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Haptic feedback for molecular simulation

Aude Bolopion, BartBlemy Cagneau, 8phane Redon and &thane Rgnier

Abstract— In this paper, a new tool dedicated to the analysis study of molecules in order to develop biomicroelectrome-
and the conception of molecules is presented. It is composed chanical system devices (bio-MEMS) ([8] and [9]).
of an adaptive simulation software and a haptic device used to
interact with molecules while feeling either the forces applied by
the environment or the internal forces. The adaptive articulatel
body algorithm allows fast simulations of complex flexible ) :
molecules. To handle the coupling with the force feedback [EEESEYIEE
device, two different control schemes designed for nanoscale
applications and providing high transparency rendering are
proposed and compared.
The system we propose is highly flexible since either a single
rigid body or the entire molecule can be manipulated via the
haptic device. The user can choose between setting a desired
position/orientation of the molecule, or apply forces/torques to
manipulate it. It allows the operator to control each stage of
the design process of new molecular structures.
The validity of this tool is demonstrated through examples of
haptic interaction between the HIV protease and its inhibitors,
and unfolding one of these drugs.

Fig. 1. Manipulation of a tetraethylamonium (TEA) around agsstum
channel (KcsA). A haptic device is used to control the molecnd feel
|. INTRODUCTION the interactions between the ligand and the protein derihiadks to the

Molecular mechanics simulators are efficient tools t@daptive simulation
study molecular interactions and docking, with applica-
tions in many fields, including pharmacology, cosmetics, Tools to deal with specific applications have been devel-
nanosciences and surface physics. In particuderactive oped. However, emerging applications as the conception of
molecular simulations may be a significant help to undemew materials and alloys, or molecules with specific proper-
stand molecular interactions. For these simulations, & usies require more flexibility. Both the internal structurfetioe
can control the motion of one or more atoms to guide themolecule and the interactions with its environment must be
evolution of the molecular system. understood. The manipulation of the molecule must be done
Most of the work deal with molecular docking. In [1], the in real time, and be intuitive for users with no training. Ehu
authors explain how the user’s intervention may facilithiee we propose a system, composed of a molecular simulation
docking, by controlling the position of the ligand and fegli software and a haptic interface, able to deal with complex
the interaction forces. Other studies have then been darriflexible molecules in real time (figure 1). The simulation
out. The simulator and the bilateral couplings proposefédif software is based on adaptive simulation of articulatedybod
in many ways. For example, in the simulation, the force fieldo that the computation time is decreased dramatically. The
can be computed thanks to the derivation of the potentialgorithm used has already been exposed in [10] and [11].
energy [2]. Even if some simulators take into account thBoth internal forces and interactions between the molecule
flexibility of the ligand and the receptor [3], most of themand its environment are computed. To interact with the
do not [4]. Concerning the coupling, wave variables are alssimulation, a Phantom Omni haptic device is used to manip-
used to guarantee the passivity of the system even when timkate the molecule, and render forces to the user. To handle
delays increase [5]. However, this method may lead to a lacke coupling between the haptic device and the simulation,
of transparency. two different control schemes are implemented. The user
Besides molecular docking, other emerging fields of recan manipulate a single rigid body, or an entire molecule.
search concern molecular interactions. The molecules ean He or she can either set the desired position/orientation,
used as a channel to transmit an information between twar apply force/torque to control the object. We performed
nanomachines ([6] and [7]). Another research field is theeveral experiments using this system. Interactions leatwe
A Bolovion. B. C S @i i Institut des S¢ the HIV protease and its inhibitors are used to compare
Intel-ligeon?splgtn(‘ie I-Qob?)gtligﬁz?’Uni.\/?rﬂsniltsiiaﬁgeervll\/larigscluurie, eCSNR)SH;‘an‘Ia\/ISR the two control SCheme_S' The fee_“”g OT I_ntemal forces is
7222, 4 Place Jussieu, 75005 Paris, Frafbel opi on, cagneau, demonstrated by unfolding one of its inhibitors.
regnier@sir.fr This paper is organized as follows. In section Il, the
S. Redon is with NANO-D - INRIA Rbne-Alpes, 655 . . . .
avenue de I'Europe, 38334  Saintlsmier Cedex, Francénolecular simulator is briefly introduced. The two control
st ephane. redon@nri a. fr schemes designed for nanoscale applications are presented



