Artificial muscles for a novel simulator in

minimally invasive spine surgery™

Marianne Hollensteiner!, David Fuerst'? and Andreas Schrempf!

Abstract—Vertebroplasty and Kkyphoplasty are commonly
used minimally invasive methods to treat vertebral compression
fractures. Novice surgeons gather surgical skills in different
ways, mainly by “learning by doing” or training on models,
specimens or simulators. Currently, a new training modality,
an augmented reality simulator for minimally invasive spine
surgeries, is going to be developed. An important step in
investigating this simulator is the accurate establishment of
artificial tissues. Especially vertebrae and muscles, reproducing
a comparable haptical feedback during tool insertion, are
necessary. Two artificial tissues were developed to imitate
natural muscle tissue. The axial insertion force was used as
validation parameter. It appropriates the mechanical properties
of artificial and natural muscles. Validation was performed on
insertion measurement data from fifteen artificial muscle tissues
compared to human muscles measurement data. Based on the
resulting forces during needle insertion into human muscles,
a suitable material composition for manufacturing artificial
muscles was found.

Index Terms—patient simulator, vertebro-/kyphoplasty, needle
insertion force, artificial soft tissues

I. INTRODUCTION

As the population in industrial countries grows older and
older, osteoporosis and further osteoporotic vertebral com-
pression fractures (VCFs) seem to get an enormous clinical
problem [1], [2]. But, VCFs also occur in the wake of malign
bone tumors or osteomyelitis [2]. Each year about 1.4 million
VCFs occur in Europe and about seven hundred thousand
in the US, respectively [3]. Mostly, VCFs are accompanied
by pain, loss of height, kyphosis, numbness, weakness or
tingling because of clamped or damaged conducting nerves
[4]. Beneath conventional treatment, including rest, bracing
and administration of analgesics, the most common surgical
treatments for VCFs are cement augmentation techniques.
Kyphoplasty and vertebroplasty are showing good results in
achieving pain relief [2], [5], [6] and avoid the adverse ef-
fects of pharmacological treatments [4]. Both techniques are
performed percutaneously, stabilizing the fractured vertebra
internally by an injection of bone cement [6]. The gathering
of surgical skills currently is carried out in traditional or
simulated environments. Training is either performed by
a) “learning by doing” on the patient him- or herself, b)
computer based models, c) studies on animal or human
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Fig 1: AR simulator for cement augmentation techniques
(magnetic tracking system, surgical needles, patient phantom
and virtual fluoroscopic projection)

specimen and d) patient simulators [5], [7]. Normally, the
medical education is done as immersion experience in a
clinical environment which can be a high risk for the patient
[7]. As a new training modality and to improve patient safety
in the future, a novel patient simulator is currently going to be
developed [8]. For a realistic haptic feedback, an augmented
reality (AR) simulator consisting of a patient phantom and
a tool tracking system was designed (see Fig 1). Novel
surgeons will be able to train the needle insertion on artificial
tissues. Integral parts of this simulator are these synthetic
tissues, which should generate a high fidelity haptic feed-
back for surgical needle insertion and therefore should have
assimilable mechanical properties to natural tissues. Suitable
artificial vertebrae were already developed and validated [9],
[10]. The aim of this study was to find materials which
provide a feedback comparable to natural muscles and skin.

II. MATERIALS AND METHODS

An earlier study identified the axial insertion force as main
parameter to develop artificial tissues [9]. To manufacture
human artificial muscles, the axial insertion force of an
vertebroplasty tool, driven robotically, was used. To work out
the characteristics of axial force against time, insertion force
measurements on specimens were performed. Tests on human
muscle tissues were carried out either, to test comparability
of artificial muscles. With the results of these measurements,

506



an artificial muscle made of silicone was developed and
validated by means of a parametrical model.

A. Insertion measurement test setting

For all insertion tests, an eleven gauge diamond tip needle
(Kyphon Inc., KyphX Osteo Introducer, Sunnyvale, CA) was
used. The insertion measurements were performed in three
phases (see Fig 2). During insertion phase the needle was
inserted into the specimens for an insertion depth of 20 mm
with a feed rate of 10mm/s (phase l=insertion). In the
relaxation phase the needle was stopped for eight seconds
(phase 2=relaxation). Then the needle was removed with a
feed rate of 10mm/s during the extraction phase (phase
3=extraction). This procedure was chosen to mirror a typical
manner of soft tissue measurements to observe its relaxation
[11]. The insertion measurements were performed with a self
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Fig 2: Insertion depth/ force/ time curve and explanation of
measurement phases: insertion, relaxation and extraction

constructed uni-axial material testing machine consisting of
a linear actuator connected to a 500 N load cell.

