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Abstract— Haptic simulators can help medical students to
train and improve their skills before practicing with a real
patient. However, the vast majority of needle insertion haptic
simulators are based on sophisticated models that are accurate
but highly demanding in computing resources. Most of them
do not provide haptic feedback and/or are not suitable for
haptic control due to their computing time. In this paper, we
presented a new low computing consuming method that aims to
provide a realistic needle insertion experience to the student.
A description of the proposed solution is provided, and it is
illustrated by experimental results to highlight its performance.

I. INTRODUCTION

Needle injection is one of the most used procedures that
doctors must face day by day. In rheumatology, needle
injection can be used to relieve pain in the joints, introduce
drugs, and carry out biopsies. During this procedure, doctors
have the possibility to use an echographic probe to follow the
needle position inside the joint. The difficulty of this gesture
is to handle both tools (needle and echographic probe)
which requires a visual-motor coordination. To train, medical
students can use corpses or manikins before practicing on
real patients. However, this kind of training has several
drawbacks such as:

• It is not customizable to represent different kinds of
patients.

• It is not realistic enough from a haptic point of view.
• It is not repeatable.
• It does not allow to record the full gesture (position,

force, etc.).
Thanks to technological advances, haptic simulators have

become a way to help doctors to improve and gain medical’s
skills before practicing on real patients. These simulators
allow working in different environments with force feedback
to help immerse them in diverse situations. It also reduces
the time spent on patients to complete the training and
allows them to extrapolate their acquired skills to a real-
life situation. However, haptic simulators still present some
difficulties to simulate the different inherent stiffness of the
body such as skin, fat, muscles and bones. Even though
the involved forces can be calculated using biomechanical
models, which are mostly based on FEM (Finite Element
Method), their implementation in real-time can be limited
due to the high computing resources needed to compute
forces. [1].
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In this paper, we introduce an enhancement of the previous
“Tracking Wall” method introduced in [2]. This new method
can compute the forces that act on the needle during the
insertion into the tissue along the axial direction (cutting
forces and attracted forces). This method is also implemented
with a virtual fixture to increase the realism of the operation.
We also present the results of the experimental validation of
this method and our future perspectives for a more complete
simulator.

II. STATE OF ART

To develop an injection simulator, the main issue is to give
realistic force feedback of the tissue deformation to the final
user. In the bibliography several methods and techniques are
available. Most of them are based on the use of mathematical
biomechanical models, which are high resource-demanding,
and othersonly mimic in a basic way the feeling of deforming
the patient’s tissue.

With haptic devices, it is possible to create different virtual
environments like objects/wall collision scenarios. This can
be done by controlling the desired force applied by the
device on the hand of the user, which is the simplest method
called direct method. The forces and torques are generated to
give the sensation of interaction by computing the distance
between the tool and the surface [3]. In practice, this solution
is not suitable, as chattering problems can occur on the tip of
the tool due to the sudden change of applied force perturbing
the haptic rendering.

One method to render forces in the virtual environment
is using the God-Object algorithm, also known as a surface
contact point, proxy point, or IHIP (Ideal Haptic Interface
Point) [4], which is implemented in several haptic simulators
[5]. This algorithm begins with the assumption that it is
not possible to avoid that the user overpasses the virtual
location of a surface in the real world. This is due to the
in-exactitude of the human body to sensor small forces from
the haptic device. To avoid unreal behaviour, the algorithm
uses a virtual point called the God-Object, which is located at
the edge of the virtual object. The forces are rendered using
impedance control techniques based on the relative position
of the god object against the real tool.

Another way to render the insertion forces is to imple-
ment Voigt model [6]. This method uses a virtual spring
and a damper in parallel, which is are very low computer
consuming, but inaccurate.

The use of FEM is widely spread due to its accuracy
in calculating the behavior of the tissue during puncture
or deformation. One example is the method presented by
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[7] where authors used a tetrahedral mesh to successfully
compute the reaction forces in the needle while injecting.
However, FEM is very well known for its highly demanding
resources, which impedes by the moment, being applied in
online estimations for haptic simulators.

In [8], authors proposed to use a statistical model based on
acquired data from a measurement campaign. Their model
includes parameters for several pathologies and patient’s
profiles. However, the model does not include data for
intraarticular needle injection of the desired joint (knee,
shoulder, wrist), which limits its use to our purpose.

In [9], it is proposed a model for needle insertion for
surgical simulation. The authors proposed a first-order model
that includes the pre-puncture, puncture and friction forces.
They obtain the parameters from acquired data and compare
the estimated force from their model with one obtained
during its measurements. The force given by the model and
the one capture resembles closely, but the problem with this
method is the lack of consideration of several layers of tissue,
as their parameters and model were calculated only works
for a liver.

