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Abstract

Mastering medical gestures, such as epidural needle insertion, requires much practice. Haptic interfaces can be efficient
training solutions. Nevertheless, they must provide users with an accurate experience for an effective training. This article
introduces a control framework that turns a pneumatic cylinder into a haptic interface able to simulate a syringe and
more specifically the loss of resistance phenomenon encountered during an epidural needle insertion. To achieve this, the
framework switches between two control laws (position and force tracking) according to the system state. Experiments
involving two anesthetists confirm the practicality of this system for hands-on training or rehearsal purposes.
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1. Introduction

Medical gestures usually require much practice in
order to properly master them. For instance, the epidural
anesthesia gesture learning requires around 90 attempts to
reach only an 80% success rate [1]. However, from an ethical
point of view, it is desirable to “never do [these attempts]
the first time on a patient” as stated by the Haute Autorité
de la Santé [2] which is the authority in charge of healthcare
issues in France. This new constraint raises the need for a
simulated training environment using manikins for example.
As Vaughan et al. [1] and Coles et al. [3] point out, using
computer driven haptic simulators for this purpose may
provide a powerful and efficient training solution in terms
of supervision, customization of the training cases and skill
assessment.

In this context, one needs to replicate a realistic
epidural anesthesia procedure in order to provide an ef-
ficient training tool for this particular medical gesture.
This procedure consists in introducing a needle into the
epidural space in the spinal column in order to inject an
anesthetic product into it. The difficulty of this gesture
is the localization of the epidural space and stopping the
insertion as soon as the tip of the needle enters it. As the
haptic feedback from the needle is not precise enough to
tell it, anesthetists plug a syringe full of saline liquid onto
the needle and constantly push on the plunger flange in
order to maintain some pressure in the syringe and the
needle (Fig. 1). As long as the needle tip does not reach
the epidural space, the liquid remains inside the needle
(or a very small leak of liquid in the crossed tissues may
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happen). As soon as the tip of the needle enters the epidu-
ral space, the liquid naturally fills it and the pressure in
the syringe quickly decreases. This decrease is felt by the
user as the signal to promptly stop the insertion of the
needle. This brutal decrease of pressure is called "loss of
resistance" (LOR) phenomenon. More precisely, in a real
case, the resistance force, both in the syringe and on the
needle, progressively increases while crossing the ligaments
until it reaches a peak in the ligamentum flavum and then
plummets: this is the LOR phenomenon as described in
[4]. In case the user continues the needle motion, he may
create a breach in the dura mater which may be dangerous
for the patient.

To emulate this procedure it is necessary to repli-
cate the insertion of a needle into tissues as well as this
LOR principle. Moreover, N. Vaughan et al. [1] identified
the emulation of the LOR felt on the syringe as one of
the essential components of their ideal epidural anesthesia
simulator. In that respect, being able to generate a large
spectrum of resistant force would be an essential asset. It
is therefore necessary to reproduce a syringe part and a
needle insertion part. To replicate the syringe, a 1 degree-
of-freedom (DOF') haptic interface was needed. It required
to be mounted on another haptic interface only in charge
of the needle insertion simulation. This paper only focuses
on the syringe part of the simulation.

Some solutions provide training tools to help trainees
learn the epidural anesthesia (Manoharan et al. [5], Magill
et al. [6], Dubey et al. [7] or Thao et al. [8], for example).
Furthermore, Vaughan et al. [1] analyzed most of the so-
lutions available in 2013. However, the existing solutions
only provide a simplified experience when it comes to the
LOR emulation. Most of the simulators featuring it use
a solenoid valve connected to a real syringe. During the



Figure 1: Epidural anesthesia procedure and finger position on the
LOR syringe

procedure the valve simply opens itself to reproduce the
LOR phenomenon. It is an effective and simple solution
but it does not provide a wide range of experiences. For
instance, it cannot smooth the transition between the resis-
tant and non-resistant points, nor can it modify the force
levels produced by the interface.

The simulator part introduced in this paper (visible
in right picture of Fig. 2) aims at tackling this particular
issue, improving the way LOR is emulated through the
syringe. To obtain an overall view, the whole simulator
is introduced in the left picture of Fig. 2. The complete
simulator will use the position information of the needle
tip (available from the other haptic device) to determine
which tissue the needle is virtually crossing and set the
value of both the needle insertion and syringe emptying
resistant forces accordingly. Each patient is represented
by a set of parameters: the depth of the derma and width
of the ligaments the needle should cross, the magnitude
of the resistance force on the syringe plunger in each area
crossed by the virtual needle, and how sudden the LOR is.