B. Human specimen

One fresh frozen spine, consisting of vertebrae and sufficient
surrounding soft tissues, was used as specimen. The vertebrae
were left within the testing sample to preserve muscles
tension, measuring insertion into muscle tissue covered by
skin and tendons. For fixation, the spines were fixed to the
material testing machine with clamps.

C. Artificial muscle tissue blocks

To create artificial back muscles with comparable haptic
feedback, a silicone rubber was chosen as basic material.
Two different silicone oils were added to the silicone rubber
in amounts of 10 to 70 (in intervals of ten) percent of the
whole rubber mass (further named as silicone block 1 “SB1”
and silicone block 2 “SB2”) as lubricants. To imitate fasciae,
special cling films were embedded in a depth of approx-
imately 10mm in selected silicone blocks. The mixtures
were molded for four hours. Further, selected mixtures were
also fused with red color additive to provide also a visual
impression of muscle tissue.

D. Parametrical model for needle insertion

In order to derive characteristical parameters for needle-tissue
interaction, a parametrical model was developed. The tissue
is modeled by a standard linear solid model which yields
the tissue force F;(t). The interaction between needle and
tissue is given by the needle force Fi,(t). The needle position
2, (t) as well as the needle speed v;(t) are imposed from the
insertion experiment (see Fig 2) . The deformation of the tis-
sue is given by x;(t) with the corresponding insertion speed
ve(t). With the legit insertion depth Az(t) = x,(t) — x4+(t)
and insertion speed Av(t) = v, (t) —v¢(t), the mathematical
model for needle insertion is given by

dAx(t)
- (0 (1)
B~ Lmo-Rm), O

where m; accounts for the tissue mass, which is moved due to
tissue deformation. The tissue force F;(t) is obtained from
a standard linear solid model (spring cjin parallel with a
Maxwell model with spring co and dashpot d)

dFt(t) o Co C1C2
pr = —EFt(t) + 7(acn(t) — Az(t))+
(c1 + ¢2)(vn(t) — Av(t)). 3)

The needle force F,, (t) is composed by cutting and clamping
forces (see [10] for bone tissue) and is modeled by

Fult) = {; Naoto)-2et)

During insertion and relaxation phase (v, > 0) the needle
force increases with insertion depth Az. The corresponding
proportional cutting coefficient is given by f.,;. Hereby the
needle geometry plays an important role, which is considered
by a depth-dependent shape function A(Azx). During extrac-
tion phase (v,, < 0) a conjoint movement of needle and tissue
emerges, until a certain force threshold F}..; is exceeded and
the needle slips out of the tissue (see Fig 3 (a)). The needle
force for the conjoint movement Fj ., (t) is obtained from
Eq (3) where Axz(t) = AZ = const. and Av(t) = 0.

insertion & relax. phase

extraction phase

ITII. RESULTS

Over all insertion measurements, the typical trajectory of
soft tissue insertion measurements could be identified. In
the descent phase, an exponential like rise of the measured
force, followed by sharp ruptures and again rising slopes,
were observed. As a consequence of muscle elasticity, the
maximum peak is proportional to the depth inserted into
(phase l=insertion). During tissue relaxation (phase 2=re-
laxation), repulsion forces are acting on the needle, mainly
depending on the needle’s tip. While the needle was removed,
only friction forces were acting. During extraction the tissue
moved conjointly with the needle (phase 3=extraction) until a
certain threshold (negative forces in Fig 3 (a)) was exceeded
and the needle slipped out of the tissue [12].
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(a) Mean plots for insertion measurement (SP - mean value for human
specimen, SD - standard deviation (gray area), 50% SB2 modified - silicone
rubber mixture 2 with 50% silicone oil, red color additive and artificial
fascia).
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(b) Characteristic model parameters (SB - silicone block mixtures, M -
muscle tissue, MT - muscle tissue covered with tendon, MS - muscle tissue
covered with skin)

Fig 3: Comparison of artificial tissue and human specimen.

A. Human specimen

The average force of the needle insertion measurements into
the human muscle and the corresponding standard deviation
(SD) are shown in Fig 3 (a). The human specimen average
(SP) is drawn as a bold, solid line. The positive and negative
standard deviations are depicted as thin, solid lines, filled by
a gray area. Different parts of the human muscles have been
measured and therefore, a wide spread between the measured
forces has been observed. This is due to the fact, that
biomechanical parameters of muscles vary between claimed
parts of a muscle. The measurement curves clearly showed
the peaks according to the three measurement phases. During
the insertion phase, small extra peaks were recorded. These
extra peaks occurred because of the punction of fasciae,
which show higher puncture forces than the muscle. The
average needle forces of the measurement into the human
muscle are 6.66 N for the maximum insertion force, 2.48 N
for the relaxation and —0.57 N for the maximum extraction
force.

