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Abstract—The commercial development of haptic devices is
very promising. Existing systems are often 6-degree-of-freedom
mechanisms equipped with a stylus that acts as a tool. They
exhibit force feedback for 3 or 6 degrees of freedom of their
end-effector, depending on whether only forces or both forces
and torques are rendered. Some planar devices are also used
but oddly, one-degree-of-freedom linear haptic devices are quite
rare. This lack can probably be explained by the necessary
mechanical transformations that are required to achieve linear
motions with rotary motors. In this paper, we review several
possible structures and present the design of a new one-degree-
of-freedom linear haptic device with a limited number of joints
and a compact design, compatible with rotary actuation. We
evaluate this device in the telemanipulation context.

I. INTRODUCTION

In recent years, robotic telemanipulation and haptics have
become very active fields of interest for research, notably in
medical applications. In surgery, the first commercial telema-
nipulators have been dedicated to laparoscopic interventions.
However, the pioneer Zeus and da Vinci systems [1] have
been equipped with a visual endoscopic feedback, but not
with force feedback. Nevertheless, as it allows to feel the
interaction forces with the organs, appropriate force feedback
would necessarily augment the patient’s safety during a
teleoperated surgical act. In interventional radiology, another
potential application for medical robotics [2], translational
force feedback systems would allow to protect the physi-
cian from CT-scan radiations while providing him with the
perception of the needle penetration through the successive
tissues. However, again, no such force feedback systems are
available.

To achieve effective medical force feedback telemanipu-
lation in these different domains, the design of specialized
systems is commonly preferred to the use of generic robots or
devices. Concerning haptic interfaces, which are the purpose
of this paper, existing systems are generally 6-degree-of-
freedom (DOF) devices equipped with a stylus that stands for
the remote or the virtual manipulated tool. Most commercial
products generally exhibit force feedback for 3 or 6 DOF of
their end-effector, depending on whether only forces or both
forces and torques are rendered [3], [4], [5]. Some planar
devices, typically pantographs, are also used, principally for
research purposes [6], [5] or with special applications. Nev-
ertheless, simple 1-DOF linear haptic devices are quite rare.
Yet, such a device would necessarily fulfill the requirements
of numerous applications. Among the medical fields already
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evoked, force feedback needle teleoperated insertions would
naturally require such a system. In its absence, the only
solution is to use general purpose devices with more DOF
and to impose force feedback guidance along a particular
direction, what is generally termed as the virtual fixtures
approach [7]. Though these techniques already demonstrated
interesting results in medical applications [8] , it is natural to
believe that, however, they are less effective than the use of a
dedicated system. In particular, the ergonomics of a general
purpose haptic device is clearly questionable for very fine
manipulations.

The lack of large stroke 1-DOF linear devices could be
explained by their paradoxical mechanical complexity. In-
deed, two solutions are possible to build a linear displacement
device. The first one is to use a linear electric actuator [9],
but this technology has some disadvantages: linear actuators
have generally a bad volume/motion range ratio. Moreover,
they are composed of a long magnetic stator track (primary),
that is necessarily as long as the necessary rotor (secondary)
movement (for up-to-date technological examples, see [10]).
Of course, the second and by far the most usual choice is to
use rotary motors. However, actuating a translating system
with one or several rotary motors requires the design of a
mechanism to achieve the motion transformation. This is a
quite common problem in mechanical design and many solu-
tions already exists. Generally, it involves either an important
number of joints or systems with gears. For this reason, in the
case of haptic devices, the mechanical designer necessarily
has to answer whether it is compatible with the required
performances: limited friction, low inertia, compactness of
the mechanism and of the power supply and, if possible,
small price.

In this paper we present a novel 1-DOF linear haptic
device, initially developed for the teleoperation of needle
insertions, and its evaluation in this context. Though the
specifications of the system are given for this particular
application, we believe that its mechanical principles are
original and reproducible. So, the proposed solution can
clearly be reused in the design of linear haptic feedback
interfaces that require a high force/volume ratio.