To do so, one has to be able to virtually empty a
syringe full of a saline solution. According to [4], resistant
forces may reach at least 6 N on a porcine cadaver. There-
fore, the system was designed to be able to generate around
10 N. The list of requirements for this system was to:

 physically reproduce a real LOR syringe. This repre-
sents usually a 50 mm stroke and a 10 mm diameter,

e be as light as possible as it will be mounted on a
haptic device to reproduce the needle insertion.

e reproduce a variable resistant force up to 10 N,

o allow the user to "empty" and "refill" the simulated
syringe when the LOR point is not reached,

Previously, several control laws were proposed to
. . hap

reproduce a given resistant force F;*" by means of a pneu-
matic actuator [9]. Three control laws were tested with the
sole purpose of creating the LOR feel. This study showed
that a pneumatic cylinder could produce accurate enough
haptic cues using a backstepping force control. However,
these control laws lacked the opportunity to "empty" the
simulated syringe. Whenever the user stopped pushing on

the plunger flange, the latter always retreated in a non-
realistic way as the control law still asked to generate a
force. To enhance the syringe emulation we needed to
implement a strategy for the plunger to remain in place
when the user stops pushing on it. To solve this issue, this
paper proposes an algorithm which switches between two
control laws: on the one hand, to obtain the haptic feel
while pushing on the plunger flange, and on the other hand,
to keep the plunger in place when the user stops pushing
on it. A first solution consisted in using a unique force
control, with a null desired force when the user stopped
pushing on the plunger. However, this solution was not
satisfactory: as the position was not controlled, a small
drift of the plunger position appeared.

(a) (b)

Figure 2: (a): complete simulator from the point of view of the user,
(b): syringe simulator part

This paper uses two distinct control laws to emulate
as precisely as possible the syringe behavior during an
epidural anesthesia procedure. A supervisory controller
is introduced to automatically and safely switch between
these low level control laws. The paper is organized as such:
section 2 is dedicated to the description of the model and
control laws. Section 3 focuses on the switching algorithm.
Section 4 provides experimental results.

2. Pneumatic Actuator Model and Control

In order to actuate the fake syringe flange, an appro-
priate actuator (for example electric motors coupled with a
pinion and rack, pneumatic cylinders or hydraulic cylinders)
had to be selected first. As the required power to mass
ratio is high, electric solutions seemed less suitable than
pneumatic/hydraulic ones [10]. Moreover regarding the
syringe-like desired shape, a cylindrical linear actuator best
fits, which is easier to obtain with pneumatic/hydraulic
cylinders.

Despite an hydraulic solution seems to be the most
obvious choice as it is the closest one to the real system, a



pneumatic cylinder was selected. The pneumatic solution
provides high enough forces and allows for an easier main-
tenance overall (no liquid leaks, for instance). However
using pneumatic solutions involves some drawbacks due to
the compressibility of air, which increases the complexity
of the control. Nevertheless pneumatic actuators have a
natural compliance. It allows them to be used in various
haptic applications with convincing results as Talhan et
al.[11] points out, ranging from force feedback gloves [12]
to full sized haptic interfaces such as the BirthSIM [13].
The latter example helps obstetricians improve their skills
during childbirth delivery.

2.1. Pneumatic cylinder model

For this application, a thermodynamical model was
used with the A-T transform introduced by Abry et al.
in [14]. This transform is based on the Park transform
[15] and was proposed with a control law for the piston
position which used a double effect pneumatic cylinder and
two servovalves. In practice, it allows to transform g,
and ¢, p (the mass flow rates entering into each cylinder
chamber) into ¢4 and ¢, (respectively the active and
pressuring mass flow rates). Herzig et al. [16] have later
enhanced this control law by using only one servovalve. The
A-T transform provides a convenient way to set up some
pneumatic control laws as it permits to directly control the
active mass flow rate which directly generates the actuating
force. It has been used in previous studies [9, 16] either to
design a position control law or to generate haptic feedback.
In this model, the friction force is neglected as it is applied
on low stiction cylinders, the backlash effect is neglected as
the cylinder piston is almost the whole time under charge.
Finally, air leakage has been neglected too has its effect
was considered as minimal and did not seem to impact too
negatively the experimental results in [9]. This model leads
to (1):

dy B
E = v
dv _ —-b-v + Fpneu
da M
deneu (1)
dt = 7Kpneu v+ By gma
dKPneu _ f(ya v, Kpneua dmA, QmT)
dt Vn(y) - Vp(y)

with
f(yv v, Kp’neua dmA, Q7nT) -
Al'Kpneu'y"U*AQ'Fpneu'U (2)
—By -y qma+ Bz gmr

where y represents the current position of the piston,
v is its velocity, Fpney is the pneumatic force created by
the pneumatic cylinder, defined as such:

Fpneu:pP'SP_pN'SN (3)

Table 1: Variable index.