III. METHODOLOGY

In the case of needle insertion, it is necessary to know
which forces act during the needle’s injection and with-
drawal, and how to compute them from the virtual environ-
ment to the haptic device. Considering that the needle shaft
rubs against the tissue while the needle cuts the skin, three
main forces are generated during the tissue piercing [10].

1) The cutting force, which acts on the tip of the needle
in the axial direction. Its magnitude differs according
to the various tissue layers and the shape of the needle
tip.

2) The clamping force, which acts on the side of the
needle shaft in the normal direction.

3) The friction force, which acts along the side of the
needle in the axial direction.

In Fig.1, are shown the involved forces during the needle
injection. In addition to these forces, another force is gener-
ated when the needle is withdrawn from the tissue, and this
acts on the needle’s opposite motion direction; this force is
called attracted force [11] generated in the axial direction.
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Fig. 1: Interaction forces during the needle insertion.

A. Cutting force and attracted force: Enhanced tracking wall

To reproduce the cutting force, we opted to use the
Tracking Wall method (introduced in [2]) due to its low-
resource consummation. This method is based on a virtual
spring to compute the cutting forces. The difference with
classic methods is that we avoid using any damper to
dissipate the energy and substituted it with a second wall
that ensures a constant force, and tracks the tool position
during the displacement. On this occasion, the tracking wall
method was improved to compute the cutting force during the
needle insertion and the attracted force when it is withdrawn
from the tissue. Also, it was modified to work from left
to right (vice-versa) and from top to bottom (vice-versa)
giving the possibility to set the virtual limb in any part of
our workspace.

The tracking wall method helps us to achieve some objec-
tives concerning the needle puncture, like the reproduction
of different tissue stiffness, the ability to perform stops
inside the virtual articulation, and the small rejection force
generated by the muscles when the needle stops inside the
joint.

As it is mentioned in [2], the method uses two virtual
walls (Fig. 2). The first one, ω0 is the established position of
a fixed wall, when the tool collides with the skin (virtual en-
vironment). The second one, ωn, is the position of a moving
virtual wall that is updated during the tool displacement or
when a stop occurs. In the case the needle is moving inside
the joint, ωn is updated by (1). This process is declared as
“Update with movement” and considers if the tool enters
from right to left (and vice-versa) or top to bottom (and
vice-versa).

K

Fig. 2: Tracking wall representation.

ωn =

{
xt −∆new if xt > ω0

xt + ∆new if xt < ω0
(1)

Where xt is the current needle position, and ∆new is a
variable called “safety position”, that computes the minimum
distance required to reproduce the desired force, and also it
represents the distance between the current point and ωn

while the tool is moving.
From this, ∆new is calculated by

∆new =
fd
Kt

(2)
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Where fd is the desired force, established by a force
profile. Kt is a tuning parameter that allows establishing
the value of the “safety position” and reducing the value of
∆new, which should be calculated for each layer according
to the desired forces.

When a stop occurs inside the virtual limb, as ωn is behind
the tool, it remains a minimum distance between the current
point and ωn which we called difference distance (∆h) and
it is calculated by

∆h = xt − wn (3)

This distance should be reduced at each iteration to avoid
having a too high rejection force when the user stops. Ideally
∆h → 0 by the end of the last iteration, but we can also leave
∆h with a small value, which will produce a small rejection
of force that can be interpreted like the one the muscles exert
on the needle. This rejection force can be set according to
the properties of the involved muscles or part of the body. To
update ωn when a stop occurs, we use (4), and this process
is called as “Update with stop”.

ωn =

{
m ∗ i+ ωn−1 if i ≤ n

ωn if i > n
(4)

where m is calculated by (5) and must remain unchanged
during the rest of the process.

m =
xt − ωn

n
(5)

Where n is the total number of iterations to update ωn,
and i is the current number of iteration. Concerning the value
n, this must be tuned according to the target hardware and
programming language. It is suggested that the tracking wall
method must be implemented in a real-time environment,
so n can be set in seconds and designers can have a better
manipulation of the wall update.

The purpose of this algorithm is to move the wall in front
of the tool, so the next time the user moves the tool, he will
face it again. To compute the cutting force (fcutting) we use

fcutting = Kt(∆h) (6)

As the attracted force is contrary to the cutting force, it is
established that fcutting = −fattracted, so (6) can be used
to calculate it by only applying the corresponding sign. The
flow diagram on Fig.3 shows the condition established to
compute the forces fcutting and fattracted depending on the
tool’s direction. Only one of these forces is applied to the
haptic system at each iteration.