II. EXISTING SYSTEMS AND PRELIMINARY SOLUTION
A. Specifications

The main function of a haptic device is to provide an
adequate interface to give an optimal immersion of the
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operator in the remote or the virtual scene. The definition
of the specifications of such a system may correspond to
a special task, as it is done in the next paragraph. If the
considered device is a generic one, the system will have some
specificities that determine its possible applications. Typi-
cally, the exertable forces and the device workspace are the
most determining technical specifications. Then, its resolution
in terms of minimum measurable linear and angular motions
are generally given. Less often, perceptible force resolution
can be estimated, together with the perceived inertia. The
friction is generally evaluated by the user when using the
device. However, these two last specificities can also be
highlighted by an adequate experiment.

To precise the specifications used in the design of the
presented prototype, we give the required key features for
an haptic device dedicated to needle insertion teleoperation.
During manual interventional radiology procedures, the radi-
ologist can exert axial forces up to 20 N [11]. This maximum
effort occurs in specific procedures like vertebroplasties when
the needle is in contact with bones. However, for most
other medical procedures, which correspond to soft tissues
interactions, the force range is approximatively bounded to
10 N. The maximization of the stroke is also a major factor to
improve realism. Medical practitioners consider that a value
of at least 100 mm is required to mimic the needle insertion
gesture. Finally, even if the translational motion along the
needle axis is the main mobility requirement for percutaneous
procedures, the possibility to rotate properly the bevel of the
needle is sometime useful to slip over anatomic obstacles
during insertion. As a result, the haptic interface necessarily
features one translational DOF with force feedback plus an
additional passive rotary motion about the previous axis for
bevel orientation. This self rotation is not a basic requirement
of the system design but it can be achieved easily at the end-
effector level. Concerning the ergonomics, due to the variety
of possible hand positions and needle incidences that must
be accommodated, the device has to be easily re-oriented.
Also, it has to be compact to achieve a minimal intrusion in
the operator’s workspace. The main functional requirements
for the haptic device are summarized on the FAST diagram
in Fig. 1.

If we consider the previous paragraph, we can estimate
that the required specifications correspond to a device for
which the exertable force and the ratio workspace/volume
are both relatively high. This latter point is often obtained
with haptic devices such as those of the PHANTOM family,
whose extent is very good thanks to their anthropomorphic
structure. However, compactness and force requirements are
generally contradictory. In a sense, this compromise is the
key specification of the proposed design. It could of course
be claimed in a large number of applications.

B. Existing standard solutions and preliminary design

In this paper, we set out to design a mechanical architecture
providing the required motion and force transmission. It is
a standard approach in mechanism design to think in terms
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Fig. 1. FAST diagram of a haptic interface dedicated to teleoperated needle
insertions.

of elementary building blocks to produce a particular motion
function [12]. Basically, the mechanism design problem can
be stated as converting a rotary input motion into generating
a straight line path. Screw mechanism, rack-and-pinion, cam
follower, cable-pulley and slider-crank are the main elemen-
tary building blocks available for this task. To cope with
the force capability demanded at the device output, such
basic mechanisms are generally associated to a transmission.
Classical transmissions for haptic interface include mainly
gear train cable-pulley with capstan.

In the preliminary design stages, we first selected four
possible architectures based on a rack-and-pinion system, a
pantograph linkage, a cable and pulleys mechanism and a
slider-crank. When comparing the relative merits of these
transmission techniques it was found that the rack-and-pinion
system and the pantograph linkage were not appropriate
mechanisms mainly for reasons of bulk (and complexity for
the pantograph linkage).