Variable Definition Unit

Y piston position m

Ayp_s distance to switch to m
force control law

Ayrsp distance to switch to m
position control law

v piston velocity m/s

b pneumatic cylinder physical ~ N.s/m
damping

Foneu pneumatic force N

M moving parts mass kg

Kpneu pneumatic stiffness N/m

k polytropic constant -

r air gas constant J/(kg.K)

T temperature K

S cylinder section m?

Sn, Sp inner surfaces on each side m?
of the piston

o total cylinder volume m?

pp, PN pressure in each cylinder Pa
chamber

Vp, Vn volume of each cylinder m3
chamber

qmA active mass flow rate kg/s

GmT pressurization mass flow rate kg/s

gmp, ¢gmN mass flow rates entering kg/s
each cylinder chamber

Yd, vd, Iy desired position velocity -
and pneumatic force for
position control

FZZ ap desired pneuamtic force N
for force control

K closed loop stiffness N/m

B closed loop damping N.s/m

tdel delay time s

Y0 initial position m



with Sy and Sp being the inner surfaces on each side of
the piston, and pp and py the pressure in each chamber.
All these variables are represented in Fig. 3. Moreover, b
represents the pneumatic cylinder physical damping, M is
the mass of the piston-rod-flange part.

Ay =2-5%(k+1)
k-r-T-8
1= ——

Y9
By =82k T-r

Ay =52 k- (k+1)
_53-k2-T-r
2= Vo

are constants where k is the polytropic constant, r the air
gas constant, V| the total pneumatic cylinder volume, T’
the inner temperature, which is considered constant, and
S is the inner cylinder section. K, is the pneumatic
stiffness defined as follows:

( bp PN
Ve(y)  Vn(y)

Finally, ¢4 is the active mass flow rate and g, the
pressurization mas flow rate defined according to the A-T
transform [14]. This corresponds to virtual mass flow rates.
In this application the use of ¢, is sufficient to control
either the force produced by the cylinder or the position
of the plunger, as Abry et al. highlighted in his thesis [17].
Then g, 4 is defined by:

Kpnew = ) k- 52 (4)

Vo Vo

Here Vp and Vyy are the instantaneous volumes of each

P chamber N chamber
pp PN
Vp Vi Plunger Flange
Pistor] J_ Rod IUsor applied force
Spl Sy T

Piston position

Figure 3: Cylinder diagram.

chamber of the cylinder and can be written Vp =V, + 5 -y
and Vy = Vp + S - y. Similarly ¢,,p and ¢,,n are the mass
flow rates entering each chamber. To control accurately
the 5/2 servovalve! which supplies the cylinder chambers,
its characterization has been performed in order to get
an input-output map (IO-map). This IO-map permits to
determine the appropriate command signal U to apply to
the servovalve in order to obtain a desired mass flow rate
entering each chamber, knowing its own internal pressure.
An example of such an IO-map is shown in Fig. 4 for
chamber N. Abry et al. introduced in [17] an algorithm to
determine which command U should be sent to a unique

15/2 means two dependent controlled air outputs

5/2 servovalve connected to both cylinder chambers in
order to directly get the appropriate ¢,,4 value.

Starting from this model, four error signals are cre-
ated and used for control purposes. These error signals
allowed Abry et al. [14] to propose a simple Lyapounov
function to prove the stability of the control law.

21 = Y—UYd

229 = v—vg+Ci 2

zZ3 = Fpneu - Fd (6)
Z3; = fZ3dt

The "d" subscript indicates a desired value, so let y4 be the
desired position, vy its first derivative and F,; the desired
pneumatic force. The z3; error signal helps for the position
control to get rid of any static error by adding an integral
action. It is not compulsory but it does smooth the behavior
of the interface.
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Figure 4: Servovalve Input-Output map, indicating the command
level U to apply to the servovalve in order to get a desired mass flow
rate in chamber N knowing its internal pressure