in section lll. In section 1V, examples of manipulationsttha A user may influence the state of the molecular system
can be handled by our tool are presented. The advantadsseither directlycontrolling the position and orientationf
and drawbacks of each control scheme are also discussadselected molecule, or bgpplying a force and torquéo
Finally, concluding remarks are exposed in section V. a group of atoms. In the latter case, the selected group of
atoms may be either a complete molecudgg(an inhibitor
II. MOLECULAR MECHANICS of an HIV protease model), or a rigid body from a molecule.

. . . . The force fed back to the user is the total force applied by
In this paper, we use an adaptive molecular quasi-statigs

. . e molecular system to the group of atoms selected by the
method to 5|m_ulate the mot!on of the mol_ecula_r_systegser_ These forces directly depend on the force field being
[11]. The adaptive method relies on a recursive, divide-an sed in the simulation to model interatomic interactioms. |
conquer representation qf the molecular system, yvhere aB¥r current implementation, the force field is derived from
non-rigid group of atoms is considered to be the uniotwaf well known molecular mechanics force field, CHARMM
groups of atoms. Thus, any molecular system is associated[ cl] which models interactions through van’ der Waals
abinary assembly treen which the leaf nodes represent the Iec’trostatic and dihedral contributions '
user-defined rigid bodies, the internal nodes represent tﬁe '

sub-assemblies, and the root node represents the completé Molecule. Assume the user manipulates an entire
molecular system (figure 2). molecule M, composed of rigid bodie® 4, ..., R,,. In

this case, we determine the molecular forégs ... F,,
applied on each rigid body by the other rigid bodies
in the environmentie. van der Waals and electro-
static contributions from surrounding atoms, including

those resulting from other rigid bodies in the selected
O 00O0OQOOOO & & A & molecule), and return to the user themF = >""" | F;

of these forces. Note that, in this sum, the contributions

Wﬁ( v \«\{ from rigid bodies within the selected molecule cancel
Dkpaediph ™€ Alpadidy

Rigid Body. When only one rigid bodyR; from a

c d molecule is selected, we compute the molecular force
F; applied to the rigid body by the environment as
before, but add to this force thi@nematic constraint
forces i.e. the forces which maintain the kinematic
constraints between the selected rigid body and its

\ topological neighbors [11].

Wﬁw W This flexibility allows us to propose two control schemes to

handle the coupling between the simulation and the haptic

. . . device, that we detail in the next section.

Fig. 2. The binary assembly tree of a tetra-alanine.

[1l. BILATERAL COUPLING

The distinctive feature of the adaptive algorithm is that it In order for our tool to be used by untrained users,

allows a user to finely trade between precision and compghe control schemes must fulfill several requirements. In
tational cost. Precisely, the user may arbitrarily chots& particular, the manipulation of the molecu@ the master
numberof degrees of freedom that are simulated at eachym must be intuitive. The forces felt by the user must
time step, and the adaptive method automatically detesningsfiect the interaction forces computed by the simulation.
which degrees of freedom are activated at each time step ffe coupling has therefore to be transparent, so that even
sub-tree of the binary assembly tree), so as to approximaighall modifications on the force profile are rendered to the
as faithfully as possible the motion which would haveyperator.

been obtained by a non-adaptive simulator. In practice, the Regarding the specificities of the software described in
adaptive algorithm focuses the computational resources @ie previous section, different bilateral couplings can be

the joints with the largest accelerations, that is, the mogtyestigated, based indistinctly on impedance or adngtian
flexible regions. Using this approach, complex moleculaggntrol.

systems may be simulated on cheap personal computers

while retaining molecular flexibility. In docking applidgans, A Direct Force Feedback control

the adaptive simulator automatically focuses the motions The Direct Force Feedback control sche™&F) appears

computations on the docking site. as the most intuitive when the simulation’s input is the
Besides adaptivity, the simulator follows traditional ap-position of the rigid body being manipulated and forces sent

proaches: at each time step, the interatomic forces are fitstthe user are the ones computed by the simulation. It is

computed, then the acceleration of the system is determinegpresented in figure 3, using the continuous time Laplace

and used to update its state. variables.



