimates are not ex-
cessively sensitive, percentage changes all being of the same order of magnitude.

6.4.2 Limitations of the study

The experiment was conducted on a human cadaver that had been fixed (with a
mild solution) and frozen for a prolonged time. These treatements are known to
influence tissue properties, as described by e.g. [147–149]. The question remains
to which extent the current results can be extrapolated to live human patients.

The needle was inserted at constant speed using a position-controlled, non-
backdrivable linear actuator. This is very different from manual insertion, which
may be force-controlled and is subject to different system dynamics. Thus, the
current characterization cannot be generalized to the manual insertion case with-
out further research. It should also be noted that manual insertion allows for
additional information to be extracted from the force signal. For example, a clin-
ician can use the needle to assess elastic tissue behavior.

Lacking precise methods to classify peaks, we used a naive classification based
on a single parameter (the simplification threshold). This inevitably leads to false
positives, e.g. slopes that are due to friction or cutting are classified as puncture
peaks, single tissue layers may give rise to multiple smaller peaks that are clas-
sified as individual puncture events, or peaks from multiple tissue layers may
merge into one.

These issues need to be taken into account when interpreting the results.

6.4.3 Conclusion and recommendations

The current investigation was intended to provide a preliminary characterization
of the axial forces that arise during needle insertion into a human kidney. These
forces were successfully characterized in terms of friction and typical peak forces
and slopes in two distinct tissue regions containing muscle/fascia and kidney
tissue respectively. However, the data did not allow individual force peaks to be
attributed to specific tissue structures, such as renal capsule or calyces.

The resulting dataset may serve as a basis for modeling needle-tissue inter-
action forces, to be used, for example, in needle-insertion simulators or robots.
Several questions remain unanswered and need to be addressed in a more strictly
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controlled setting. For example, what are the force characteristics for renal cap-
sule and calyces? To what extent can these measurements (in human cadaver) be
generalized to live human tissue?
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Chapter 7

Stochastic modeling of
kidney puncture forces

(This chapter is an adaptation of [150], reprinted with permission)

7.1 Introduction

As described in the previous chapter, it is quite a challenge to obtain useful
needle-tissue interaction force measurements from organs inside the body. This
is particularly true if one aims to relate the measured forces to specific tissue
structures. The current chapter presents an attempt to characterize the forces
that arise during puncture of isolated porcine kidneys, and to relate these forces
to the anatomical structures of the kidney.

7.1.1 Background

Percutaneous nephrostomy (kidney catheterization) is a complex clinical inter-
vention in which a needle has to be inserted precisely into a specific region of the
kidney. Like most clinical skills, the ability to perform this difficult procedure can
only be acquired by practicing on real patients. This approach puts at risk both
patient and clinician.

Simulator training could reduce this risk [108, 151], allowing novices to tackle
the first part of the learning curve safely before going into clinical practice. An
important training challenge is to familiarize the novice with the forces required
to advance the needle, and specifically with the high levels of variability that are
typical for real patients. We believe this challenge can be met using a computer-
based simulator with force-feedback based on stochastic models of tissue failure
strength, i.e. models that take into account random variability.

The current study is aimed at constructing these stochastic models on the
basis of forces measured during needle insertion.
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7.1.2 Problem description

The problem at hand is that we wish to model the axial forces that arise as the
needle travels through the kidney as depicted in Fig. 7.1. These axial forces can
be characterized by a variety of metrics, so, to understand which metrics are most
useful, we need to consider the clinical procedure.

The goal in percutaneous nephrostomy is to place a catheter inside the renal
pelvis so as to drain urine from the kidney. This catheter is placed with the help
of a needle which is inserted into one of the calyces. The preferred approach is
through the top-end (fornix) of a calyx, as shown in Fig. 7.1, because this reduces
the risk of blood vessel puncture [152, 153]. The needle therefore has to puncture
the renal capsule and travel through the cortex and through a renal pyramid
(medulla). There is also a good chance that the needle will traverse a calyx wall
or blood-vessel wall.

The renal capsule consists mostly of connective tissue, and the calyces and
pelvis consist of a combination of connective tissue and smooth muscle fibers,
making them relatively tough compared with the cortex and medulla [154, 155].
When punctured, these tougher structures tend to produce a tactile “popping”
sensation. It is common for clinicians to count the number of these sensations
during the procedure, expecting one to occur as the needle passes the capsule
and another when the needle enters a calyx [142]. The forces associated with
these popping sensations are the ones that need to be characterized here.

Based on observation, the popping sensation is associated with an increase in
force as the tissue is loaded, followed by a sudden decrease in force as the tissue
fails. Thus we assume that a pop is characterized by a local force peak F, in-
dicative of tissue failure strength, and a corresponding force drop ∆F, indicative
of the strength of the popping sensation. The challenge is to model these two
metrics for different tissue structures in the kidney, on the basis of force measure-
ments.

7.1.3 Related work

The first step, then, is to search the literature for evaluations of these peak force
metrics and force drop metrics. A survey by the authors [12] showed that force
data obtained from needle insertions into kidney tissue are scarce:

Maurin et al. [65] inserted 18G trocar needles (type not specified) into porcine
kidney in vivo, both manually (n = 5) and automatically at 15mm/s (n = 4).
Healey et al. [52] present a single force-position curve for automated insertion
into porcine kidney in vitro at 8.3mm/s (needle type and size not specified). Vi-
dal et al. [108] performed insertions up to 50mm depth into porcine kidney, at
8.3mm/s, using a Chiba needle (size unspecified). In addition, Zhai et al. [156]
present data from a single insertion into porcine kidney, at 3mm/s and up to
20mm depth, using an 18G trocar needle.

None of these studies relate detailed force characteristics to specific parts of
the kidney, nor do they evaluate the desired metrics. Moreover, the presented
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Figure 7.1: Schematic representation of kidney anatomy, showing the needle
inserted towards renal pyramid (adaptation of illustration by Piotr Michal Ja-
worski, Creative Commons license CC BY-SA 3.0)

data are difficult to appraise because methodological details, such as needle type
and sample size, and measures of variability are often unavailable.

Even the most strictly controlled needle insertion experiments suffer from a
relatively low signal to noise ratio [12]. This implies that the resulting data cannot
be properly analyzed without taking into account the (unexplained) variability.
This was recognized by Kobayashi et al. [16], who investigated the stochastic
behavior of the puncture force metric F for unspecified 17G needles inserted at
speeds up to 8mm/s into porcine liver (not kidney). A gamma distribution is
used to model the puncture force. Their results suggest that the variability of the
puncture force decreases with higher insertion speed.

As the required information was not found in literature, a dedicated investi-
gation is justified.

7.1.4 Research objective and approach

The goal of the current investigation is to construct stochastic models of the peak
axial force (F) and corresponding force drop (∆F) resulting from the puncture of
kidney capsule, calyx walls and pelvis, using a needle typical for the percuta-
neous nephrostomy procedure. To simplify implementation we base these mod-
els on well known parametric distribution functions, so the problem is reduced
to one of parameter estimation. To reach this goal, we inserted trocar needles into
porcine kidneys as discussed in detail below.
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7.2 Materials and Methods

7.2.1 Measurement protocol and experimental conditions

For practical reasons, isolated porcine kidneys were used in the experiment. Porcine
kidneys are slightly larger than human kidneys, but are otherwise very similar
in structure and function [157].

Three porcine kidneys were available in total. Each kidney was punctured in
five random locations before switching to another kidney in random order. This
was repeated up to a total of 60 insertions. All measurements were performed on
the same day.