2.2. Control laws

In this setup, ¢4 is used to control the pneumatic
force or the position of the piston according to the system
state. This section first details the position control, then
focuses on the force control. In order to control the be-
havior of the pneumatic cylinder, a backstepping approach
was chosen instead of linear approaches such as PID for the
following reasons. First, concerning the force control that
allows for a precise and customisable haptic experience, a
classic PID controller did not produce satisfactory results.
In this context, the force applied by the user can be con-
sidered as a disturbance to be rejected in order to produce
the appropriate plunger reaction force. In practice, one
could not obtain a fast enough rejection of this disturbance
force with a PID control law. This is due to the absence
of control of the pressure levels in the chambers and the
non-linearities in the process (as visible in Fig. 4 and Equa-
tion (1)). The use of a backstepping approach allowed to
tackle these two issues at once, thanks to a precise model.
Finally, concerning the position control, a backstepping



approach also allows us to control the closed loop stiffness
which has a major impact on the haptic feel produced by
the cylinder [13].

The global control architecture is illustrated in Fig. 5,
displaying both control laws as well as the switching algo-
rithm.

Position

Yy
control law | T F;ne u
hap . P
L % \ 15
[ Selector

Switching Selector qmA| Cylinder
&—>| Servovalve
model

algorithm
( y ) Flo
Foneu — Force Lob ( y )

Foneu »| control law PN

bp
Figure 5: Control architecture of the syringe simulator

The control laws presented here were already dis-
cussed in [9, 14, 16]. They provide the basis for the design
of the switching algorithm.

2.2.1. Position control

Yd

)
Fpneu

Figure 6: Block diagram of the position control law.

Position dmA
control law

To use the position control, one has to set a reference
trajectory yg, generate its derivatives vgq, ag and jg and
finally define the value for F, according to Abry et al. [14],
using:

Fd:M~(ad+z1~(012—1)—zg-(01+02))+b~v (7)

For this control law, ¢,, 4 can be defined as such, using the
backstepping approach proposed by Abry et al. [14]:

gma=Jfo+fi-z1i+fo-za+ fa-23+ fai-23  (8)

with:

M2 jg+ M- Kppew 0 — 00+ Fpew - b

fo = M B
M. (C}—2-C1—C)
A= - -
- M2~(012+Cl'02+022*1)71
fa = N B
Lo Ot G Gy
e
fS’L = E

In these expressions, j4 is the desired jerk and Cf,
Csy, C3 and K; are constant positive parameters. C; and
C5 can be adjusted to control respectively the closed loop
damping and the stiffness of the control law, as suggested
in [14]. The closed loop stiffness can then be defined as
Ky =M-(Cy-Cy+ 1) and the closed loop damping as
By = M - (C1 + C5). These two physical parameters help
to figure out the influences of each parameter. They can
be tuned to get the desired haptic feel. This law allows the
system to stabilize the piston at a desired position y4 by
leading all the errors defined in (6) to 0. The asymptotic
stability has been proven in [14].

2.2.2. Force control

hap
Fd

Force dmA
control law

Fpneu

Figure 7: Block diagram of the force control law.

Concerning the pneumatic force control law, ¢, 4 is
defined using the approach proposed in [9]:

1 .

Ima =5~ (Kpneu v+ Fdhap) —Cy - 23 (9)
where Cy is a stricly positive constant parameter. It is
designed using a backstepping approach on the last line
of the equation set (1). This law allows the system to set
the pneumatic force to a desired force F; %P 1In this case,
the control law does not include the integral state z3¢ as
the static error obtained was not too important for this
study. Indeed to generate precise haptic feel, the dynamic
of the force trajectory was the first concern. Its asymptotic
stability has been proven in [9].



3. Replicating a syringe behavior

In this section, aforementioned models and control
laws are used to turn a pneumatic cylinder into a pneumatic
haptic interface. To do so, a supervisor controller monitors
the switching between position (8) and force control (9)
laws. First the global stability is considered. Then the
switching behavior is described.

3.1. Stability analysis

The position and force control laws are indepen-
dently stable. The issue addressed here concerns the stabil-
ity of the global system. Once each control law is applied
to the system, the dynamics become:

le

(?T = —Ci-z21+2
29 Z3

B . -2 10

ddt Z1 CQ 2o + i ( )
z3 Z9

_ = _— C .

dt Mo

when the position control is active, and

dy B

E = v

dl _ —b- v+ Fpneu (11)
dt M

ng

P —Cy4- By 23

when the force control is active.