Fop . I___-IFmE ------- and haptic feedback. This bilateral coupling is represknte
—=0O=~— | | : : on figure 4.
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Fig. 3. DFF control scheme Master device Coupling Simulation

Fig. 4. FF control scheme
The different parameters are:

| kr O . , .
. Ay — A‘S’T AO where Ay 7 and A, are The parametek_[[ 0 kn is a stiffness matrix used
d,R to tune the forces an

respectively used to scale down the positions and the . the r'no'ments applied on the rigid body.
rotations of the haptic handlel; is used to enhance the ~ This control scheme is similar to tHeFF as the feedback
forces sent to the user. These coefficients are necess@ath is also composed of molecular fordes amplified by

to adjust the scale difference between macro- and nand--
worlds. The difference is that the user applies a forEg and a

o s = [2s,05], qn = [x1, 5] are respectively the position momenti/; on the rigid body to manipulate it. These values
vectors of the rigid body’s center of mass and of th@re computed based on the position of the rigid body’s center

haptic handle. of massg,,, and the position of the haptic handjg:
o H(s) is the haptic device transfer function. It is com- F, = kp(zn/Agr — &m)
posed of a mass and viscous friction [12]. M, = kp(On/Aqr — O,) 1)

The operator applies a forcE,, on the master device. During a simulation step, the software takes into account
The position of the haptic device handle is scaled Ay, the forces applied by the user on the rigid body, as well as the
and used as the desired position of the rigid body’s centfprces due to the interactions between atoms. These forces
of mass. The orientation of the rigid body is computed®'® used to derive the new position/orientation of the rigid

with respect to the rotations of the haptic device handi@0dy. Compared to thBFF, both the forces from the user
For a given time step, the user moves the rigid body tgnd from the other atoms are considered simultaneously. The

a desired position;,. The simulator modifies this position POSition does not need to be corrected afterwards, contrary
using a criterion based on energy minimization and takin%)/ section IlI-A, and therefore is less subject to oscitlas.

into account the influence of other atoms. This new positioh/NeN the user manipulates a molecule composed of several
will be used as the reference position for the next time stefj9id Podies, the force applied on each of them is computed

Thanks to this method, all the displacements make sense atfythat their accelerations are the same. This is done using

represent the molecular dynamics. adapted valugs dt, and cor_15|der|ng the mass of egch r|g|d

If the user wants to manipulate multiple rigid bodies as aR0dy- As previously, for flexible molecules, the configurati

unigue entity (for example to manipulate a flexible molecul@ these rigid bodies are updated at each time step using a

at its center of mass), the same displacement and oriemtatigf/itérion based on energy minimization.

are applied to all the rigid bodies. In that case, the sinariat ~ Compared to thédFF formulation, the ergonomy of the

also updates the configuration of the rigid bodies based @ystem is modified when a force is used as the simulator’s

internal and environmental interactions, and determihes tinput. The user does not control the position but the dynamic

new sub-tree of rigid bodies as described in section lll.  of the molecule. Depending on the application, users can
The simulation remains stable if the displacements amhoose between these two modes.

;mall enough for a given time step,. so that no .atoms IV. SIMULATION RESULTS

interpenetrate each other. The matiy is used to adjust

the displacements of the user so that the simulation can deafFXPeriments are performed on34//{z processor Intel
with them. The molecular forces,, are sent to the user PC, using Windows operating system. The available haptic
after being increased by a facter, device is a Phantom Omni haptic interface from Sensable

This master arm is a 6 degrees of freedatoff movement
B. Force-Force control and a 3dof force feedback device. It is controlled using the

The second approach, Force-Force contfdt)( consists OpenHaptics development toolkit,

in using only forces for both manipulation of the rigid body http://www.sensable.com



