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Abstract

This paper presents a novel tool for the analysis of new mitdestructures which enables a wide variety of maniputegidt is
composed of a molecular simulator and a haptic device. Thalation software deals with systems of hundreds or thalsah
degrees of freedom and computes the reconfiguration of thecules in a few tenths of a second. For the ease of manipnlatid
to help the operator understand nanoscale phenomena,ia teyite is connected to the simulator. To handle a widestxaf
applications, both position and force control are impletaénTo our knowledge, this is the first time the applicatiohferce con-
trol are detailed for molecular simulation. These two colntnodes are compared in terms of adequacy with moleculaardias,
transparency and stability sensitivity with respect toiemmental conditions. Based on their specificity the opiens they can
realize are detailed. Experiments highlight the usabditpur tool for the diferent steps of the analysis of molecular structures.
It includes the global reconfiguration of a molecular systdre measurement of molecular properties and the compseireaf
nanoscale interactions. Compared to most existing systémasne developed in this papefars a wide range of possible ex-
periments. The detailed analysis of the properties of thigrobmodes can be easily used to implement haptic feebaaktoer
molecular simulators.

Key words: molecular simulation, haptic coupling, force feedbacknsparency, stability

1. Introduction of the haptic handle), to thBubble techniquéposition control
is used for fine positioning, and rate control is used fordarg

The conception of new medicines, the synthesis of allos, thdisplacements) [11]. As an alternative, the concepAdive
prototyping of bio-nanorobots [1] as well as the transmissif ~ Haptic Workspacés considered [12]. As in thBubble tech-
information between two nanomachines [2], [3], and the deniqueposition control is used inside thAHW, and objects are
velopment of bio-microelectromechanical system devibas ( rotated and translated when the cursor is outside. In afls;as
MEMS) [4], [5] are made possible thanks to molecular simu-when the user is close to the point of interest, a common po-
lators. Since ease of manipulation is one of the key points o$ition coupling scheme is used to control the object and send
such tools, haptic devices are widely used. They providd-a nathe interaction forces to the user. Thus, even if complek-tec
ural manipulation mode of the molecules and force inforomati  niques are used, the choice of the haptic coupling used nsmai
is easily interpreted by operators. It has been demondttiage  unchanged when dealing with a precise area of the workspace.
it helps operators to understand nanoscale phenomenaselts ulrhe haptic coupling structure depends on the availabletinpu
is recommended for educational purposes [6], [7], [8], but i and outputs. In almost all the works dealing with molecular
is not limited to academic courses. It can also help chemistsystems, position control is used (the user sets the posifio
and biologists to find specific locations in complex molecula the molecule, and feels the interaction forces through épity
systems (for example docking sites) [9], or to charactahiee interface). However, stability is flicult to ensure due to long
molecular properties [10]. computation times, scaling factors used to link the macib an

The benefits of haptic feedback depends on the couplingano worlds, and the high variation of the forces. In most of
used. In particular, how to reach the entire virtual envinemt  the works, the system stability is guaranteed at the expefinse
using a haptic device with a limited workspace is a key issughe fidelity of the force feedback. Either the accuracy of the
to get an interactive system. Several techniques are pedpos molecular interactions computed is decreased by usinglsimp
from the concept otlutching(freezing the displacement of the models [13], or the damping added to the coupling detegsrat
virtual object while enabling the user to modify the positio the transparency [14]. Scaling factors are also a majoeissu
for stability [15]. Position control may also lead to instab
ties as the position of the molecule is first set accordindpéo t
*Corresponding author:  Aude Bolopion, tel+33144276376, fax: user input, before being corrected during the update stépeof
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physical constraints, as it is explained in this paper. inputs and outputs, the two control modes (position andeforc
In addition to the haptic coupling specificity describedaio control) are detailed and compared in Section 3 in terms of ad
the system must fulfill several requirements to be usable foequacy with the simulator. The transparency and the sensiti
the analysis of molecular structures. It should enable the m ity of the coupling schemes’ stability is analyzed in Settib
nipulation of the molecules, the measurement of their inherln Section 5, examples of manipulations that can be handled
ent properties and should provide a deep understandingeof ttby our tool are presented. The advantages and drawbacks of
nanoscale interactions. According to potential userdyiting  each control scheme discussed in previous sections are com-
bio-physicist researchers and researchers working innpdear pared with these experimental data. Section 6 concludes the
cological firms), the system should present: paper. A table summarizing the notations is provided in Sec-