Both control laws have their own asymptotic stabil-
ity. Hence, in order to ensure the stability of the switched
system, the dwell time of each law is considered. We deter-
mined a minimum duration to wait before next switching,
which enables the system internal states to reach steady
values. Concerning the position control, the average dwell
time of each error signal [18] has to be considered. This
average dwell time is provided by the eigenvalues of:

-¢ 1 0
A= 1 - 1/M (12)
0 —1/M —Cs

Concerning the force control, we only have to con-
sider the dynamics of z3 given by:

dZ3

= _Cy- B -z 13

at 4 1° %23 (13)
As they are the only controlled dynamics, they can also be
written as follows:

—Cy- By 0 0
A, = 0 ~Cy- By 0 , (14)
0 0 ~Cy By

knowing that z; and z are irrelevant during this phase
and may be set to zero. Given that, each of these dynamics
are asymptotically stable. Hespanha et al. [18] ensures
that there exists a dwell time 7p preventing the system to
reach a chatter bound. We only have to ensure the system
remains in a steady state for at least 7p. 7p depends on
the values of Cp, Cy, C3, and Cy, and the desired stability
margin. The values of 7p are provided later on in section
ITI.

It has to be noted that some dynamics remain un-
controlled in each law. For example, the position control
law, in this configuration with only one servovalve, does
not control the dynamics of Kpne. However taking care of
the asymptotic stability of the system appears to provide
satisfying results (see [9, 17]).

Another approach would have consisted in using
Fuzzy Logic (FL) [19, 20]. Yet another approach could be
using the Filippov solutions [21]. The team not having
skills in FL and as the current solution provides satisfactory
results, these option have not been investigated further.

8.2. Switching Logic

As the objective is to simulate a syringe which can
either keep a set position or render a desired resistance
force to the user through the plunger flange, the supervi-
sor algorithm must "guess" which control law has to be
selected. Therefore, a triggering signal had to be defined
to allow the system to use either one or the other control
law depending on the situation. Throughout this paper,
the piston position y is considered rather than the plunger
flange’s one as both work together.

First, the algorithm starts with a position control
placing the rod fully extended (see Fig. 8). Once initialized
properly, the supervisor decides whether to use a position
or a force control law anytime. This section describes the
setting up of the algorithm step by step, showcasing how it
works with some simulated examples. For these examples,
the model (1) was simulated and a disturbance force was
applied by a virtual user: a filtered step signal with a slight
random part to be close to a real use case.

?

PR ha
In}t}ahsatlon Fonew > Fy?
Position control or
rod out h
Fdzap
V= (v =) > 7
— Yout ¢
7 A
Position Force
control control
v Fhap
Ypast — Y < : tdel

Figure 8: State diagram governing the control law switching



3.2.1. Switching from position to force control

If the active law controls the position, the algorithm
checks whether the current pneumatic force created by the
cylinder is greater than the current desired force (Fpeqy >
Fhap

d
Kcl
If so, the algorithm selects the force control law. The
condition Fje > F; “P allows for a smooth switching
from a position to a force control in terms of haptic cues,
with minimal (if not absent) kicks. The condition (yq—y) >
Ayp_ s, checks whether the plunger flange has been shifted
enough from the equilibrium position. Indeed, when the
position control law is active, the cylinder works as if there
were a spring holding it to the equilibrium position with
K as stiffness. So when the error between the equilibrium
position and the current position exceeds Ay, s, then

F:ap) or whether (yq —y) > Ay, 5 where Ay,_,; =

the pneumatic force should be close to the desired force.

This condition acts as a security as it is redundant with
Foneuw > F; “P Tt is useful when the plunger flange is
shifted too quickly from the equilibrium position. Also,
it should prevent some potential wind up of the integral
action used for the position control.

As an example, Fig. 9 illustrates how the use of
this trigger prevents the system from remaining in the
position control too long, while limiting the spikes in the
force signal.

— Effort pneumatique
Résistance haptique souhaitée ||
Force appliquée par 1'utilisateur

0 Controle en position

&
= Controle en effort
3
&=
=

1.5 1.55 1.6 1.65 1.7
Temps (s)

Figure 9: Simulated disturbance force, pneumatic force, and desired

force. In this case the position based condition triggered first at
ta~1.55 s creating a small rise in pneumatic force

3.2.2. Switching from force to position control

When the force control is active the equation of the
state of the pneumatic cylinder is as follows:

dy
a = v
(15)
dv —b-v+ FpP
a M

In this case, the backstepping controller acts so that

the current pneumatic force is equal to the desired force.