The kidneys were encased in rectangular blocks of gel, placed on a rigid sup-
port submerged in water, and were oriented with the renal hilum pointed down-
wards, as depicted in Fig. 7.1. Needle orientation was fixed at 90◦(i.e. vertical),
but the insertion angle varied by as much as 30◦ depending on the kidney cur-
vature at the insertion location. A fixed insertion speed of 10mm/s was deemed
appropriate on the basis of literature [12]. The insertion distance was such that
the needle passed completely through the kidney. This ensured that the capsule
was punctured both proximally and distally during each insertion. Water tem-
perature was maintained at 20◦C (room temperature).

7.2.2 Test specimens

The porcine kidneys were obtained from the slaughterhouse the day before the
experiment. They were excised immediately after death, and perinephric fat was
removed, leaving the kidney capsule intact. The pigs were female Dutch Lan-
drace Hybrids, ages approx. 4-6 months, weight approx. 90-110kg. No distinc-
tion was made between left and right kidneys.

Within eight hours after death the kidneys were cast into blocks of high gel-
strength Agar (Sigma-Aldrich, Zwijndrecht, the Netherlands), 2% concentration,
roughly 20x10x7cm in size, as depicted in Fig. 7.3. Gel temperature (before cast-
ing) did not exceed 45◦C. In between actions the specimens were stored at 4◦C ,
and before use the specimens were restored to room temperature (20◦C).

7.2.3 Instrumentation

A schematic diagram of the instrumentation is presented in Fig. 7.2. The mea-
surement apparatus, depicted in Fig. 7.3, comprises a linear motion stage, mounted
vertically on a frame composed of steel tubing, and equipped with a force/torque
sensor and an ultrasound probe. The test specimens are placed directly below the
stage and are submerged in water, together with the ultrasound probe, to ensure
proper ultrasound transmission. The ultrasound probe is attached to the moving
platform (similar to [90]), so that it moves along with the needle during insertion.

An Aerotech PRO115-400 linear stage with 400mm travel and 5mm/rev ball
screw was used to move the needle (Aerotech Inc., Pittsburgh, USA). The stage
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was equipped with a Maxon EC40 brushless motor and 4-Q-EC servo-amplifier
(Maxon Motor AG, Sachseln, Switzerland), and a Scancon 2RMHF-7500 incre-
mental rotary encoder with 7500 pulses per revolution (Scancon A/S, Alleroed,
Denmark). Positioning-accuracy of the linear stage in combination with this en-
coder is in the order of 0.01mm.

The needle hub was attached to an ATI nano17 six-axis force/torque sensor
(ATI Industrial Automation, Apex, USA), with a 17N rated load and resolution
of 0.003N in insertion direction, which was mounted on the moving platform of
the linear stage.

Data acquisition and position control of the linear stage were achieved using
a dedicated PC (AMD Athlon 64 X2 5200+, 3GB RAM, MS Windows XP Pro SP3)
equipped with a dSPACE DS1104 real-time controller board (dSPACE GmbH,
Paderborn, Germany). Forces and moments along all axes were stored on the
computer, together with time stamp, platform position, and operating state (run,
pause, retract). Analog data signals were sampled at 2kHz with 12bit resolution.
Data analysis was performed using Matlab R2012b software with Statistics Tool-
box (The Mathworks Inc., Natick, USA).

In addition to the force measurements, ultrasound images were captured at
18 f ps (frames per second) using a dedicated video capture system (Noldus Infor-
mation Technology, Wageningen, The Netherlands). An audio signal generated
on the dSpace board was recorded with the ultrasound images for data synchro-
nization purposes (operating states were characterized by specific audio frequen-
cies).

Ultrasound imagery was provided by an Acuson Sequoia 512 with convex
Acuson 6C2 6MHz probe (Siemens AG, Erlangen, Germany). The probe is ori-
ented for an in-plane approach of the needle.

A HASCO Z251/1 digital thermometer (Hasco Hasenclever GmbH, Lüden-
scheid, Germany) was used to monitor the temperature of the water containing
the test specimen.

7.2.4 Needle characteristics

All measurements were performed with 18G Echotip Trocar Needles of 20cm
length (Cook Medical, Bloomington, USA). This type of needle is typical for the
nephrostomy procedure [142] and consists of a blunt 1.3mm diameter cannula,
with a special grating for increased ultrasound reflection (Echotip), and a 1.0mm
diameter stylet with diamond shaped cutting tip. The bevel angle, i.e. the angle
between longitudinal axis and grinding plane, is approximately 11◦. Microscopic
images show that the radius at the very tip is approximately 0.01mm.

The shape of the tip cross-section varies along the length of the tip as depicted
in Fig. 7.4 (regions A to D). In a preliminary experiment we used synchronized
video to investigate how this tip geometry influences the axial force characteris-
tics during puncture of a thin polyurethane membrane. The result is depicted in
Fig. 7.5.
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Figure 7.2: Instrumentation diagram showing the ultrasound beam in-plane with
the needle (S=sensor, M=motor)

Figure 7.3: Linear motion stage with force sensor, needle, ultrasound probe, and
test specimen encased in agar gel and submerged in water. Note that the ultra-
sound probe is in the out-of-plane configuration in this image, whereas during
final measurements it was in the in-plane configuration.
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Figure 7.4: Close-up of the 18G Echotip Trocar Needle with grating for in-
creased ultrasound reflection. Regions with different cross-sections are indi-
cated together with the shape of the resulting hole. Diameters: ØC = 1.0mm,
ØD = 1.35mm

Three distinct force peaks arise while puncturing this artificial membrane:
one at the very tip (start of region A), where the needle starts cutting into the
membrane, one near the transition from A to B, where the hole is wedged open,
and one at the transition from C to D, where the membrane encounters the edge
of the cannula. The second, smaller peak was not always present.

Based on this puncture force characteristic, the trocar needle is expected to
produce at least two force peaks for every membranous tissue layer punctured:
one due to the tip and one due to the cannula edge. We refer to this as a double-
peak. To allow objective identification of these double-peaks, the force signal
needs to be pre-processed.

7.2.5 Force signal processing

Objective identification of force peaks is complicated by the noise that is typically
present in measurement signals. Therefore the noise in the digitized insertion
force signal is reduced using a double-pass moving average filter (zero phase
shift). A narrow window (10 points or 5ms) is used to limit peak attenuation
to a maximum of 0.1N. This choice of threshold value is inevitably subjective.
After filtering, the signal still contains local peaks that are irrelevant to the current
investigation, so another step is necessary to distinguish between those and the
peaks that are of interest.

To prepare the signal for objective identification of relevant peak forces, a
top-down data reduction algorithm is used, similar to the Douglas-Peucker algo-
rithm [144]. In essence, this algorithm reduces the number of data points used to
represent a signal while retaining its most striking features (peaks and valleys).
An error threshold value, ε, determines the relevant peak size.

The algorithm seeks to approximate the original signal using a subset of its
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Figure 7.5: Typical force characteristic for the 18G Cook diamond tip trocar nee-
dle (puncturing a 0.1mm thick polyethylene membrane under constant uniaxial
tension, at an insertion speed of 10mm/s). A-D refer to the regions from Fig.7.4.
Similar characteristics for beveled needles are described in the DIN 13097-4 stan-
dard.

data points. Initially the entire signal is approximated by one line segment, con-
necting the first and last point. The algorithm then starts adding data points to
this list until a specified approximation accuracy is reached. In each iteration,
the data point that has the greatest normal distance to the approximation line is
added to the list. In our implementation, the dimensionless normal distance (l2-
norm) between the line segments and the corresponding data points is used as
the error criterion ε.

Force and position are normalized with respect to the force sensor rating
(17N) and the needle length (200mm), respectively, so that ε is dimensionless.
We assume that the diameter of the cutting part of the tip (1.0mm) is a useful
characteristic length for the level of detail that we are interested in. Thus, we let
the error threshold equal the dimensionless tip diameter, i.e. ε = 1.0

200 = 0.005.
For this threshold value, the number of points in the signal is typically reduced
by three orders of magnitude (from 104 to 10) as in Fig. 7.8.