e R;: a fast and accurate manipulation and reconfiguratioﬁIon £
computation,

e Ry different manipulation choices (both the whole 2. Molecular simulator

molecule and a single atom), fifirent force feedback

) ! . As mentioned in Section 1, the molecular simulator must deal
(both the internal and external interaction forces),

with reconfigurable objects of hundreds or thousands ofeegr
e Ry: transparent and stable haptic coupling schemes despiff freedom. Several approaches have been used, such as sim-
the computation time. plifying the force fields, or considering only rigid moleesl

The resulting loss of accuracy limits the possible applcet.

The system we propose is composed of a molecular simulary o simyator we detail hereafter uses a special reprea@mta
tor, SAMSON, and two haptic coupling schemes. SAMSON ¢ the molecules, and a specific algorithm based on a quasi-

enables a fast computation of the interaction forces antieof t statics method to simulate the motion of the molecular syste
reconfiguration of the system thanks to a tlree representa.ti'o-l-his leads to a fast computation of both the internal and ex-
The molecules can be manipulated by setting both a positiopy 5| forces and a fast reconfiguration of the molecule, [19]
and a force thanks to the methodology used to compute the Spyg) * gince the simulator has an open architecture, and most
lution of the equation of motion. Regarding the haptic coupl functions are implemented as plug-ins, the haptic coutliy

a force control scheme is used in addition to position CORO e irectly integrated into the equations solved by the kitou
compensate for the lack of stability of the position model@hi g increases the variety of control modes that can be [ebo

dealing with large displacements. It will also be seen th&t t ., nared to most of the commercially available software.
control mode is more suited to molecular simulators. More-

over, new applications are possible thanks to this couplihg

control schemes presented are widely used for macroséadle te ] ) o

operations. Even if force control has already been mentione The method relies on a recursive, divide-and-conquer repre

for molecular simulation in particular in [16] and [17], taio ~ S€ntation of the molecular system, where any non-rigid grou

knowledge, this is the first time it is detailed and analyzed f Of atoms is considered to be the uniorteb groups of atoms.

molecular simulation. It can be implemented in our system! hUS, any molecular system is associated tir@ry assem-

thanks to the molecular dynamics equation solved. bly t.ree in which the leaf nodes represept the user-defined rigid
We did a preliminary work where some of the potential bodies (atoms, or group of atoms). The internal nodes reptes

applications of our system (conception of new molecules:‘he sub-assemblles,.and the root node represents the demple

analysis of molecular properties, ...) are described [\  Molecular system (Figure 1).

now present a comparison of position and force control. A

detailed description of the molecular simulator and thetrmbn (a) (b)

schemes, as well as how they are connected, is made to

compare the adequacy of the two control modes to molecular

dynamics simulators. The stability sensitivity of the cliog

schemes is considered for the specific applicationofmtdecu @ @ @ @@ @ @ @

interactions. The sensitivity is defined as the variation of 3y )
the magnitude of the roots of the control schemes’ charac’gﬁ\&%ﬂ)\/ﬁfw £ 4 ; 4
teristic equation with respect to given parameters. Releva ‘

experiments of all the stages of the analysis of a molec@e ar

performed and highlight the specificity of each control mode Figure 13t t'ﬁepfesegt?tior; of Fg‘% tg,tra'a('s)”i?i n;)qlecule)'- Tae Iear]; nOdtﬁs
. . resen € user definea rigi odaies, . e |naryraislgetreew ere tne

Based on the eXpe”memal results, it se_ems that the SySte|5;?j()ernal nodes represent the sub-assemblies, and the adetnepresents the

we propose could be used for the analysis of new moleculegomplete molecular system.

thanks to the two complementary control modes, and to its
adequacy with the requirement&;(Rs). Using the spatial notation, the equation of motion of each
rigid body is [21]:
The rest of the paper is organized as follows. The molecu-
lar simulator is presented in Section 2. Based on the availab l-a=Fex+ Fint —vxl1-v (1)