. hap - .
For demonstration purposes, F;*” is considered constant

and the flange is immobile at the start. First, the focus is
on the triggering condition detecting that the user stopped
pushing on the plunger flange. To be sure the condition
will be triggered, it is recommended to use a low expected
value of F ;L “P Indeed, when the user stops pushing on the
plunger flange, the initial velocity is then 0 as the plunger
flange starts moving backward and the initial position is
recorded as a set point. The flange velocity is then (by
integrating the linear differential equation (15)):

Fhap .
o(t) =~ (1 e (16)
which then leads to:
Fhop M
y(t) =y = 5 (t+ e ) (17)

At this point, when a switching is detected, yo then
becomes y4, the new equilibrium position, namely the
position at which the user stopped pushing. So, after ¢4
the plunger flange has moved as follows:

Fhap M
Ypast — Yd = dT. (taer + ?6_%~tdel) (18)

which can be simplified to:

Fhap
Ypast — Yd = db : tdel (19)

if &1 is very small in comparison to tqe;. Then, to detect a

necessary switching from force control to position control,
Fhap
d

(y(t) — ya) has to be less or equal to Ayy_,, = &

“tdel-

0.05 T e |

Plunger position
Desired position
Force control

Position control

position (m)
o

-0.05
0

time (s)

Figure 10: Simulated real position and desired position with a too
severe condition to switch from force to position control. As a result,
the algorithm did not detect the need to switch after ¢t = 3 s and is
too slow when t ~ 2 s

If this condition is overlooked, the worst case sce-
nario may end up not detecting some necessary switching
as shown in Fig. 10 at ¢t =~ 3 s. To illustrate this scenario,
the trigger level is arbitrarily set too high. Indeed the
pneumatic force being quite low at this point, the plunger



flange did not move fast enough to trigger the condition.
However, choosing a trigger value very close to 0 is partic-
ularly dependent on the hardware and the sensors. Thus
one needs to be careful not to reduce the delay (t4e;) too
much as it would require a very precise position sensor.

3.2.3. Managing the switching

The role of the supervisor is to maintain the system
stable but also to perform soft switching between control
laws in order to render correct haptic cues. To prevent the
supervisor to switch between both laws too frequently, a
timeout signal is added to embed an hysteresis behavior as
follows: the supervisor first checks the presence of a non
null value of the timeout signal to determine whether a
switching happened recently. If not, the algorithm looks
whether one of the aforementioned switching conditions
(depicted in Fig. 8) are true.

In Fig. 11 once the algorithm switches from force
control to position control (at t & 3 s), as the desired force
Fg “P is relatively small, the pneumatic force remains above

F;ap. So, as Fppey > F;ap the algorithm switches back
to force control. Then, the system alternates extremely
rapidly between the two control laws for about 0.1 s until
the system stabilize itself. Notice that it is a simulated
case; this does not guarantee that the real system would
also stabilize itself. From all those conditions, the final
complete switching algorithm is illustrated as a flowchart
in Fig. 12.

3.8. Validation through computer simulations

The aforementioned parameters, equations, model,
and control laws are implemented in a Simulink® program
depicted as a block diagram in Fig. 5. The feedback signal
connecting the pneumatic cylinder output to the servovalve
block highlights the need for a servovalve characterization
in a real application for better performance. The simulation
depicts a simple but realistic behavior. A noise was simply
added to the applied force to take into account that the user
does not apply a perfectly constant force on the plunger
flange.

Results are shown in Fig. 13, where force and posi-
tion are shown respectively in subfigure 13b and 13a. At
first the algorithm activates the position control law, and
when the user applies a force, at t = 1.5 s, the plunger
flange starts moving away from the current equilibrium po-
sition, thus creating a pneumatic force (in blue in Fig. 13b)
opposed to the user force. When this pneumatic force
reaches the current desired force, the force control law
takes place and keeps the pneumatic force at the desired
value. At t = 2 s the user stops pushing on the flange and
one can observe the switching from the force control to the
position control at ¢ = 2.1 s. During the short period when
2 <t < 2.1 s, the plunger flange goes about 3 mm back
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Figure 11: Simulation of switching using no timeout signal;(a) depicts
respectively plunger flange real and desired position, (b) depicts user
applied force, pneumatic force recorded, and desired force.

and then stops when the algorithm has detected that the
plunger flange has moved in the opposite direction for a
long enough distance. This backing motion can be lessen
by reducing the delay between y and ypqs: as long as it
remains greater than the stability delay 7p introduced in
section 2.1.