A. Manipulation of molecules Removing Reinserting

The tool presented offers the possibility to the user ©
interact in real time during the conception process of ne‘§/
molecular structures. This functionality is of primary im-£
portance to design new materials and alloys with specife ' |
properties. A first experiment is performed using the HI\&
protease and its inhibitors (pdb code: 2AZ8) to demonstrage o
that our tool is adapted to such kind of manipulations.
The system considered is composed of 848 degreesiof_ .
freedom. To simulate it in real time so that haptic feedback
can be used, the adaptive feature of the algorithm is used, &%ip
only 432dof are activated. This allows to simulate complexg 2f
systems in a few dozens of milliseconds. 2 oy

The manipulation performed consists in extracting an 35 . :
inhibitor of the molecule, and then reinserting it (see fegur
5). It is repeated twice, using both of the bilateral cougsin

presented in section Ill.

| FF coupling

/

DFF coupling

!

Il
175 15

|
15 10

Position of the molecule’s center of mass along ghaxis (&)

Fig. 6. Force felt by the user along theaxis of the haptic interface while
manipulating an inhibitor of the HIV molecule (interactiorrdes between

Inhibitors molecules)

Inhibitors

Removing Reinserting

(a) Initial and final positions: in{b) Intermediate position: one of the
hibitors inserted in the HIV proteas@hibitor is removed from the HIV
protease

Forces felt by the user along theaxis (V)

Fig. 5. Manipulation of one of the HIV protease’s inhibitausing the
haptic device

The molecule is manipulated as a whole, so that it would

_3 | |

SFF coupling

10

I 1 I
5 10 15 175 15

Positions of the molecule’s center of mass alongghexis ()

be equivalent for the user to manipulate its center of mass _ - :
in th i iqid | le. H h I | .Fig. 7. Force felt by the user along theaxis of the haptic interface while
!n the Case_ of a rigid molecule. However, the mo_ ecu e' Iishanipulating an inhibitor of the HIV molecule (interactiorrdes between
indeed flexible, and can be deformed by the simulatiomolecules)

(interactions with other molecules). Using this manipolat

mode, even an untrained user can move precisely the HIV's ] ] )
inhibitor. In this experiment, the force scaling factor is the same for

both theDFF and FF control schemes:

The movement perfor.med by the user i; mainly d[rected Af=03-10° )
along they axis (see figure 5), so that it can easily be ) ] ]
reproduced in order to compare the two control scheme§€garding the velocity scaling factors, they are set to:

However, rotations are allowed. ADFF _ 0.25-10° 0 . AFF _ 0.025-10° 0
The forces along the, y andz axes are depicted in figures “*d ~ — 0 51 d T 0 5
6, 7 and 8. They are represented with respect to the position 3)

along they axis (direction of the main displacement). Forces obtained with thBFF andFF couplings are simi-

The parameters of the controllers are chosen so that the. Three phases can be clearly distinguished (correspond
forces delivered by the simulator (in the order of dozen® the three states of the molecule depicted in figures 6, 7 and
of nanonewtons) are amplified to be easily felt by the useB). The first phase is the extraction of one of the inhibitor,
To select the position scaling factors, a trade off betweemwhen it is situated at less thard A of its initial position.
stability of the system and ease of manipulation due to thEhe second phase consists in removing the inhibitor from the
limited workspace of the haptic device must be consideredest of the structure. When the inhibitor is further thin
These issues have been partially addressed in our previokisno force is applied on it. The reinsertion into the system
work [13]. occurs when the position is again less thanA.
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Reinserting manipulating a single rigid body of a flexible molecule,
FF coupling and feeling internal forces and inertia. No other molecules
are present. To perform this experiment, the user selects
a rigid body of an inhibitor of the HIV virus. Using the
haptic device and thdéF coupling, he or she applies a
force on this inhibitor to unfold it. The other extremity
is fixed. When the molecule is stretched, the user moves
back the haptic device to the initial position. Doing so, the
molecule is refolded. Since the molecule is composed of
only 17 degrees of freedom, the adaptive feature of the
algorithm is not useful to obtain a fast simulation of the
B whole molecule (the simulation’s sampling periodligmns
-2 : : T : : : with all the dof activated). The same position scaling factor
Sl 1 noTs " M AFF than in section IV-A is used. The force scaling factor
Positions of the molecule’s center of mass alongitexis A) is <i4f —01-10°