The force peaks that remain after simplification are cross-checked with the
ultrasound data.

7.2.6 Ultrasound signal processing

Synchronization of ultrasound data and force data is achieved using the audio
signal from the control PC, which was recorded with the ultrasound data. This
is done automatically by detecting frequency changes in the audio signal with
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the help of fast Fourier transforms. Given the ultrasound frame rate of 18 f ps, a
synchronization uncertainty of approximately 0.06s (i.e. 0.6mm at 10mm/s) has
to be taken into account.

After synchronization, the ultrasound frames corresponding to the vertices of
the simplified force signal are extracted for visual inspection.

7.2.7 Peak classification

Membrane puncture events are identified by visual inspection of both the se-
lected ultrasound images and the simplified force-position data. These puncture
events are expected to manifest in the force-position data as double-peaks similar
to the one depicted in Fig. 7.5. Only distinct double-peaks are taken into account.

Double-peaks occur either when the needle moves into the capsule or some
internal structure, or when it moves out of one of those structures. Thus, based on
the ultrasound information, each double-peak is classified as one of four groups:
(ci) capsule in, (ii) internal structure in, (io) internal structure out, or (co) capsule
out.

Single force peaks or multiple peaks that are not clearly identifiable, i.e. not
distinct and not similar to Fig. 7.5, are not considered in the analysis.

7.2.8 Definition of force metrics

For each double-peak identified, four metrics are evaluated: the tip-peak Ft, tip-
drop ∆Ft, cannula-peak Fc, and cannula-drop ∆Fc. These metrics are defined in
Fig. 7.6.

The peak forces are defined with respect to an estimated friction baseline,
which is represented by vertex 1 in the figure, i.e. the estimated point of initial
contact between the needle tip and the membranous tissue layer.

Since Ft occurs first in time, it is treated as independent. The other metrics are
then dependent by definition. For example, Ft = F2− F1 and Fc = F4− F1, so that
Fc = Ft + F4 − F2. As a result, both ∆Ft and Fc have a component that is directly
proportional to Ft, and ∆Fc has a component that is directly proportional to Fc.

There are also physical reasons to expect association between the metrics. For
example, it is plausible that the quality of the cut made by the tip depends on
Ft and that it will influence both Fc and ∆Fc, as well as the remaining friction
after puncture (vertex 5). Similarly, tissue toughness is a probable confounding
factor, as it can be expected to influence both Ft and Fc, and may also influence
the corresponding drops in force.

Sample correlations between metrics are quantified using Spearman’s rank
correlation rs, which is more robust than Pearson’s coefficient 158.

7.2.9 Stochastic modeling of the force metrics

As stated in the introduction, our goal is to model the observed force metrics in
terms of parametric distribution functions. For each tissue class ci, co, ii, and io,
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Figure 7.6: Definition of force metrics and vertices 1 to 5

we wish to establish a multivariate model that describes the distribution of the
four metrics Ft, ∆Ft, Fc, and ∆Fc.

A convenient approach would be to model each metric as an independent
random variable. However, as discussed in the previous section, the metrics are
mutually dependent in such a manner that linear correlation can be expected,
so that this naive approach is not appropriate. One alternative would be to take
the dependence into account for each variable (metric), but this would require
assumptions regarding the unknown relations between variables. Another alter-
native would be to use a multivariate distribution such as a multivariate (log-
)normal distribution, but this did not yield satisfactory performance.

Instead we apply a coordinate transformation that reduces the sample cor-
relations to zero, and then model each new variable as an independent random
variable (the disparity between correlation and dependence is discussed later).
This descriptive modeling process is illustrated in Figure 7.7 and involves three
steps.

Step 1 is to determine the orthogonal rotation matrix P (4× 4) that transforms
the original correlated variables X =

[
Ft ∆Ft Fc ∆Fc

]T into a new set of
uncorrelated variables Y, where Y = PX. This is achieved by principal compo-
nent analysis (PCA) 159. The columns of P are called the principal components
(PC1 to PC4), and they consist of the unit eigenvectors of the sample covariance
matrix.

Step 2 is to apply the coordinate transformation (rotation) Y = PX to the
observed data, thereby removing the sample correlations.

Step 3 is to select parametric distribution functions for the transformed data
and estimate their parameters. This is done independently for each of the new
variables in Y. For convenience we use either the normal distribution function
N (µ, σ) or the lognormal distribution function lnN (µ, σ). If the transformed

112



observations take negative values, a normal distribution function is used. Other-
wise, the choice between normal and lognormal distribution function is based on
goodness-of-fit in terms of the Anderson-Darling statistic [145, 146], (a measure
of discrepancy between theoretical and empirical distribution functions). Param-
eters µ and σ are estimated in the maximum likelihood sense.

The final model for each tissue class (ci, co, ii, or io) now consists of a trans-
formation matrix P, and the distribution types and corresponding estimated pa-
rameters µ̂ and σ̂ for each of the four transformed variables.

7.2.10 Simulation of the force metrics

To simulate puncture events using the proposed models, the process is reversed
as depicted in Figure 7.7. This involves two steps:

Step 4 is to independently draw sets of (quasi-) random numbers from each of
the estimated distributions (either lnN (µ̂, σ̂) orN (µ̂, σ̂)). This yields a simulated
dataset in terms of the transformed variables Y.

Step 5 is to transform this simulated dataset back to the original variables,
using the inverse rotation X = PTY. Negative values are discarded, as discussed
later.

The proposed models should produce simulated data with probability dis-
tributions similar to those of the measured data, and the principal components
of the simulated data should, on average, have the same orientation as those
of the measured data. These two criteria are evaluated in a Monte-Carlo study
using N = 105 random datasets of size 4× n for each group. The two-sample
Kolmogorov-Smirnov (KS) test [160, 161] is used, for individual metrics in each
simulated dataset, to determine the probability that the simulated data and mea-
sured data are samples from the same distribution. A conservative significance
level of α = 0.01 is employed to account for the fact that four metrics are tested.
To uncover possible bias in the principal component orientations, we evaluate the
mean difference between the first principal component of each simulated dataset
and the first principal component of the original dataset.

7.3 Results

7.3.1 Raw data

An example of raw force-position data from a single kidney insertion is presented
in Fig. 7.8, together with its simplified representation. The horizontal axis rep-
resents the absolute position of the needle base, so tissue displacement is not
taken into account. A position of zero corresponds to the point of initial contact
with the gel enclosing the specimen. The absolute maximum force encountered
during the entire experiment was 12N.

Fig. 7.8 shows a number of double-peaks that are very similar in shape to the
one depicted in Fig. 7.5. The tip-peaks and corresponding can-peaks described in
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Figure 7.7: Flow diagram of the descriptive modeling process and corresponding
simulation process (PCA=principal component analysis, PE=parameter estima-
tion, RNG=random number generation).
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the methods section are easily recognized by the human eye, but a set of rules by
which to identify and classify these peaks consistently was difficult to establish.
To ensure objective and reproducible peak identification, the analysis is based
on the simplified representation of the raw data, as depicted in Fig. 7.8. The
corresponding ultrasound data are used for verification.

Fig. 7.9 shows the sequence of ultrasound frames corresponding to the mark-
ers in Fig. 7.8. The first frame represents the point of contact between needle
and kidney, and subsequent frames show the point of maximum displacement
for each membranous layer, i.e. the point where the cannula edge pops through
(vertex 4 in Fig. 7.6).

In the ultrasound images, the renal capsule is recognized as a thin white
(hyper-echoic) line enclosing the cortex. In the center we recognize some dark
spots surrounded by white lines that are likely to belong to the collection system.
Based on these images, it is clear that some kind of internal structure is pierced,
but it is difficult to determine the specific type or part of that structure (e.g. calyx,
pelvis, blood vessel). Thus we are limited to a crude distinction between capsule
and internal structures.