Overall, this simulation provides satisfactory results
as it presents negligible jumps in pneumatic force and the
backing motion remains quite small when the user stops
applying force on the plunger. Our algorithm is able to
produce smooth enough haptic cues while detecting the
backing motion efficiently.

3.4. Conclusion from simulations

These computer simulations showed that the behav-
ior of a syringe could be reproduced with realism, by using
a pneumatic cylinder equipped with only one servovalve,
one position and two pressure sensors, no force sensor, and
two control laws switched according to the provided algo-
rithm. Finally, the algorithm works best when it needs to
reproduce a force higher than 2 N, as the plunger flange
must go backwards a bit during a short period of time to
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Figure 12: Switching algorithm flowchart.

trigger a control law switch. In case someone wants to
work with lower desired forces, the use of a small constant
threshold for the conditions is recommended instead of
Fg “P_ Moreover, it will be necessary to ensure that the
integrator action, active during position control, is reset
when this law is not activated.

4. Experimental validation

4.1. Test bench

The validation of the proposed controller for the
syringe simulation application was performed on a separate
test bench focusing only on the pneumatic LOR syringe
simulation. This test bench features a double effect Airpel®
low friction pneumatic cylinder (Airpel model M16D100D)
coupled with a Festo MPYE®-5-M5-010 B servo-valve to
control the air mass flow rates. This cylinder has a 16
mm diameter and a 100 mm stroke. The piston and shaft
weigh M = 60 g. Two pressure transducers MEAS® U5136
and a low-friction linear variable differential transformer
(LVDT) position sensor (DC-EC 2000 from Measurement
Specialties) were used. The test bench used is visible in
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Figure 13: (a) Simulated position of the piston during a test involving
user applied force (b) disturbance force, pneumatic force, and desired
pneumatic force.

Fig. 14. The control is performed on a dSPACE board
(DS1103) running at a sampling rate of 1 kHz.

4.2. Parametrization

Compared to the aforementioned simulations, some
compromises were made in order to respect some following
constraints. Concerning the position control law, the per-
formance had to be lowered to prevent instability. Indeed,
in our case, asking for too quick a response in terms of
positioning often resulted in a chattering behavior. This
chattering greatly hinders the haptic feeling. Therefore, K;
(the integral term of (8)) is kept at a low value: 10. Also,
the algorithm was initialized with the force control active.

To effectively control the haptic feel produced by the
interface, two cases have to be considered. First, when the
position control law is active, it is necessary to set B.; and
K. Choosing a high value for K. makes it harder to push
the plunger flange away from its equilibrium position. In
that case, the pneumatic force quickly reaches the desired
force and the supervisor switches to the force control law
at once. So one way to choose the value of K is to take
into account the second condition which can also trigger
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Figure 14: Test bench (the servovalve is not visible here).

hap
this switching ((yq — y) > Aypp with Ay, ; = Ic(l'il)
C
If the Fppey > F;L P condition gets triggered, the
transition is the smoothest as the force control law is the
closest to its equilibrium state. Concerning the (yq —
y) > Ay, 5 condition, the precision of the position sensor
is important, because a high K. would require a very
small displacement to be considered as a triggering event.
Therefore, K. can be set a priori considering the desired
displacement versus the desired force F; %P For instance,
a desired force of F : “? =10 N and a 1 cm displacement as
triggering event involve K. = 1000 N/m.

Knowing that the integral action (z3; in (8)), active
during position control, increases the resulting pneumatic
force, the precision of the position sensor may also be a
limiting factor. Therefore, one should consider a larger? al-
lowed displacement Ay,,_, s and a lower closed loop stiffness
K. Values between 1000 and 2000 N/m should provide
good performance for the position control law. Hence higher
values of K. generally result in a faster position control
law. However choosing a relatively high K. value may
induce some undesired oscillations. Once K is set, it is
necessary to do the same for B.;. But, as suggested in [14],
the system must comply with an additional condition in
order to keep the stability of the position law:

B 22\/M'(Kcl_M)

Here, choosing a value close to the minimal allowable value
is preferable. Indeed, high closed loop damping generally
adds some instability to the system. Also, in our appli-
cation, motions being slow, the influence of B, remains
quite marginal, here B, = 50 N.s/m. The last parame-
ter to set for the position control is C3 which has to be
set empirically through iterations. In our case C3 = 20.

(20)

10

Finally, it is necessary to set the constant for the force
control. This is also mostly done by iterations. In our
case the value is Cy = 4 - 10~%. Using these parameters
guarantees 7p ~ 0.1 s according to Hespanha et al. [18].