Fig. 8. Force felt by the user along theaxis of the haptic interface while ;
manipulating an inhibitor of the HIV molecule (interactiorrées between The flgure 9 represents the norm of the force felt by the

Removing

o
3

Forces felt by the user along theaxis (V)
o

molecules) user against the norm of the position of the center of mass.
3
For both of the couplings, the magnitude of the forces is ?, .l
in the order of the newton so that the interaction forces can o
clearly be felt by the user. When tHeFF control scheme ﬁ sl
is used, some oscillations can be felt. As seen in section Ill =
this is due to the structure of the simulation since the rigid ﬁ 15 @
body first takes the position set by the user. This position § T
is then modified according to the interactions with other E 1 { ®
atoms. Adding damping and changing the structure of the b ,=£ "
coupling has been considered in previous work, but decsease g 057 %
the transparency [13)]. S ® ® i
Even if the forces felt using thBFF and FF are similar % 2 4 6 8 10

(especially on figures 7 and 8), some differences can be noted
(e.g.dotted circle in figure 6). As stated earlier, rotations are
free. For a given position along the axis, the orientation Fig. 9. Force felt by the user while unfolding an inhibitortbé HIV virus
can be different. The interactions between the manipulaté'aternall forces). Non adaptive simulation

inhibitor and the HIV protease are thus not the same which
explains the differences on the force fed back.

Norm of the position of the rigid body’s center of maé%(

First, the force increases as the molecule is stretched
(part 1). When the molecule is deployed, the user applies
As demonstrated in this example, using both of the cowan additional force and the internal forces increase (part
plings, the system remains stable and the forces felt by ti#. Then, the user moves back the rigid body and he or
user allow him or her to clearly distinguish the interaction she releases the constraint applied on it. The forces quickl
between the molecules. Compared to [5], no damping ©ecrease because of the reduction of internal forces (part 3
added in our system which allows a good transparency. Evéinally, the molecule is moved toward its initial position.
untrained users did not experience any difficulty in usinghe interaction forces due to the other rigid bodies are felt
either position or force control mode. Therefore, our gyste (part 4).
can indeed be used during a conception process of molecular

structures, or to test docking properties of a ligand. These results show that our system is able to render small
variations of the forces to the user (in the order of dozens
B. Internal forces of nanonewtons). It demonstrates that the system is well

The tool that we present in this paper is not limited toSUited to achieve high transparency. The new possibility to
molecular interactions. It can also be useful to manipulat@anipulate a single rigid body of a molecule has been asked
a single rigid body of a flexible molecule, and feelingty Sanofi-AventisWith this possibility, one can expect to
the internal forces and the inertial effects. This is usefifvaluate in real-time the influence of the molecular stngctu
in particular to synthesize a new molecule by increasingn its dynamics.
progressively the number of atoms. Therefore, it is possibl
to change the topology of the molecule and to control its
specificities. We have presented a new tool to perform molecular
The experiment presented in this paragraph consists &imulations with haptic feedback. Using the force feedback

V. CONCLUSION



device, the user can manipulate the entire HIV inhibitoni1]
The simulator allows for real-time computation of the face
thanks to an adaptive method. To provide flexibility, two
different manipulation modes are proposed (position and
force) thanks to two different bilateral couplings. Both ofl12]
them allow the operator to feel interaction forces.
All the stages of the design process of specific molecular
structures can be handled by our new system. The interr&l
forces of a molecule can be felt by the user. This possibility
may be relevant for studying the possible conformational
changes of a molecule and its properties. The experiment
we performed, and which has been testedSayofi-Aventis
engineers, shows that the simulator and the coupling aehiev
high performances. Indeed, the low values of the internal
forces are felt by the user in a transparent and stable way.
This paper demonstrates the first results obtained with this
system. User-based tests must be carried out to evaluate the
effectiveness of the proposed system compared to conven-
tional devices such as a mouse or a joystick. Tests should
also be carried out to compare complex manipulation tasks
performed with or without haptic feedback.
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