B. Artificial muscle blocks

In Fig 3 (a), the results of the three best fitting silicone
blocks are illustrated. The average curves of four insertion
measurements on each of the blocks are plotted. The single
insertions into the silicone block with same amount of oils
only varied slightly which may be caused by an inhomoge-
neous mixing of the silicone components and the oils. Their
values for maximum insertion, relaxation and extraction force
varied due to the amounts of silicone oil added. Concerning
the different portions of silicone oils, the resulting forces

showed different slopes, especially during insertion phase.
With increasing quantity of oil, the friction between tool and
silicone dropped and the insertion forces became smaller. For
the SB1 blocks, the maximum insertion force peaks varied
from 7.67 N to 2.68 IV, the relaxation forces from 6.51 N to
2.25 N and the maximum extraction forces from —2.45 N
to —0.43 N. In case of SB2, they ranged from 7.66 N to
2.82N, 6.25N to 1.66 N and from —2.63 N to —0.45 N.

C. Parametrical model for needle insertion

The parametrical model for the needle-tissue interaction, Eq
(1) - (3), was fitted to the data (see Fig 4) with a mean
relative error of 2.02% and an overall maximum error of
4.47%. The characteristical parameters c1, d/cy and feu
were computed for all insertion measurements which led
to box-plots depicted in Fig 3 (b). Obviously, the spring
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Fig 4: Parametrical model compared to measurement for SB2

with 40% silicone oil

constant ¢, which mainly determines the equilibrium force
after relaxation decreases for an increased amount of silicone
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oil. A similar behavior is observed for parameter f.,;,
responsible for cutting forces. The speed of relaxation is
determined by time constant 7 = d/ce, which increases
for higher amounts of silicone oil. Compared to human
specimen, the relaxation time constants are shorter for all
artificial tissue blocks. With respect to relaxation, the artificial
tissue is only able to provide a rough approximation of human
tissue. There, the relaxation behavior is mainly influenced by
a significant amount of free fluid, which redistributes after
insertion. Silicone oil added to the artificial tissue blocks
allows to control the viscosity and hence the relaxation time
constant 7. However, the oil is bonded and cannot move
freely. The boxes of SB1 better fit the relaxation d/cy of
human muscle whereas the SB2-50% box best fit the cutting
force f.,:. For the stiffness c; all measured blocks provide
acceptable results (see Fig 3 (b)).

IV. DISCUSSION

Haptic feedback is a combination of tactile and kinesthetic
feedback, perceived by tactile skin receptors and sensory
receptors in joints, muscles and tendons [13]. It is exces-
sively important in open and minimal invasive surgery to
sense or “feel” different tissues. It is nearly as important
as the visual feedback during a surgery [14]. According to
[13], training on simulators with haptic feedback transfers
skills to novel surgeons significantly compared to training
without haptical feedback. The degree of realism of a sur-
gical simulator depends on the capabilities of the simulator,
either hard- or software. The more realistic, the better the
training environment, the better the transfer of skills [15].
Further, a simulated environment is less risky for the patient
and even less stressful for a novice surgeon, than training
on patients directly in an operating room [16]. A surgeon
should be able to identify and to handle different tissues, so
the image-guided surgery‘s disadvantage is the decrease of
haptic feedback to the surgeon. A solution to either acquire
operating room techniques and also get ideas of haptic
feedback are AR simulators. But, it is difficult to reproduce
realistic and real-time deforming soft tissues [17]. This study
therefore was focused on the development of artificial muscle
tissues for an AR simulator for minimally invasvie spine
surgeries, especially. The parametric model identifies the
silicone blocks SB2-50% and the SB1-60% as the most
suitable natural muscle imitating materials, especially for
the relaxation and cutting forces. By adding the red color
additive and a special cling film into the SB2-50% block,
the insertion force increased and the measurement curve
almost coincide with the human muscle average (Fig. (3)
(a) - SB2-50% modified). This modified block fits best to
provide an appropriate haptical as well as a visual feedback.
The mainly pierced muscle during vertebro- and kyphoplasty
is the musculus erector spinae (MES). In a neutral position
the MES boasts a diameter of 34.5 + 4.1 mm [18]. For the
usage of the silicone-oil mixtures in the currently developed
patient simulator, blocks with a thickness of 50 mm were
molded and artificial vertebrae were embedded into it, so

the path from inserting the needle into the artificial tissue to
reach the bony structures of the vertebrae is approximately
35mm. The SB2 mixtures were more easily to blend and
mold and the SB1 mixtures showed an oozing of the silicone
oil. Hence a change of the mechanical properties over time
was visible. Because of these reasons the modified SB2-50%
mixture with the red additive was chosen to be used in the
patient simulator.
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