Judging from the force data in Fig. 7.8, it seems reasonable to state that the
needle punctures four distinct membranous structures. The ultrasound images
confirm that these puncture events correspond to capsule entry (ci), entry into
and exit from some internal structure (ii and io), and capsule exit (co), respec-
tively.

However, this clear-cut example represents only a small minority of the mea-
surements, as illustrated by Fig. 7.10. Only four measurements have double-
peaks that can all be uniquely identified as in the example. In eight cases, double-
peaks appear only for the capsule, suggesting that no internal structures were
encountered. In forty-eight cases, one or at most two double-peaks can be identi-
fied, whereas the other peaks are discarded because they cannot be distinguished
from each other (without resorting to imagination). The capsule-in group (ci) is
easily recognized in most cases, even without ultrasound, and is most reliable,
with minimal error in terms of estimated friction baseline (vertex 1). The re-
sulting sample sizes, i.e. the number of double-peaks identified, are nci = 55,
nii = 10, nio = 7, and nco = 47. For each of these groups we evaluate the force
metrics.

7.3.2 Force metrics

Figure 7.11 shows scatter plots for all combinations of metrics for the ci and
co groups (capsule in/out), with corresponding sample correlations rs. In both
groups, ∆Ft vs Ft and ∆Fc vs Fc show considerable (linear) correlation, whereas
the other combinations do not. In both groups, Fc is mostly larger than Ft. Fur-
thermore, ∆Ft is considerably smaller than Ft, whereas ∆Fc is approximately
equal to Fc. The co group shows greater variability in general.

Figure 7.12 shows similar scatter plots for the ii and io groups (internal struc-
tures in/out). All combinations of variables for ii and io show large sample cor-
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Figure 7.8: Example of raw force-position data and the corresponding simplified
representation. Circles correspond to the ultrasound frames in Fig. 7.9. Peaks
are classified as ci (capsule in), ii (internal in), io (internal out), co (capsule out),
based on ultrasound data.

relations, but these correlations are unreliable due to small sample size (width
95%-confidence intervals for rs ranges from 0.6 to 1.4). As before we see that, for
most observations, Fc > Ft, ∆Ft < Ft, and ∆Fc ≈ Fc.

Comparing the capsule groups (ci and co) with the internal-structures groups
(ii and io), we find that ∆Ftip takes similar values in both capsule and internal
structures, but the other metrics reach much higher values in the internal struc-
tures (e.g. Fc,io < 8N whereas Fc,co < 2N).

7.3.3 Stochastic models of the force metrics

The principal component matrices (P) and estimated distributions (N (µ̂, σ̂) or
lnN (µ̂, σ̂)) for all groups are presented in Tables 7.1 to 7.4. The tables also show
the percentage of total variance explained by each of the principal components,
which can be used to select reduced models, if necessary. Note that the parame-
ters for normal distributions and lognormal distributions cannot be directly com-
pared, because the latter are dimensionless whereas the former are in Newtons.

7.3.4 Simulation results

The Monte-Carlo performance evaluation (N = 105) showed that 1.6% of the
simulated observations were rejected by the two-sample Kolmogorov-Smirnov
test, at a significance level α = 0.01, as not being likely to come from the same
distribution as the original dataset. Maximum directional bias in the first prin-
cipal component of the simulated data was found to be 0.002N. The percentage
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Figure 7.9: Sequence of ultrasound frames corresponding to the positions high-
lighted in Fig. 7.8. The dashed line represents the location of the needle tip.
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and internal structures can be identified; (b) capsule peaks can be identified, but
no internal peaks found; (c) and (d) some peaks can be identified, but no clear
distinction possible between remaining peaks
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Figure 7.11: Scatter plots showing all possible combinations of metrics for the ci
group (#) and co group (×), with corresponding Spearman rank correlations rs
(nci = 55 and nco = 47).
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Figure 7.12: Scatter plots showing all possible combinations of metrics for the ii
group (#) and io group (×), with corresponding Spearman rank correlations rs
(nii = 10 and nio = 7).

Table 7.1: Descriptive model for the ci group

PC1 PC2 PC3 PC4
variance explained 88.6% 10.2% 0.8% 0.4%

Pci

0.043 0.863 0.119 −0.489
0.001 0.498 −0.350 0.793
0.691 0.030 0.668 0.275
0.722 −0.080 −0.646 −0.236

distribution lnN lnN lnN N
µ̂ci 0.552 −1.046 −1.833 0.033
σ̂ci 0.222 0.343 0.224 0.026
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Table 7.2: Descriptive model for the co group

PC1 PC2 PC3 PC4
variance explained 79.1% 12.7% 6.9% 1.3%

Pco

0.088 0.817 0.323 −0.470
0.105 0.557 −0.359 0.741
0.660 −0.141 0.659 0.332
0.739 −0.050 −0.576 −0.346

distribution N lnN N N
µ̂co 1.211 −1.434 0.059 −0.026
σ̂co 0.412 0.590 0.122 0.052

Table 7.3: Descriptive model for the ii group

PC1 PC2 PC3 PC4
variance explained 98.6% 1.0% 0.4% 0.0%

Pii

0.255 0.816 −0.496 −0.151
0.030 0.162 −0.019 0.986
0.732 0.166 0.660 −0.037
0.631 −0.529 −0.564 0.058

distribution lnN N N N
µ̂ii 0.777 0.214 −0.085 0.068
σ̂ii 0.845 0.248 0.153 0.042

Table 7.4: Descriptive model for the io group

PC1 PC2 PC3 PC4
variance explained 99.6% 0.3% 0.1% 0.0%

Pio

0.233 −0.122 0.821 −0.507
0.038 −0.207 0.483 0.850
0.709 −0.635 −0.305 −0.014
0.664 0.734 0.009 0.143

distribution lnN N N N
µ̂io 1.092 0.004 0.258 0.061
σ̂io 1.021 0.183 0.128 0.028
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Figure 7.13: Example of a representative simulated dataset (@) for the ci group,
together with measured data (#). Note that axis scaling varies in order to show
the distribution of the observations clearly.

of negative values in the simulations was 0.03% for ci (best case) and 0.7% for ii
(worst case). For illustrative purposes, Fig. 7.13 shows a representative example
of a simulated dataset for ci, together with the original observations.

7.4 Discussion

7.4.1 Summary of main results

Classification of force peaks proved challenging due to qualitative variability in
force response and limited quality of ultrasound footage, and resulted in different
group sizes: nci = 55, nco = 47 nii = 10, and nio = 7 (from a total of 60 insertions).
Total axial force observed during the experiments did not exceed 12N. For the
capsule groups (ci and co), Ft < 1N, ∆Ft < 0.5N, Fc < 2N, and ∆Fc < 2N,
whereas for the internal structure groups (ii and io) Ft < 3N, ∆Ft < 0.5N, Fc <
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8N, and ∆Fc < 8N. For all groups it was found that Ft . Fc, ∆Ft . Ft, and
∆Fc ≈ Fc. High sample correlations were observed between ∆Ft and Ft, and
between ∆Fc and Fc in the capsule groups.

The multivariate distribution of the metrics was modeled using principal com-
ponent matrices combined with either normal or lognormal distribution func-
tions. An assessment of correspondence between model and measured data, us-
ing Monte-Carlo simulations, showed a 1.6% rejection rate for the two-sample
KS-test, and directional bias of 0.002N in the first principal component.

7.4.2 Interpretation of main results

The classification of force peaks was almost trivial for the ci group, but proved
much more challenging for the remaining groups, as illustrated by the differences
in group size. Most observations in the internal structures groups (ii and io) are
likely to represent calyx wall punctures, but these observations should be treated
with the proper caution.

