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fMRI compatible haptic device
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Abstract. In this paper an upgrade which enables Phantom haptic device to operate inside fMRI environment is

presented. Coupled with a specially designed mechanical extension, Phantom is placed outside strong magnetic
field of the fMRI scanner. Mechanical extension enables human subject to manipulate with the Phantom during
fMRI scan. Extended haptic system has been subjected to a series of tests to confirm electromagnetic

compatibility with an fMRI scanner, for which key results are presented. This fMRI-compatible haptic platform is

suitable for studying human brain activation during the execution of preprogrammed virtual environment task. It

will allow neuroscientists to study new human motor control functions.
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fMRI kompatibilni hapti¢ni vmesnik

Povzetek. V clanku je predstavljena nadgradnja, ki omogoca
delovanje komercialnega hapticnega vmesnika Phantom v
klinicnem okolju za slikanje z jedrsko magnetno resonanco
(fMRI). V ta namen je bil razvit mehanski podaljsek, s katerim
je hapti¢ni vmesnik odmaknjen na varno razdaljo, stran od vi-
sokega magnetnega polja fMRI tomografa. S poizkusi je bilo
ugotovljeno, da mehanski podaljSek nima zaznavnega vpliva
na hapti¢no percepcijo. Prav tako so poizkusi potrdili elektro-
magnetno kompatibilnost hapti¢nega sistema z okoljem mag-
netne resonance. Predstavljena platforma je primerna za Studijo
¢lovekovega motori¢nega sistema in bo orodje nevrofiziologom
za odkrivanje novih procesov v ¢loveskih mozganih.

Kljuéne besede: hapti¢ni vmesnik Phantom, fMRI, mehan-
ski podaljsek, elektromagnetna zdruzljivost, cloveski motori¢ni
sistem

1 Introduction

Today, magnetic resonance imaging (MRI) is a standard
non-invasive tool used in clinical diagnostics and research
into the human body. Over the past few years, a new
type of imaging, i.e. the functional MRI (fMRI) has
proved to be indispensable in human brain research. The
fMRI is based on the measurement of blood oxygen level-
dependent (BOLD) signals for estimation of the neural ac-
tivity in the human brain [1]. In clinical studies [2, 3] re-
searchers have investigated human brain activation during
voluntary upper-limb movements. However, a controlled
movement task could provide new insights into human
motor control. To control and assess the upper limb ac-
tivity, a device capable of generating and measuring force
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and trajectories is needed. The device suitable for these
and a span of other tasks that depend on position, veloc-
ity and acceleration is the haptic robot. To perform haptic
movement inside an fMRI scanner, an fMRI-compatible
haptic interface is required.

For any device used inside an fMRI environment a
high level of safety and electromagnetic compatibility [4]
is required. Three major difficulties impose limits on the
use of electromechanical devices inside the fMRI scan-
ners. The high magnetic—flux density, which exceeds 1 T
in modern fMRI scanners, makes the use of ferromag-
netic materials impossible (missile effect). The high—
level radio-frequency electromagnetic field and the sen-
sitivity of the scanner receiver coils limit the use of elec-
tronic circuits. With a typical diameter of 60 cm, there is
also a limited space within the scanner bore. These lim-
itations make the design of an fMRI-compatible device a
challenging task.

Several fTMRI compatible devices have been devel-
oped over the last few years. Chapuis and Gassert [5] and
Vogan et al. [6] reported on fMRI-compatible force sen-
sors and actuators. An fMRI-compatible surgical robot
with five degrees-of-freedom (DOF) for use inside an
intra-operative fMRI scanner was introduced by Chinzei
and Miller [7]. The robot is powered by ultrasonic mo-
tors.

Research into the field of human motor control re-
quires a tool capable of dynamically controlling arm and
hand movements inside an fMRI scanner. A few of
such devices have been developed recently. The fMRI-
compatible hand rehabilitation devices were introduced
by Khanicheh et al. [8, 9]. The 1-DOF haptic interfaces
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were reported [10, 11, 12]. More sophisticated haptic de-
vices have been described [13, 14], one of which has 2-
DOF and uses hydraulic actuators to generate force [13].
Another 2-DOF haptic device is powered by an ultrasonic
motor[14].