Additional investigation was carried out on a cable and
pulleys mechanism driven via a capstan. A preliminary design
of this transmission was studied. Its CAD model is presented
in Fig. 2. The motor shaft 5 is connected to the pulley 4 with
a capstan. The driven pulley motion is transmitted to the
fixed idler 3 via an open-ended cable. A carriage 2, holding
the end-effector rod 1 and guided on a slider, is attached
to the cable to allow the output translational motion. This
embodiment achieves an operating stroke of 120 mm which
is satisfactory for the application requirements. However, the
resulting bulk of the interface could not be less than 300 mm
in height.

To solve this problem, a system based on a slider-crank
mechanism could be a promising design solution to improve
the compactness of the device. The resulting system is a
backdrivable mechanism operated by the human operator in
which a rotary motor provides the force feedback to simulate
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Fig. 2.

Preliminary design of the interface.

the interaction of the needle with a tissue.

III. MECHANICAL STRUCTURE AND MODELING
A. Structure description

A schematic representation of the mechanism is presented
in Fig. 3. The crank S; is actuated via a capstan by a rotary
motor. The slider S5 to which the handle is rigidly connected
can be moved by the operator and presents a needle-like
interface to the human hand. Point P denotes the handle tip.

Ss P

S

St

So

Fig. 3. Kinematical structure of the device.

B. Modeling

1) Notations and parameterization: Vectors are typed in
bold face. A vector defined from point A; to point As is
denoted by A1 A,. Forany ¢,57 =1, 2, 3, s; and ¢; denote
the sine and cosine of g;. Likewise s;_; and c¢;_; denote the
sine and cosine of ¢; — g;.

The slider-crank mechanism is composed of four links .S;
namely the ground Sy, the crank S, the connecting rod S

WeB4.3

and the slider Ss. Link lengths are noted [;. A reference
frame F. = {Ai;x,,y,,2,} is attached to the link S; with

its origin located as indicated in Fig. 4. Vector x, is directed
from the proximal to the distal end of link ¢. The mechanism
is parameterized by q1, g2, q3 and 7 as follows:

o Link angular positions are measured with respect to x
with parameters g; = (xo, x,). Note that g3 is a known
constant parameter that can be adjusted when orienting
the interface before startup.

o Point A;¢ denotes the position of the point As when
the mechanism is in its initial configuration. This point
Aper will serve as a reference to locate the position of
the distal point P. The tool tip position P is measured
with respect to As such that AP = TpX,. Point Aper
(and subsequently, variable 7,) is convenient to specify
the tool tip displacement but is not coincident with the
point A, of the slider. Equations derivation is easier
when considering As.

e The variable r = AgAs - x, is introduced to derive
the geometric model. It is related to 7, by the relation
Tp =T —Tay + 3.

Fig. 4. System frames and parameterization.

¢q1 and r are the input/output variables for this 1-DOF
mechanism.

2) Position analysis: The loop closure equation projected
on F 0 writes

rcg — ng (1)
rs3 +dcs (2)

ll c1 + ZQCQ =

115 1+ 1252 =

r is supposed to be the input variable so that ¢; is the
unknown. The elimination of the intermediate variable ¢2 can

be performed using the previous equations and leads to an
equation of the form

Aci + Bsi =D 3)

where A = 2I; (dss —re3), B = —2ly(deg +rs3) and
D =13 —d?* — 1% — r? can be calculated.

487



To solve equation (3), the trigonometric half-angle iden-
tities for sine and cosine can be used. With t = tan & 2 s
equation (3) is transformed into the the following quadratic
expression in ¢:

(A+D)t* —2Bt—(A—D)=0 “4)
Solving for ¢ and ¢; gives

VB2 — D2+ A2
q1:2arctanB+U f—i—DD +4 %)
where the sign variable 0 = +-1 identifies the assembly mode
of the mechanism. In practice, the solutions of equation (4)
are real otherwise the mechanism is in a configuration (set
by the value of r) that can not be assembled. There are two
solutions for ¢; corresponding to the two values of o. Here,
the valid assembly mode is obtained for a value of ¢; in the
range [0; .
Now, g2 can be calculated from equations (1) and (2) as
follows:

4o — arctan "2 F e~ 0o ©)
rcg — d83 — 1101
3) Velocity analysis: The differentiation of equations (1)
and (2) leads to the value of 7, that can be calculated when
not in singular configuration (links 2 and 3 orthogonal):
Q1 (7

S2-1

r=1
C2-3
The value of ¢; is obtained by the inversion of the previous
equation.