The difference in magnitude of the force metrics between the capsule and
internal structures suggests that the latter are generally harder to penetrate.

The metrics Ft and Fc can be interpreted as measures of tissue failure strength
for two different load cases. The fact that Ft . Fc is in line with expectation,
because the area of needle-tissue contact at the tip is much smaller than at the
cannula edge, so that the failure stress is reached at a lower axial force.

A higher failure stress (stronger tissue) could be expected to increase both
Ft and Fc, thus correlating the two. The high sample correlations for the inter-
nal structures groups seem to agree with this expectation, but these correlations
were not statistically significant. On the other hand, no obvious correlation was
observed in the (more reliable) capsule groups. It is possible that other factors,
such as quality of the incision made by the tip, counteract the expected relation.

The association observed between ∆Ft and Ft is in agreement with Section
7.2.8 and also with the nonlinearity of the force-position curve during membrane
loading (e.g. Fig. 7.5). After initial membrane failure, represented by Ft, the
membrane will unload until it encounters the edge of the cannula. The unload-
ing distance (distance from tip to edge of the cannula) is constant. Due to the
nonlinearity of the loading curve, the change in force (∆Ft) associated with this
distance will increase with Ft.

The association between ∆Fc and Fc also agrees with expectation: After final
membrane failure, represented by Fc, the membrane will unload until its elastic
energy is no longer sufficient to overcome friction. If the friction force is indepen-
dent of Fc, it is reasonable to expect ∆Fc to be directly proportional to Fc (in the
extreme case of zero friction, ∆Fc would be equal to Fc).

The Monte-Carlo performance evaluation of the proposed models suggests
that they provide an adequate description of the data. A rejection rate of 1.6%
implies reasonable correspondence between the individual distributions of the
simulated metrics and the original metrics. The bias of 0.002N in the principal
component directions is negligibly small. Qualitative assessment of scatter plots
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like those in Fig. 7.13 showed good general agreement without obvious discrep-
ancies.

7.4.3 Limitations

The use of an ultrasound probe moving with the needle proved to be very useful
in verifying contact with different tissue structures, because the location of the
tip in the image is known even if the tip itself is not visible. However, the ap-
proach should be refined in order to allow more precise identification of internal
structures.

Difficulties in classification caused the sample sizes for the internal structures
groups to remain very small. This limits the reliability of the estimated models
for ii and io.

Although the choice of threshold value (ε) for line simplification ensures re-
producibility, it is inherently subjective, and will influence the number of force
peaks taken into account in the analysis. However, peak identification inevitably
requires such choices.

The use of principal components to remove correlation between variables
does not cause them to become independent. However, the scatter plots of the
observed data do not suggest obvious hidden dependencies.

The choice of normal and lognormal distribution functions was based on con-
venience. In contrast, Kobayashi et al. [16] used a gamma distribution to model
puncture forces, and in light of failure strength analysis a Weibull distribution
might also be suitable [162, 163]. However, these distributions did not provide
obvious improvements in goodness of fit in our case.

The proposed modeling approach does not preclude negative values, even
though the force metrics are all strictly positive by definition. However, in the
worst case, less than 1% of the values in the Monte-Carlo simulations were neg-
ative, so the effect of discarding negative values on the distribution shape is
deemed negligible.

7.4.4 Conclusion

The goal of this investigation was to construct stochastic models of the peak
forces and subsequent drops in force that arise during puncture of tissue struc-
tures in the kidney. This goal was achieved using measurement data obtained un-
der ultrasound observation with a moving probe. Reliable classification of peak
forces proved a challenge despite the use of ultrasound, especially for internal
kidney structures. Nevertheless, a useful dataset was obtained, and multivari-
ate stochastic models were successfully constructed. These models can be used
to simulate kidney puncture events in a variety of applications such as training,
path planning, and robotics.
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Chapter 8

Discussion

...there exists a very human tendency to cease from labor and inwardly rejoice at
having thus risen from common fallacious argument to the serene certainty of math-
ematics. —Charles Spearman, 1904

8.1 A broader scope

The general aim of this thesis was to provide insight into needle-tissue interac-
tion mechanics. To this end we focused on experimental observation rather than
(mathematical) theory. The approach adopted was that of indirect observation
of interaction mechanics by measuring its results in terms of loads and displace-
ments.

8.1.1 Measuring is essential for a proper understanding

Chapter 1 mentioned several examples of applications involving medical nee-
dles. These applications have in common that they all require a clear understand-
ing of the mechanics of needle-tissue interaction. This understanding is typically
captured in a theoretical model of some sort.

Clinicians use their internal models of needle-tissue interaction to control the
position of the needle tip and to extract information about its anatomical sur-
roundings. Needle insertion robots also need some model of needle-tissue inter-
action to determine which actions are required to steer the needle to the desired
position. For these applications a very simple qualitative model might suffice,
but applications like path planning and simulation are likely to require a more
detailed description of the relations between loads and displacements. The man-
ufacture of needles, finally, also requires some model that allows one to relate
individual design parameters to mechanical behavior in terms of loads and dis-
placements.

The literature contains a variety of theoretical models of needle-tissue inter-
action, but few of these models have been tested empirically. It is the interaction
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between theory and experiment that leads to understanding, and without exper-
imental validation a theory is little more than a belief. Thus, both for the devel-
opment and for the validation of theory, it is necessary to observe the needle in
its natural environment.

8.1.2 Little is known from the literature

To show what others have already learnt by observing needle-tissue interaction,
Chapter 2 presented a survey of the literature related specifically to needle-tissue
interaction forces. The survey focused on studies that explicitly discussed the
axial force, as this is believed to be the most important load. This choice is sup-
ported by the fact that hardly any studies were encountered that considered other
load components. Most of the studies that measured axial force also measured
axial needle displacement, but studies of axial force in combination with tissue
displacement were rare. Several studies considered tissue displacement or radial
tip displacement without measuring forces, but these were not included in the
survey.

Most authors agree that the axial force can be interpreted as a resultant of
loads distributed along the shaft, mainly due to friction, and loads concentrated
on the tip, mainly due to crack extension (either by gradual cutting or by sudden
rupture). The term “puncture” is used often, but is not well defined: Puncture
force may refer either to the force at crack initiation or to the overall maximum
force, although this distinction is rarely recognized. Friction was found to in-
crease approximately linearly with insertion depth in artificial as well as biologi-
cal materials.

In addition to these force components, we assert, on the basis of Chapters 4
to 6, that the loads acting on the tip include another component, namely one due
to wedging. This component is also found in the industry standard DIN-13097
[3], but to our knowledge has not received explicit attention in the scientific liter-
ature. The wedging force is the component of axial force required to enlarge or
stretch the hole after the cutting or incision stops. In Chapters 5 to 7 it was found
that, depending on needle type, needle coating, and specimen (both artificial and
biological), the force component due to wedging can be much higher than that
due to cutting. In artificial materials the wedging process may be largely elastic
without noteworthy crack extension, but whether this extends to biological tis-
sues is yet to be determined. In addition to the wedging force, we note that nee-
dle misalignment or deformation (bending) may also cause normal forces acting
on the shaft to contribute to the axial force measured. To our knowledge these
notions have not received attention in the literature.

The question of what actually happens at the needle tip pertains to tip geome-
try, sharpness, and lubrication. These topics have received very little attention in
the scientific literature, but it is likely that much more is known in industry. The
few sources that are available suggest that specific tip geometries produce spe-
cific force characteristics, but very little was found in terms of detailed visual ob-
servations. Needle sharpness can be expected to play a major role in the cutting
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phase, yet we could not find any investigations specifically aimed at sharpness
or wear. The subject has been touched upon indirectly by a few researchers that
considered the effects of repeated use of a needle, but actual observations relat-
ing reuse effects to reduced sharpness are not provided. Lubrication is another
topic that has received only little attention although it can be expected to play a
large role. Lack of lubrication was found to increase overall maximum insertion
forces, but no studies were found relating these findings to specific force metrics.