However, to the best of our knowledge, we think
that there has been no 3-DOF haptic interface capable of
working inside an fMRI environment designed to date.
An important issue in the fMRI experiments is the ability
to imitate reality inside the scanner as closely as possible.
With a three-dimensional haptic-virtual environment re-
ality can be imitated in great detail. This has motivated
us to modify the Phantom Premium 1.5 (SensAble Tech-
nologies, Inc., Woburn, MA) haptic device to work in-
side an MRI scanner room. With this widely available
and accepted haptic interface we can use all the existing
software, thus accelerating design of the system. A me-
chanical carbon-fiber extension with a 3-DOF joint was
developed and coupled to the end-effector of the Phantom
haptic device. This ensures that the Phantom can operate
at a safe distance, e.g. well outside the high— magnetic
field of the main coil of the MRI scanner.

2 Upgrade of the Phantom haptic device

It is a common belief that standard electro-mechanical
components have no place inside the fMRI environment
as they usually contain some ferromagnetic material.
However, in [4] authors defined four zones and showed
that it is possible to use some standard components and
materials inside the fMRI examination room.

The Phantom Premium 1.5 haptic device is driven
by electric coreless motors. For a small electric mo-
tor operating inside an fMRI scanner room, the maxi-
mum magnetic—flux density permissible is 5 mT [15].
Data supplied by Siemens (Siemens Healthcare, Erlan-
gen, Germany) suggested that the Phantom shall be at a
distance of 3 m away from the iso center of the magnet to
meet this requirement. The idea was to couple the Phan-
tom with an extension between the end—effector of the
Phantom and the subject’s hand to satisfy the maximum
magnetic—flux density and to allow the subject inside the
fMRI scanner to manipulate with the haptic device.

The mechanical extension (Fig. 1) is comprised of
two carbon fiber rods, a 2-DOF gimbal, and a linear rail
with a carriage. The aluminum part with an M22x 1.5
thread is glued to the end of each carbon fiber rod. The
rods are screwed into a gimbal cylinder, mounted on the
main gimbal frame using a bronze axle and Teflon bear-
ings. The main gimbal frame rotates on the bronze shaft
mounted on the rail carriage. Stainless steel hex screws
are used to secure both axles. The final assembly gives
the mechanical extension 3-DOF. The linear rail with the
carriage provides a translational DOF and the gimbal adds
two rotational DOF.

Figure 1. Exploded view of a 3—DOF joint placed in the middle
of the mechanical extension. The joint consists of two rotational
DOFs and one linear DOF

The stainless steel rail and RSR9ZM carriage were
purchased from THK (THK Company Ltd., Tokyo,
Japan). The 2-DOF aluminum gimbal was designed us-
ing the Autodesk Inventor (Autodesk, Inc., San Rafael,
CA) and manufactured in a CNC machine shop.

At one end, the mechanical extension is coupled with
the Phantom haptic device trough a 3-DOF universal
joint. The Phantom and the extension are fixed on an
aluminium frame assembled from Bosch Rexroth (Bosch
Rexroth AG, Lohr, Germany) aluminium strut profiles.
Though a wooden frame was planned initially, compati-
bility tests (described below) demonstrated that it had no
notable effect on operation of the fMRI scanner. Another
benefit of the aluminum frame is greater mechanical ro-
bustness and easy adaptation of the haptic system to dif-
ferent sizes of humans participating in an experiment.

Figure 2. Placement of the extended haptic interface inside the
fMRI scanner examination room.



The aluminum frame is bolted together with stainless
steel screws. The plastic part connects the sliding exami-
nation table of the fMRI scanner and the aluminum frame.
The assembly is shown in Fig. 2.

The computer and power amplifier of the Phantom are
located outside the fMRI scanner examination room. To
minimize electromagnetic interference (EMI), the prop-
erly shielded cables, to power and to read the Phantom
motors and encoders, are placed as far away from the
scanner as possible.

2.1 Kinematics

When the extension is added to the Phantom haptic de-
vice, the kinematic map of the haptic system differs from
the original Phantom kinematic model derived in [16]. In
Fig. 3, a schematic model of the coupled haptic system
is shown. The 3-DOF joint of the mechanical extension
is described by 3, ¥5 and dy variables. The Denavit-
Hartenberg parameters of the joint are given in Table 1.
These parameters are used to derive forward kinematic
matrix T3 (Eq. 1):

—S3 —Cs 0 —1S3
T3 — —5203 5253 _02 _l5203 (1)
CyC3  —Cy83 =S5 di +1C,Cs
0 0 0 1

in which S; and C; denote sin(1J;) and cos(1;) where i =
2, 3 and 1 is the length of the extension.