The quasi-static evolution of the actuation torque acting
on the crank is given in Fig. 5 for several values of the force
F}, applied to the end-effector along x,. The obtained torque
has a quasi-linear limited variation in the operation range of
parameter 7.

F =1N,

F,=3N

Fh=5N

!

e

o
T

actuation torque J” F,, (N.m)
& M L
T T T
3 Jj
i i i

F,=7N

F,=9N

F,=10N

100
angular position of motor q1-q3(deg)

Fig. 5. Actuation torque during tip displacement.

4) Dynamic model: In this section, we derive the dynamic
equations of the device. We choose to write the Lagrange
equations with multiplier using the parameters ¢; and gs. As
the system has 1-DOF with two parameters q, the equations
can be written using one multiplier Al

dor or

—o_ 9V Ly
o4 oq Q +¢ (®)
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where T" and V' denote the kinetic and potential energy. The
T . . .

vector Q = (7, 0)" includes the external actions applied
to the system, namely the actuator torque T,,.

The kinematic constraint equation between the variables
q1 and ¢ can be derived from (1) and (2) and written:

¢Ta=0 ©

with gf) = (1161,3 1202,3)T.

Upon calculation, equation (8) is written:

M(q)§+ C(a)a’ = Q + G(q) + ¢7 A

where A, B and G represent the matrices of inertial, cen-
trifugal and gravity effects. The following expressions are

(10)

obtained:
o XX XY61,2
M) = (XYCl_g YY )
0 1
C(q) = XYsi_2 <_1 0)
o h101
c@ - (o)
where
XX = mlg, +(mo+ma)li +J77 (11
XY = [ (TI”LQIG2 + m3lg) (12)
YY = molg, +msl3+ J5* (13)
hi = (milg, + (m2 +ms3)l)g (14)
ha = (malg, +msla)g (15)
The dynamic model (10) can then be written:
0" W(q,q,d) = 7 (16)
where
© = (XXYY XY hy hy)"
G
—ag2
W = |ca-2(G—ajq)+si—2 (¢ + agf)
C1
—QCy

By differentiating the position equations (1) and (2), the
expression of ¢y can be derived in function of ¢;:

G2 = —aq
G2 = —odi+ B3
where
o ll C1-3 ll 1

ly s2-3 2
Ty a3 ( B 0173)
5) Dynamic parameters identification: For the controller
implementation, the dynamic parameters were either identi-

fied or estimated from CAD Software. The obtained param-
eters are given in the following table.

lyca_3



CAD parameters | Estimated parameters

XX (kg - m?) 14.85 .10~ % 15.9-10—%

XY (kg - m?) 2.62 10~ 2110~ %

YY (kg - m?) 0.78 .10~ 2 2.0-10~%

h1 (kg-m?-s72) | 0.1209 0.1440

ha (kg-m?-s72) | 0.0257 0.0119

TABLE I
NUMERICAL VALUES OF DYNAMICS PARAMETERS OF HAPTIC
INTERFACE.

C. Prototype

A CAD view of the overall system and the first prototype
are given in Fig. 6. This design features a stroke of 115
mm with a motor angular displacement included in 77.6 deg
and 136.3 deg in order to avoid singularities. The complete
device including servoamplifier and power supply fits in an
orientable 195 x 180 x 155 mm box. The volume of the
prototype has been clearly reduced compared to our initial
design (about —50%). The system is equipped with a force
cell that allow any kind of teleoperation structure, and is also
usefull for performance evaluation. Force up to 18 N peak
values were finally obtained and a continuous force of 7 N
can be applied, and the resolution of force measurement is
0.0122 N. Controller software is based on a real-time Linux
that allows sampling rates up to 7 kHz.