Based on the literature, the following general statements can be made, al-
though tentatively: Higher insertion speed leads to higher friction force. Larger
diameter leads to both higher friction force and higher maximum force during
puncture. Larger bevel angles increase the maximum force during puncture. An
increased number of cutting edges reduces the maximum force during puncture.
Finally, repeated use and lack of lubrication both tend to increase the total axial
force.

These effects all depend on the experimental conditions, so in order to in-
terpret experimental results, details of the experimental conditions need to be re-
ported. It turns out that the available literature rarely provides sufficient method-
ological detail for the reader to properly assess the results. For example, some
20% of the papers neglected to provide any information regarding needle type or
size. Moreover, the results themselves often lack required detail, as illustrated by
the fact that 70% of papers neglected to specify measures of variability or sample
size. Without this information it is very difficult to synthesize knowledge from
the literature.

The literature survey provided some insight into needle tissue interaction me-
chanics, but most questions remain unanswered. Looking at the bigger picture,
the main problem encountered in surveying the available literature is the lack of
essential detail in reported data. It is asserted here that, if we are to expand our
knowledge of needle-tissue interaction mechanics by observation, it is necessary
to standardize the method of storing and sharing measurement data.

8.1.3 Synthesis of knowledge requires structure

To facilitate the storage and exchange of needle-tissue interaction data, Chap-
ter 3 presented the prototype of a database structure that allows storage of de-
tailed experimental methodology together with experimental data. The database
approach imposes a much more rigorous structure than the typical publication.
This serves several purposes:

1. To provide guidance in the definition phase of an experiment

2. To allow researchers to keep track of their own original experiments

3. To enable storage and exchange of results both from literature and from
original experiments

4. To provide the capability of meta-analysis, literally at the push of a button
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5. To ensure traceability of individual measurements to researchers, equip-
ment, etc.

These points are especially important in light of the high variability that is typical
in biological tissue. The key to dealing with this variability is to exploit the law
of large numbers, and requires large amounts of repetitive experimental work.

The database approach has the potential of facilitating the accumulation of
large amounts of data by automating the measurement and storage processes.
Once a user-interface has been developed that streamlines manual input of data
from the literature, the same interface should also allow definition of new origi-
nal experiments by selecting information from the database, such as equipment,
insertion conditions and other factors, and by specification of an experimental
design. This definition can then be used to generate an experimental protocol
that might also be used to run an automated experiment. If steps in the analysis
process are also automated, summary statistics can then be stored directly in the
database with reference to the corresponding raw data files.

Automation of (parts of) the data analysis is not only beneficial from a prac-
tical point of view, it is also essential for ensuring objectivity of the results, as
it requires precise definition of every step of the process. Chapters 4 to 7 of the
thesis illustrate approaches to (partial) automation of the data acquisition and
analysis processes in different experimental settings.

8.1.4 Direct visual observation is essential for selection of metrics

Arguably the first thing to do when trying to investigate needle-tissue interac-
tion by measuring loads and displacements is to see what actually happens at
the tip of the needle. How do loads and displacements relate to the mechanical
processes at work at the tip? Surprisingly, no satisfactory answer was found in
the literature.

Chapter 4 presents an approach to this problem involving direct visual obser-
vation of the membrane puncture process with the help of a high-speed camera.
Synchronized video observation enabled the estimation of membrane displace-
ment and corresponding needle insertion depth. This in turn allowed us to relate
force characteristics to geometric features of the needle tip.

Based on the literature, Chapter 2 identified three needle insertion phases:
boundary displacement, tip insertion and tip and shaft insertion. The observa-
tions from Chapter 4 allow us to subdivide the tip insertion phase into an incision
phase and a wedging phase, which can be related to three metrics: F0, F1, and F2.
These metrics are similar to those for lancet point needles described (very con-
cisely) in the literature.

By inspection of the video footage and by microscopic investigation of the
resulting damage to the specimens, it was possible to relate F0 to the start of the
incision phase (possibly involving local yield as well as crack initiation). In the
same manner, F1 was related to the transition from back bevel to primary bevel,
which marks the end of the incision phase. Thus, the back bevel was found to
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create the incision, and the primary bevel was found to act as a wedge. The metric
F2 was identified as the maximum force during the transition from primary bevel
to the shaft, i.e. the maximum wedging force. Wedging in the polyurethane
specimen material was found to be largely reversible, as the hole in the specimen
closed up neatly after needle removal, showing few signs of plastic deformation
and no signs of additional crack extension.

The definition of objective metrics implies that it must be possible to evaluate
these metrics using a fixed set of rules. We defined such a set of rules in terms
of stationary points of the force signal and its first and second derivatives, and
constructed an algorithm that successfully evaluated the described metrics for
the current experiment. The same algorithm was found to be applicable to other
experiments with the same needle under similar conditions, as in [164]. Identifi-
cation of F1 (end of incision) and F2 (maximum wedging) was relatively straight-
forward, involving only the identification of local maxima. However, identifica-
tion of F0 (start of incision) proved more difficult due to considerable qualitative
variation in the force response. Thus, in the absence of visual confirmation, the
automatically evaluated F0 metrics are less reliable.

In this particular experiment, F0 and F2 were approximately equal in value
and both were considerably smaller than F1. All three metrics increased in value
as the number of punctures with the same needle increased, which was referred
to as the reuse effect. Moreover, the difference between F0 and F1 was found to
increase with reuse.

The question whether these findings apply to biological tissue as well remains
to be answered. A needle inserted into the human body typically encounters a
succession of membranes, which would suggest that a reuse effect could occur
even within one insertion. It is not known whether such an effect could be large
enough to be relevant.

The matter of needle reuse in experiments requires careful attention, as the
reuse effect was found to be strong enough, even after 100 punctures, to obscure
main effects under study. Follow up studies (e.g. [164]) showed that the strength
of the effect decreases with use, so it is more pronounced for a new needle than
for a used needle. The reuse effect appears to be cumulative, as the axial force
increases with each puncture. Therefore, likely causes for the reuse effect are
wear of the cutting edge (decreased “sharpness”), wear of the lubricant, and/or
accumulation of specimen material on the needle surface. Because the reuse ef-
fect was also observed in the wedging metric, which does not involve cutting, it
made sense to investigate the effects of lubricant.

8.1.5 Lubrication influences the force metrics

In Chapter 5 we investigated the influence of needle coating on the force metrics
identified in Chapter 4. This was achieved by subjecting back-bevel needles to
a cleaning treatment in order to remove their coatings, and comparing them, in
terms of membrane puncture forces, to a control group of unmodified needles.
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The idea was that, if coating wear plays a role in the reuse effect, complete re-
moval of the coating should cause a reduction in strength of the reuse effect.

The experiment showed that the cleaning treatment has a very large effect on
the wedging force F2, and that it has small effects on F0 and F1, which are related
to cutting. This in itself suggests that, if the coating would actually wear off
between punctures, the result would indeed be an increase in all force metrics.
However, the experiment also showed that the reuse effect was still present in
both groups of needles for F0 and F1, and no obvious difference in strength was
observed between groups. The small effect of reuse observed for F2 was not
statistically significant, but a small effect is easily obscured by the large variability
in the cleaned group.

Considering the general effect of needle coating on the metrics for the back-
bevel needle, it is safe to say that the most important effect of coating is to dra-
matically reduce the wedging force. For the coated needles F1 is the largest peak,
but for the cleaned needles F2 is much larger than F1.