Phantom
3-DOF Joint

Figure 3. Schematic view of the extended haptic device: the
Phantom and mechanical extension.

As we are interested only in the positional part of the
transformation first three rows of the last column of the
T'3 matrix are extracted and written as vector pw in Eq.
2. The inverse kinematic map of the mechanical extension
which is derived from pw is represented by Eq. 3. The in-
verse kinematic equations were solved by using Wolfram
Mathematica® (Wolfram Research, Inc.). Results for 93,
¥9 and d; are put back into T'3. The last column of T3
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matrix represents the kinematic end-to-end solution of the
mechanical extension (Eq. 4).

Table 1. DH parameters

Segment a; o« d; U
0 5 d 3
20 T 0 b,
3 1 0 0 93
pWy —lsin(ds)
PW = |pw, | = Isin(?2) cos(s) )
pwW, dy + lcos(¥2) cos(d3)
; [pw. + /12 — pw,2 — pw,?
1 - PWy
q= |9y| = | —arecos |~ = 3)
Vs —arccos [ —Y—F—— lz_lpw””2
Pz | —PWy
pe = |pCy| = —PpWy 4)
pe. |- PWz + 2\/12 - pwx2 - pwy2

With our software we can read the Phantom end ef-
fector trajectories. In order to determine the subject’s arm
trajectories inside the scanner, we use this kinematic end-
to-end solution of the mechanical extension.

2.2 Dynamics

To estimate the impact of the mechanical extension on
the subject’s performance during execution of the haptic
task, a dynamic model of the mechanical extension was
designed. For a linear DOF of the joint, the equation can
be written as follows:

F = Mg + b3 Q)

and for rotational joints:

M = Ippto + bw (6)

When moving in a z direction (Fig. 3), an estimation
of a force contributed by the extension can be calculated
by eq. 5, where F is the force caused by linear DOF,
Meye 1S mass of moving parts of the extension and b is
a coefficient of friction. Because the frictional force is
small (less than 0.01 N) compared to the force of inertia
we can discard the frictional contribution.
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For movement in z and y direction a torque con-
tributed by two rotational DOF can be estimated by eq.
6, where M is the torque caused by two rotational DOFs,
1., is matrix of the mass moments of inertia and b is a
coefficient of rotational friction. The torque generated by
friction in both rotational DOF is in a range of a 10~ Nm
therefore it can be discarded.

Additionally static behavior of the extension for z and
y direction can be modeled as a spring with a constant k
=140 % This way we can describe deflection of the end
effector of the extension during static loading.

The mass and mass moments of inertia (/.,¢) of the
mechanical extension were first estimated using the Au-
todesk Inventor® (Autodesk, Inc.) physical iProperties
dialog box. The mass value acquired by the Autodesk
Inventor® was compared with the mass measured by a
precision weighting machine. The difference between
these two mass values was less than one percent. In all
the calculations, the mass value measured with the preci-
sion weighting machine is used.

Mezt = 2041072 kg @)
313 0 0
It = | 0 313 0| -1072 kgm? (8)

0 0 0

By adding mass and increasing the mass moments of
inertia of the haptic interface, we expect a slight deteri-
oration of haptic perception. However, for simple haptic
tasks to be performed inside the fMRI scanner, we are
convinced that the mechanical extension is an effective
solution.

3 Test of electromagnetic compatibility
3.1 Test procedure

Experiments described here were carried out to demon-
strate electromagnetic compatibility of the extended hap-
tic system with a 3 T Siemens MAGNETOM Trio fMRI
scanner of the University Medical Center Ljubljana,
Slovenia. The experiments made with the fMRI scan-
ner were accompanied by adequately trained and licensed
personnel.

Before the Phantom haptic device was taken inside the
fMRI examination room, distribution of the static mag-
netic field of the scanner had been studied. By using
a static magnetic field model supplied by Siemens we
determined an approximate position of the Phantom in-
side the examination room. Future measurements of the
magnetic—flux density (usually abbreviated as B) showed
that the Phantom would need to be at the distance of 3

m away from the iso-magnetic center of the fMRI scan-
ner to satisfy the maximum allowed flux density in which
electric motors of the Phantom may operate.