(b)

Fig. 6.

(a) Prototype and (b) CAD view.

IV. PRELIMINARY EXPERIMENTS
A. Teleoperation structure

The fundamental requirements for telemanipulation sys-
tems are stability and transparency [13]. Several techniques
allow to evaluate these characteristics for a given bilateral
controller in spite of time delays, plant disturbances, mea-
surements noise and modeling uncertainties [14], [15], [16].
In this paper we choose to evaluate the designed haptic device
with a force-position scheme [14]. The position of the master
manipulator is the reference for the slave manipulator, i.e.
:c‘si = x,, and, reciprocally, the force measured when the
slave is in contact with the environment is the reference for
the master manipulator, i. e. f,”ll = fenv- If it is required,
force and position can be scaled to allow the amplification
of motions or forces.
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The master controller is a proportional-integral controller
with a feedforward term of the desired force, with gravity
effects compensation, defined by the following law [17], [18]:

- [ - por)

T
with §(¢1) = hici — ahace. The slave controller is a
proportional controller defined by the following law :

U = §(q1)+J" <fff + K (fit = fn) +

us = K,(z4 — z,)

The implementation of the force-position scheme is repre-
sented in Fig. 7.

CT-MASTER
HAPTIC

INTERFACE

HUMAN
OPERATOR

I

09—

P controller

B

SLAVE

SOFT

ROBOT TISSUE

PI controller|

P

Fig. 7.

Force-Position control scheme.

B. Results

In the proposed experiments, the slave manipulator is a
Cartesian robot equipped with an ATI force sensor. A surgical
needle is attached to its end-effector. We use an abdominal
phantom, customized with additional artificial skins in order
to amplify rupture effects. The controller gains were tuned
and tested in simulation. This tuning was achieved from
the dynamic model of the haptic interface for the master
controller and with an identified model of the slave robot, for
the slave controller. As one can observe in Fig. 8, the forces
measured on the haptic device correspond very accurately to
the forces measured when the translating needle perforates
the different layers of the mannequin. These transitions are
characterized by rapid force variations at time t = 2 s
and ¢ = 6.5 s. Then, a relaxation phase and finally the
needle extraction are perceived in a very realistic manner. The
difference between the forces measured on the master and the
slave are characterized by an absolute mean value of 0.147 N,
with a standard deviation of 0.137 N. The worst transient
error of 1.19 N happens when the needle is extracted, and
corresponds to a 2.8 N step. Concerning position tracking,
the interaction of the slave with the soft material creates a
very limited perturbation. The absolute mean value of the
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Fig. 8. Master/Slave forces during a needle insertion into a multi-layer soft
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Fig. 9. Master/Slave positions during a needle insertion into a multi-layer
soft material. Associated position tracking error.

position tracking error is 0.65 mm. However, some transients
during tissue rupture create up to 4 mm errors. So, even if it
was not the goal of this paper, it is clear that force feedback
teleoperation of needle insertions is also a challenging control
problem, that should certainly require a more sophisticated
solution.

V. CONCLUSION

In this paper, we have adapted the slider-crank principle
to design a novel 1-DOF haptic device. Though specified
for a particular medical application, this system can easily
be used for applications that require both high forces and a
good ratio workspace/volume. The proposed solution is based
on a conventional rotary motors technology and restricts
mechanically the motion of the system to a pure translation
with limited friction. The building of a the prototype adapted
to needle insertion teleoperation specifications was presented.
Its use in the context of a teleoperation task allows to obtain
a very good force and position behavior, which illustrates the
system transparency.

This work open several perspectives, both for improve-
ments and for future designs. The complete identification
of the dynamic parameters will be studied in near future,
in order to improve the dynamic model, which is used in
the system controller. Finally, as a general perspective in
haptic devices design, innovative rotary or linear actuation
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technologies should be considered to obtain real innovations
in this domain.
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