It remains to be seen whether these findings apply to biological tissue as well.
It is conceivable that the effect would not be as large that observed here, e.g. due
to a possible lubricating effect of fluids that are released as the tissue is damaged,
but this is just speculation.

The available equipment did not allow verification that the cleaning treatment
actually removed all of the coating: Optical microscopy did not show noticeable
differences in needle (or coating) surface quality. Nevertheless, based on the ob-
served differences in force, it is safe to assume that the coating quality has at least
been altered.

The algorithm from Chapter 4, for evaluation of the force metrics, worked
reasonably well, although the results for F0 are again less reliable. This shows
that even in relatively tightly controlled experiments with known boundary con-
ditions and uniform specimen quality, it is a challenge to obtain high quality
data. This challenge becomes much greater when dealing with biological tissue,
especially when it is located deep inside the body.

8.1.6 Kidneys in human cadavers

Experiments dealing with artificial specimens, such as those described above,
are useful for the study of fundamental questions involving factors related to the
needle and for optimizing the experimental set-up and protocol. In that context,
variability due to the specimen is considered noise. The use of artificial speci-
mens minimizes noise, as the specimens are typically homogeneous, isotropic,
and uniform in quality, at least much more so than biological tissue specimens,
and their properties are relatively time invariant. Moreover, with artificial spec-
imens it is known in advance which kinds of structures will be penetrated and
where they are located, and visualization can be achieved with relatively simple
means. Thus, it is not too difficult to relate forces to structures of an artificial
specimen.
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However, medical needles are intended for use on live biological specimens,
also known as patients, which have entirely different properties and exhibit much
greater intrinsic variability. The effects that arise in experiments with artificial tis-
sue, such as those described above, might not be present with biological tissue,
or they might turn out differently. Variability due to biological specimens tends
to obscure these effects and can therefore be considered a nuisance in this type of
experiment. On the other hand, when the aim of an experiment is to describe or
model the interaction between needle and specific types of biological tissue, the
intrinsic variability of the tissue becomes important in itself.

Chapter 6 presented an attempt at characterizing the forces that arise when
a needle is inserted into the kidney of a human cadaver. The aim of this exper-
iment was to describe the forces that arise when puncturing specific anatomical
structures in the body. The logical approach was to consider anatomical theory,
in this case an image from a textbook, and then try to relate observed force peaks
to the tissue structures that should theoretically be encountered. Ultrasound vi-
sualization was used to aid in the identification of these tissue structures. This,
however, was not so easy as it seemed.

The results did not show justifiable correspondence between observed force
peaks and expected tissue structures. The use of ultrasound did not help much in
this respect, because of difficulties in discerning individual tissue structures and
difficulties in maintaining a clear view of the needle during insertion. Although
needle presence in kidney calyces was confirmed by ultrasound on several occa-
sions, we were not able to relate calyx-puncture events to individual force peaks
with reasonable certainty due to the close proximity of adjacent force peaks and
the relatively large position estimation error.

Nevertheless, it was possible to identify two general tissue regions based on
the ultrasound data, containing either mostly muscle or mostly kidney. The prop-
erties of the forces observed in each region were then characterized in terms of
friction slope, puncture force slopes, and puncture force peaks. Although the
needle was reused multiple times, no obvious trend was observed in the peak
forces. The friction slope in the kidney region was found to be higher than that
in the muscle region. Despite the fact that the characterization per region is very
crude, it does provide a useful impression of the general variability of puncture
forces in this type of procedure.

The matter of selection of peaks to include in the characterization presented
a serious challenge. The type of approach adopted in Chapter 4 is not applicable
here because we are no longer dealing with isolated puncture events and vari-
ability is too great. The typical approach then would be manual selection, but,
in addition to being time consuming, this approach is subjective and it proved
to be difficult to reproduce. For this reason a line simplification algorithm was
employed that removed irrelevant detail from the time series on the basis of a
single threshold value. This line simplification approach is still subjective on two
accounts, namely the choice of algorithm and the choice of threshold value, but
some choices inevitably have to be made. The fact that it is a naive method im-
plies that some loss of relevant detail or misclassification are inevitable, however,

131



the same is true for manual classification in the absence of an absolute standard.
Moreover, the line simplification algorithm allows automation and thus provides
reproducible results.

This explorative study provided a ballpark estimate of the magnitude and
variability of forces that may be encountered in human cadavers. Such infor-
mation was not available before. However, it remains to be seen whether these
findings are also representative of live human tissue. Moreover, the study did
not provide detailed insight into the needle-tissue interaction process itself, nor
did it allow detailed classification of forces. In order to relate force characteristics
to individual tissue structures a more strictly controlled environment is needed.

8.1.7 Isolated porcine kidneys

In order to simulate puncture events inside the kidney, it is necessary to deter-
mine when specific anatomical structures of the kidney tend to fail, that is, we
need to know at which axial force the needle will penetrate these tissue struc-
tures. The multitude of factors involved in mechanical failure of tissue implies
that failure will not occur at the same force level each time, but rather that the
force level will vary between punctures. The question, then, is how to describe
the distribution of forces at which tissue failure occurs. This question was ad-
dressed in Chapter 7.

Chapter 7 describes an experiment in which isolated porcine kidneys were
punctured using a trocar needle under ultrasound visualization. The challenge in
this experiment was to identify individual force peaks and evaluate correspond-
ing metrics, and then to relate these force peaks to specific tissue structures based
on ultrasound information. To ensure that the tip position in the ultrasound im-
age was known at all times, the ultrasound probe was moved along with the
needle (fixed relative position). This approach had not been adopted before in
the literature.

The resulting ultrasound footage was easier to analyze than that described in
the cadaver study from Chapter 6. Forces due to puncture of the kidney capsule
were readily identified and classified. Inside the kidney, however, it was still
often difficult to distinguish between individual puncture events. Moreover, it
proved difficult to unequivocally identify specific anatomical structures such as
calyces and pelvis. Thus, classification was still limited to a very general distinc-
tion between capsule and “internal structures.”

The forces that were observed during puncture of these kidney structures,
i.e. capsule and internal structures, were qualitatively similar to those observed
during penetration of thin polyethylene membranes: The puncture process was
characterized by a double-peak, i.e. a small peak corresponding to penetration of
the needle point, followed by a larger peak corresponding to penetration of the
blunt cannula. Similar characteristics were also found in Chapter 4 for a bevel-
tip needle puncturing polyurethane membranes. In Chapter 6, on the other hand,
the trocar needle was found to produce both single peaks and double peaks when
inserted into a human cadaver.
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To summarize the puncture force characteristics for each of the kidney struc-
tures we considered four metrics, namely the relative peak forces related to tip
and cannula, and the corresponding drops in force. The cannula peak was found
to be consistently higher than the tip peak, and can be attributed to wedging ef-
fects as described in Chapter 4. The single peaks observed in Chapter 6 are then
most likely due to cannula wedging, which would imply that the insertion of the
first 3mm of the trocar needle (up to the cannula edge) often goes unnoticed in
the cadaver puncture experiment. A possible explanation for the relatively small
number of distinct tip-peaks in the cadaver study from Chapter 6 is that the tis-
sue enclosing the cannula might act as a mechanical filter, because it effectively
attaches (through friction) a mass-spring-damper system to the cannula.

The choice of metrics for this study was based on the intended application in
a training simulator, and on the assumption that these metrics dominate the clin-
ician’s perception of puncture events. Whether this assumption is valid depends
on psychophysical factors that have not received attention in the current thesis,
despite their importance. It is likely that stiffness metrics also play an important
role in the clinician’s perception of puncture events, but these metrics could not
be adequately evaluated using the current methods.