In the next step, the possible interference of the Phan-
tom operation inside the examination room during fMRI
was observed. The tests were carried out on the same
day using echo planar imaging (EPI) sequences which
are commonly used in brain fMRI examinations. Se-
quence parameters were fixed throughout experiments
(Tr =3000 ms, Tg =30 ms, FOV = 192 mm, 36 slices,
6 mm slice thickness, 3x3x3 mm?® voxel size; Tr — rep-
etition time, Ty — echo time, FOV — field of view). A
cylindrical imaging object (plastic bottle 1900 ml, H,O
dist. with solution of: 3.75 g/l NiSO4 x 6H20 + 5 g/l
NaCl) was placed inside the scanner. First set of images
was acquired without the Phantom inside the examination
room. Then the Phantom was placed on the previously
determined spot (described above) inside the examination
room (Fig. 2). The Phantom was connected to amplifiers,
placed outside the room and the virtual environment task
was run. The subject inside the examination room was ex-
ecuting the task while another set of images was acquired.

3.2 Test results

The acquired images were analyzed in MATLAB® (The
MathWorks, Inc., Natick, MA) as proposed in [17]. The
mean pixel value of 30 images of slice 18/36 for both
image sets (IMAGE1 and IMAGE?2) was first calculated.
Then a pixel-by-pixel difference image was acquired us-
ing Eq. 9.

IMAGE3 =IMAGE1 — IMAGE?2 )

Standard deviation SD of the pixel values within the
measurement region of interest (MROI) on IMAGE3 was
determined (Eq. 10). The MROI extended over 80 % of
the cylindrical imaging object cross-sectional area.

i 2y (Vi §) = V)2
D= \/ 221 (m; — 1)

In Eq. 10 V (4, j) denotes the pixel value in IMAGE3
and V is the average pixel value. The calculated image
noise was:

(10)

SD

— 11
NG (11
The image signal (S) was determined as the mean

pixel value within the MROI of IMAGE!1. The calculated
signal-to-noise ratio (SNR) (Eq. 12) was 172.

IMN =

S
IMN (12)
Figures 4(a)—4(d) present the acquired images during
our compatibility experiment. In Fig. 4(a), the mean

SNR =



value of the first imaging set (30 images of slice 18/36;
reference imaging; IMAGE] in Eq. 9) is shown. Fig.
4(b) shows the mean value of the second imaging set (30
images of slice 18/36; the haptic device running inside
examination room; IMAGE2 in Eq. 9). Subtraction of
images in Fig. 4(a) and 4(b) is shown in Fig. 4(c) (IM-
AGE3 in Eq. 9). An inverse of IMAGES3 is presented in
Fig. 4(d).

(a) Reference image (b) Phantom running

(c) Subtraction

(d) Inverse image

Figure 4. fMRI images of a cylindrical imaging object during
the compatibility experiment. Image (a): when no haptic device
was present inside the examination room; image (b): when the
haptic device was present and running inside examination room;
image (c): subtraction of images (a) and (b); image (d): inverse
image of the image (c)

In Fig. 4(c), a slight shift of the subtracted images
can be observed. This ’ring effect’, which can be better
seen in Fig. 4(d), was also reported in [7], [9] and [11].
It is not clear whether the shift was caused by haptic de-
vice running inside the examination room or by a spatial
shift of the imaging object while the two sets of fMRI
images were acquired. However, the SNR of images ac-
quired during Phantom operation, is high enough that the
we are able to use them to determine regions of the brain
activation.

4 Conclusion

The presented upgrade enables the Phantom haptic de-
vice to operate inside the fMRI examination room, used
together with the fMRI technique, the newly developed
tool enables research into human motor control. A com-
prehensive study demonstrated that it is possible to use it
together with the mechanical extension inside the fMRI
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environment.

Tests confirmed electromagnetic compatibility of the
extended haptic device with the Siemens Trio 3T fMRI
scanner. Images of the imaging object acquired with the
scanner during operation of the haptic device inside the
examination room revealed high SNR of 172. The qual-
ity of images did not deteriorate while the haptic device
was running. With this quality of images, neurophysiol-
ogists are able to determine regions of the human brain
activation during different controlled motor—oriented up-
per limb movements.

We believe that the mechanical extension can be used
together with other types of the haptic devices (such as
the Fokker Haptic Master [18] and MIT Manus [19]) thus
enabling them to work inside the fMRI environment. We
also suggest that the interaction forces with the haptic en-
vironment should be kept within the range of few a New-
tons to reduce the human subject head movement during
fMRI imaging.

In future, we plan to develop a virtual haptic environ-
ment in which human subject will perform different types
of motor—orientated tasks. This will allow neurophysiolo-
gists to study the human brain activation during controlled
upper limb movements.
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