4.3. Ezxperimental results

The main objective of these experiments was to
validate the realism of the rendered haptic cues of a LOR
detection through the syringe with skilled users. A second
objective was to assess the customization opportunities the
system allows. The results are illustrated in Fig. 15 and
Fig. 16.
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Figure 15: Experimental results for an easy case: very sudden LOR,
relatively low maximum force.

In the context of this paper, the system was tested
without the needle insertion simulation, the virtual LOR
position was set arbitrarily in the stroke of the cylinder
flange around y = —0.02 m. Experiments were performed
involving two anesthesiologists from Hospices Civils de
Lyon in a context of epidural needle insertion simulation.
These first trials were a way to asses the quality of the
haptic rendering before integrating it into the complete
simulator.

Three patient types corresponding to three increas-
ing levels of difficulty were implemented here. The first level
(Fig. 15) of difficulty consisted in a very sudden LOR and
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Figure 16: Experimental results for an intermediate case: sudden
LOR, relatively high maximum force. This time showcasing the result
of an hesitation by the user at ¢ = 35 s.

a relatively low maximum force corresponding to the injec-
tion of fluid in the derma. In the second level (Fig. 16, the
maximum force was increased and the LOR was smoothed
(a filtered step in this case). The increase of the maximum
force is harder for the user as he has to be very careful
not to miss the LOR point (which can be either subtle or
very sudden). Concerning the LOR, softening the fall in
resistance makes the LOR point more subtle and harder
to be detected. The last level (Fig. 17), the maximum
resistance was kept at a high level and the LOR was even
smoother. This represents the most difficult case as mak-
ing the LOR smoother makes it harder to detect. The
parameters for these patients were based on feedback from
the two professionals as well as on a study which published
some measurement on forces during a LOR procedure [4].

4.4. Discussion

The results shown in the previous section as well
as the feedback from the users are encouraging in terms
of realism and efficiency of the LOR syringe simulator.
Fig. 15 highlights a classical use of the interface with a
constant pushing on the plunger all along the test. Fig. 16,
in contrast, illustrates the switching during a test, with
some hesitation at t &~ 35 s. At this time, the user stopped
pushing on the plunger before noticing a LOR to get a
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Figure 17: Experimental results for an difficult case: smooth LOR,
relatively high maximum force.

better position. It is an interesting improvement over
previous solutions, especially considering that it allows for
a precise and deep customization of the haptic cues. Some
of the presented results may include quick bursts in the
plunger flange speed (ta<15 s in Fig. 15 for example) when
the user pushes on it.

Concerning the realism of this LOR syringe simu-
lator, both medical experts moderate their appreciation.
Indeed, as the experiments were performed without any
needle insertion, the difficulty of the procedure was greatly
decreased as they could focus on only one task. In practice,
the LOR is not only felt through the plunger flange but
also through the needle insertion, the absence of the needle
part might blur the perception of the users. According
to these experts, it is difficult to fully separate the forces
applied on the plunger flange from the needle insertion
forces.

In the complete simulator, a new cylinder will be
used, with less friction. This will thus allow smoother
displacements. Also, instead of a arbitrary force trajecto-
ries, different flange resistant force levels will have to be set
when the needle crosses each physical layer (outside, derma,
supraspinous ligament, intraspinous ligament, ligamentum
flavum, epidural space, dura, and muscles) as the leak of
liquid in the real LOR syringe depends on the physiological



response of these body parts.

5. Conclusion

This paper introduces a control framework to render
haptic cues by mean of a pneumatic cylinder. It can be espe-
cially used to simulate the LOR effect in an epidural needle
insertion procedure. For this kind of application, compared
to existing solutions [5, 6, 7, 8], two skilled anesthesiologists
confirmed a good realism. Moreover, its customisability en-
ables simulations of a wide range of difficulty levels, hence
proposing a large improvement margin for the trainees.
This simulator has been validated both in simulation and
experimentally providing satisfactory results in regards to
the stability of the system and the quality of haptic cues
generated. Future directions will consist in updating the
model of pneumatic cylinder to reduce its friction, as its
actual friction level may mislead users.

On the complete simulator, featuring both a needle
to insert and the LOR syringe, the LOR syringe simulation
will be synchronized with the needle insertion haptic simu-
lation providing hands-on training of the whole epidural
needle insertion procedure. This should permit to efficiently
and safely train and assess novice anesthetists skill on the
complete gesture.
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