In general, the approach adopted in Chapter 7 provides more reliable data
than that in Chapter 6, but the methodology still needs to be improved consid-
erably in order to be able to distinguish specific tissue structures. Direct com-
parison of the estimated parameters for human cadaver kidneys from Chapter
6 and for isolated porcine kidneys from Chapter 7 is not possible because the
former presents a pooled set of peak forces without distinguishing between the
tissue structures or the tip and cannula peaks. Nevertheless, we find that the
peak forces from the cadaver study which were attributed to the kidney region
range up to 13N with a median of approximately 2N. These peaks are most likely
due to the cannula edge, and the cannula peaks in the isolated porcine kidneys
have a comparable distribution, although sample median and range are lower.
At least the values are in the same order of magnitude.

The added value of ultrasound in the present case is disputable, because the
analysis requires a substantial effort but does not provide the ability to identify
specific internal tissue structures, as was initially intended. As long as the first
and last puncture events are distinct, the identification of the capsule would also
be possible without ultrasound. Nevertheless, without ultrasound, it would not
have been possible to unequivocally distinguish the internal puncture events.

8.2 General limitations of the work

Ideally the type of data presented in this thesis would be obtained from live hu-
man patients, but the ethical implications of such an approach are prohibitive.
The question directly rises what level of fidelity is actually necessary to achieve
our goals, and whether the possible gain of real patient data would outweigh
ethical objections. The answer depends strongly on the intended application and
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a general answer cannot be given here, but we believe that, before measurements
on live patients should even be attempted, the experimental methodology should
be optimized as much as possible with the help of alternative specimens.

The experiments presented in the thesis involved artificial membranes, hu-
man cadavers, and isolated porcine kidney specimens. As such, none of the find-
ings can be directly extrapolated to the clinical setting, but the findings represent
pieces of a larger chain of evidence that might, in the future, allow translation of
findings from artificial specimens to the clinical practice. In any case, knowing
just a little is preferable to knowing nothing at all.

Although Chapters 4 and 5 presented small samples, the methods used are
equally suitable for dealing with much larger samples, e.g. in the order of 1000.
The main cost would be time. The methods presented in Chapters 6 and 7 are less
suited to large samples, due to limited specimen availability, experimentation
time and cost, but also due to analysis effort. The latter issues, in addition to
possible ethical objections, become even more limiting when dealing with live
animals or humans.

The present thesis focused only on the axial force component. It is likely
that interesting information can also be obtained from transverse forces and mo-
ments, although this subject was not encountered in the literature. In addition,
a more specific investigation of tissue displacement measurement techniques
could be of great value.

The present work considered only fixed speed insertion, and the dynamics of
needle insertion were neglected in the process. This too implies that the results
presented here cannot be translated to the clinical setting directly. To illustrate
this point, it is likely that specific control strategies like those employed by clini-
cians provide much more useful information regarding the needle-tissue interac-
tion process.

The experiments presented in this thesis cover only a very small part of what
may be called the experimental design space. For example, we did not consider
the influence of speed, needle diameter, etc. This is an inevitable if we want to
limit the complexity of the experimental design. The same holds for the choice of
metrics or outcome variables.

It should be noted that the experiments presented in Chapters 4 to 7 are not
in chronological order. The latter two were performed first, which explains why
the insights and recommendations from Chapters 4 and 5, e.g. regarding needle
reuse and experimental design, were not implemented in Chapters 6 and 7. Al-
though the possible influence of reuse was recognized beforehand, its potential
was underestimated, which is partly due to the lack of attention for the subject in
the literature.

The thesis did not cover detailed theoretical models of needle-tissue interac-
tion. Nevertheless, these models play a vital role in the investigation of needle-
tissue interaction mechanics, as it is the interaction between experiment and the-
ory that leads to understanding. The choice to focus almost exclusively on the
experimental approach was prompted by the general lack of reliable data in the
literature, whereas theoretical models are well covered.
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8.3 Conclusion

8.3.1 Accomplishments

This thesis showed that, despite great efforts that have been invested in the de-
velopment of needles and needle-tissue interaction models in past decades, little
is known from actual observation of the needle-tissue interaction process and the
factors influencing this process.

It was asserted that, to improve upon this situation, a structured approach
is required, not only to the collection of experimental data, but also to storage
and dissemination of this data. A data model for needle-tissue interaction exper-
iments was presented that facilitates such an approach. This data model is re-
garded as the essential framework for automating and streamlining the process
from setting up and experiment to gathering data, analyzing data, and storing
the results. A high degree of automation of all steps in this process is considered
essential for ensuring that data are objective and reproducible.

This automation-oriented approach was adopted in the study of membrane
puncture. Membrane puncture force characteristics were related to needle tip
geometry by video observation of the puncture process. This allowed the estab-
lishment of characteristic force metrics related to incision and wedging, together
with an algorithm for their evaluation, for one specific combination of needle and
specimen type. The establishment of force metrics based on video observation
rather than speculation is considered an essential first step in any experimental
investigation of needle-tissue interaction force. It is shown that uniaxial tension
in the specimen gives rise to very slight anisotropic effects. In addition, the effect
of needle reuse is strong enough to obscure other effects and may impede the
successful evaluation of force metrics. It is asserted that, in addition to cutting
and friction components, the force component due to wedging at the tip needs to
be taken into account explicitly in needle tissue-interaction models.

In addition to that of tip geometry, the influence of needle coating on mem-
brane puncture force was investigated. The effect of needle reuse was found to
be present regardless of needle coating. The coating was found to cause a strong
decrease in the force metrics related to wedging, but had much less profound
influence on the incision force metrics.

The explorative investigation of needle insertion into the kidney of a human
cadaver provided a first impression of the variability encountered in this type of
biological tissue. This information was not yet available in the literature. The
degree of experimental control and automation attainable in this type of setting
was found to be very low, and objective assessment of the results difficult. The
use of a line simplification filter was found to enable objective and reproducible
peak identification. On the other hand, peak classification (attaching names to
individual peaks) proved very difficult despite the use of ultrasound visualiza-
tion.

The use of ultrasound to enable classification of force peaks was investigated
further in isolated porcine kidneys. The puncture force characteristic for kidney
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structures was shown to be similar to that for thin polyethylene membranes. An
ultrasound probe moving along with the needle provided knowledge of needle
tip position in relation to surrounding kidney tissue and allowed unambiguous
classification of peaks into two groups related to capsule and internal structures.
The approximate distribution of specific force metrics was described for each of
these groups, providing a basis for the simulation of puncture events based on
tissue failure strength.

8.3.2 Recommendations

Based on the work presented here, the following recommendations are made:

• Automate as much of the experimental process as possible: This enforces
rigorous structure and precision in the approach, and it enables one to har-
ness the strength of numbers.

• If needle reuse cannot be avoided, take its effects into account in the exper-
imental design and analysis.

• Ensure that the level of detail in a report of experimental needle-tissue in-
teraction data is sufficient to enable proper appraisal of the data, e.g. by
using the data model from Chapter 3 as a guideline.

Some interesting directions for future work are:

• Incorporation of the data model from Chapter 3 in a software suite for semi-
automated data collection.

• Construction of an open access web database based on this data model

• Investigation of a variety of needle tip types with the help of high speed
video.

• Investigation of the influence of sharpness on the reuse effect by standard-
ized methods of blunting.

• A more detailed investigation of the crack initiation phase and correspond-
ing metrics.

• Investigation of membrane puncture metrics in isolated biological tissue
membranes.

• Follow up the experiment from Chapter 7 using perfused organs and with
the ultrasound probe in an out-of-plane approach.

• Psychophysical investigation of force metrics to determine which are actu-
ally important for inclusion in haptic simulations.
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8.3.3 Final comment

The purpose of this thesis was to provide insight into the needle-tissue inter-
action process, and some specific insights were indeed gained by experimental
observation of the interaction forces. However, the most important contribution
consists of a set of tools for gathering, analyzing, and disseminating experimental
needle-tissue interaction data.
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