Resuming it, the main advantages of the method tracking
wall are:

• No biomechanical models are used. So, the method only
requires low computing resources.

• Ability to render the different tissues of the body,
by applying several successive tracking walls or by
changing the desired forces in real-time

• Ability to configure the rejection force to provide real-
ism when the needle is rejected by the tissue.

Fig. 3: Flow diagram to compute cutting force and attracted
force.

B. Clamping force: Virtual fixture

As one of our objectives is to allow the doctor to choose
the entry point on the virtual joint. The trajectory and the
clamping forces need to be recalculated every time that
the point of insertion is changed. It is thus not possible to
establish a predefined trajectory for every case.

During a real injection, the muscles constraint the move-
ment of the needle in angular and cartesian space, making
difficult to change the desired trajectory. When the needle is
piercing the skin, the user can keep its initial trajectory or
he can change the needle’s orientation to reach the desired
target. This change is limited by an angle α which allows
a maximum angle of 45◦concerning the needle main axis,
forming a 3D cone (Fig.4). So, as the needle keeps going
deeper and deeper α → 0, limiting the orientation until it
can not be longer changed. α can be calculated by

α = tan−1(
nL − dt
nL + dt

) (7)

where nL represents the needle’s length, and dt the distance
computed from the point where the needle pierced the tissue
until the current point

Fig. 4: Angle definition.
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To limit the tilting of the needle established by α, an
orientation control can be implemented on an actuated wrist.

To ensure that the needle follows the desired path once the
orientation has been set, it is necessary to create a virtual
guide that limits the needle’s movement in the cartesian
space. If the user tries to depart from this trajectory, a
correctional force is exerted to keep it in. By computing
the projection point onto the line, it is possible to create a
virtual fixture [12].

This is made by creating a line using the insertion point
of the needle (P0), and the director vector (~uP ), which
represents the reference trajectory and the sense of the
needle. The current position of the needle is denoted by
P and its projection onto the line is denoted as Q, that
represents the desired point onto the line (Fig.5).

π

Fig. 5: Orthogonal projection of a point onto a line

To compute the projection of the point P the vector
~uP helps us to find an orthogonal plane π that fulfills the
expression:

π

{
Pεπ
~uP⊥π

To find Q we calculate the orthogonal projection of a point
onto the line. Ideally, if the difference between P and Q
is minimal, no correctional force must be exerted. On the
other hand, if the positions have a significant deviation, the
correctional force will be exerted with a significant value to
correct the needle’s trajectory.

To calculate the correctional force, we apply a proportional
control which helps to correct the user movement, once
the tool quits from the desired trajectory (8). These forces
represent the clamping forces.

fc = k ∗ e (8)

where e is the euclidean distance of ||QP || and k is a tuning
value that grant the restriction of the needle’s movement,
depending on the depth and the tissue stiffness.

IV. EXPERIMENTAL RESULTS

To test experimentally that the enhanced Tracking wall and
the virtual fixture can render the haptic force from a needle
injection, we make tests simulating an intraarticular injection

on a shoulder. For testing the forces, our test bench consists
of a Virtuose™ 6D Desktop haptic device, which offers up
to 10N of peak force, set in a base with a syringe mock
and support for the hand (Fig. 6a). To visualize the needle
injection, we implement in CHAI3D the tracking wall and
the virtual fixture (Fig. 6b). CHAI3D is a framework written
in C++ that give us the required libraries and functions to
implement a fully 3D environment and compute collisions
between the needle and the virtual articulation [13].

Haptic 
device

Syringe Hand's 
support

Base

Rod

Insertion 
point

z

xy

(a) Test bench
Shoulder

(b) CHAI 3D environment

Fig. 6: Needle injection simulator

A. Cutting force and Attracted force

This section presents some tests implementing the en-
hanced tracking wall method to compute the cutting and
the attracted forces. The objective is to corroborate that
the proposed method can render the same forces that are
generated in a real procedure.

For the first test, the method is tested in 1 DoF, where
the objective is to compute the desired cutting force of 1N
during the needle insertion, this value is chosen from the
experiment performed by [14], and a desired attracted force
of 0.5N is established empirically by our medical partner.

Fig. 7 shows the results in 1 DoF. In the first instance, the
tool is in free motion (FM), it means that there is no contact
with the virtual articulation, and hence there is no exerted
force. From t = 24s to t = 27s the needle is inserted inside
the virtual joint. ωn begins to follow it, with a small ∆h

error to ensure the desired force. During this displacement,
the cutting force increases until reaching the desired cutting
force of 1N , while the speed remains negative. From t = 27s
to 29.5s an intentional stop occurs, and when the needle’s
speed is almost zero, ωn updates its position until it reaches
the needle’s actual one. During ωn updating, the force starts
to decrease until zero, to avoid a too high rejection force
during the stop. When the intentional stop ends, the needle
begins to be withdrawn from the virtual body from t = 29.5s
to t = 31.5s. At this moment, an attracted force is computed
with the chosen magnitude of 0.5N. Finally, the needle is
completely withdrawn from the articulation to the free zone
motion, where the user can choose another point of insertion.

The objective of the second test is to set a profile of six
different cutting force values (based on the numbers of layers
from an articular joint: skin, muscle, bursa, tendon, cartilage,
and bone) in 3 DoF. The desired cutting forces are 1N (layer
1), 2N (layer 2), 1.5N (layer 3), 2.5N (layer 4), 3N (layer
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Fig. 7: Tracking wall - 1 DoF

5), 4N (layer 6), and a desired attracted force of 0.4N .
The cutting forces are set based on [14] and by our medical
partner.

Fig.8 presents the needle position and the tracking walls
along each axis during the tool insertion and the tool
withdrawal, these positions are computed respecting to the
reference frame of the haptic device Fig.6a. As it can be
appreciated, the wall tracks the needle displacement during
the tool insertion and withdrawal, keeping a difference dis-
tance (between the needle tip position and ωn) to ensure the
desired forces. In this case, as it is only tuned one Kt for all
the layers, it was proposed to set Kt = 500N/m to reduce the
difference distance as much as possible without perturbing
the haptic response.

The cutting and attracted force are shown in Fig.9. The
first force increases and decreases according to the stiffness
of the layer (t = 0s to t = 0.75s). As it is shown, the force
response is almost instantaneous when this goes from 2N to
1.5N. This is due to the fact that ∆new is smaller when the
cutting force goes from a high force to a low one. Then when
the needle is withdrawn from the virtual joint, the attracted
force is generated (t = 0.75s to t = 1.5s). In this case,
the attracted is negative because it is opposite to the cutting
force.
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Fig. 9: Cutting forces and attracted forces - 3 Dof

B. Clamping Forces

This test is performed in 3 degrees of freedom, computing
the virtual fixture previously described in section III-B.

Fig.10 shows the tool displacement (blue line) and the
clamping force’s behavior (pink arrows) during the needle
insertion inside the virtual articulation. Fig. 11 shows the
forces exerted by the simulator. In this test, the user chooses
the point of insertion in the virtual environment (Start point),
then he continues inserting the needle until point 1, but as he
does not arrive at the desired target, the tool is withdrawn,
but not totally. Following the previous path of 1, the user
performed a change on the needle’s trajectory at 2 and finally,
he reached the desired target. After achieving the objective,
the user withdraw the needle from the articulation in its
totality.

Fig.10 shows that at the beginning of the test, the user
almost follows the desired trajectory. Consequently, this
provokes that the magnitude force is small (Fig.11). As the
user keeps moving deeper, the clamping force starts to rise
due to the user departing from the desired trajectory (Fig.
11). Then the user withdraw the needle to change the path
and proceed to insert it again, but during the procedure, the
user keeps trying to depart from the desired path, so the
clamping forces are computed to correct his movements.

As can be seen, the user can perform a correctional change
of trajectory limited by the maximum α angle. When this
occurs the direction of the needle changes, the haptic device
exerts a force preventing the user changes his trajectory, but
as the forces are not large enough to stop him, the trajectory
is changed. This behavior is also similar to a real injection
task when a medical student tries to re-orient the needle into
the tissue.

V. CONCLUSIONS

The enhanced tracking wall allows us to compute the
cutting force when the needle pierces the tissue, and the
attracted forces when the needle is withdrawn from it. The
benefits of this method are that we avoid the use of any
complex biomechanical model, and therefore the method
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does not require high computing resources, allowing easy
implementation on mid-range computing systems and real-
time applications.

The clamping forces are computed from the projection
point of the current needle’s position on the desired trajec-
tory. With this method the calculated normal forces imitates
the ones that the surrounding muscles exert on the needle.

As future work, the enhanced tracking wall method will
be tested by using pre-calculated values of a needle injection
provided by a biomechanical model developed by one of our
partners. The objective of this test is to create a more realistic
simulator.

Another point to improve is the reproduction of the friction
forces to increase the realism of the haptic feedback.

Finally, a campaign of measurements will be carried out
in order to record medical doctors with different experiences
(senior, residents, and novices). Their gestures will be an-
alyzed in order to highlight their differences and to help
novices to improve their gestures.
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