2

2.1. Representation of a molecule



wherea (resp. V) is the spatial acceleration (resp. velocity) 2.2.2. Force sent to the user

of the molecule.l is its inertia. Fey is the sum of the forces  The simulator determines the forEg, applied to the manip-
applied by other molecules arit}y is the sum of the internal ulated molecule. It is composed of van der Waals and electro-
forces applied to the considered rigid body. These forces destatic contributions from other moleculEs,; as well as those
pend on the force field being used in the simulation to model inresulting from other rigid bodies in the selected moledte
teratomic interactions. In our current implementatioe, fibrce

field is derived from a well known molecular mechanics force Fm = Fext+ Fint 3)
field, CHARMM [19], which models interactions through van

der Waals, electrostatic and dihedral contributions. The user will thus feel both internal and external forcesteNo

that, in this sum, the contributions from rigid bodies withine

selected molecule cancel out if the user manipulates a whole
2.2. Computation of the solution of the equation of motion ~ Molecule Eint = 3 Fi = 0). When only one rigid body from

a molecule is selected, the molecular fofgs applied to the

To solve the equation of motion for each rigid body, the sim-i" figid body by the environment is computed as before, but

ulator follows traditional approaches: at each time step,jn-  the ki_nematip constrai_nt forces.e. the forces Which maintain
teratomic forces are first computed, then the accelerafitreo  the kinematic constraints between the selected rigid body a
system is determined and used to update its state and tie intdS topological neighbors [19] do not cancel out. In parecyif
nal configuration of the molecule. This operationis madeeas the rigid body is part of a molecule on which no external fasce
thanks to the tree representation, which enables to reelysi applied, the user will only feel the kinematic constrairf@sice
compute the forces and accelerations from the root nodesto tH0 modification on our system are necessary the user cay easil
leaves after having recursively computed thefioients of the ~ SWitch from one mode to the other.
equation in a bottom-up pass. Thanks to the chosen represen-Note that, although we have used SAMSON simulator in our
tation of the molecule, and the way of solving the equation ofmplementation, the control schemes we will present may be
motion, systems of hundreds of degrees of freedom can be sirdonnected with any simulator which provides access to the re

ulated in tenths of a second. quired variables (positions, forces, etc.).
2.2.1. Manipulation modes 3. Coupling between the smulation softwareand the haptic
interface

To enable the user to manipulate the molecule (or one of the

rigid bodies), its action must be taken into account whileso  Before considering the two control schemes some notations

ing the equation of motion. Thanks to the open architecturgnst be introduced for both the simulator and the haptic cou-
of the software, two solutions are possible. They are dtail pjing. These notations are summarized in Section 7.

hereafter:
3.1. Notations
Position mode. One way to control the simulation through the 3 1 1 simulator
haptic device is to control the position of the manipulated Then rigid bodies (atoms or groups of atoms) which are in-
rigid body or molecule. In the algorithm, the instantaneous '

o : . . Side the manipulated molecule will be noty, j = 1, ...,nand
position is set by the user, instead of being determined theq ones which are part of the environment will be noRg
the computed acceleration. The internal degrees of freq—_ 1,...q(see Figure 2)

dom are simulated using Equation (1). This manipulationThe force applied to each rigid bod% by all the other rigid

mocje; IS intuitive for th? USE, since we are used 1o set th odies of the simulation (including internal force§, and ex-
position of macroscopic objects. However, between two N i i .

simulation steps, the position set by the user may be phyéEarnal forcgsFext) 18- Fm = Fin + Fex: The totjal force ap.p_hed
ically unacceptable (e.g. atom clashes may happen).  to the manipulated molecuféy is: Fm = ¥; Fm. The position

of R,"n after the reconfiguration stepx#], andxpm is the position
Forcemode. Another way to control the simulation is to ap- ©f the center of mass of the manipulated molecule. Similarly
ply a force on the manipulated objects. This fofgeis  Fe = Fin + FextiS the force applied to each rigid bod by all
added to the interatomic forces that are applied to the obthe other rigid bodies of the simulatior, is its position after
ject, and the total force is used to determine the accelerdhe reconfiguration stemn, is the mass of the'" rigid body in
tions in the molecular system and update the positions oihe simulationmis the total mass of the manipulated molecule.

the rigid bodies. The equation of motion is then: The molecular dynamics do not allow to use the same time basis
as the one we use [16]. A single simulation step takes around
l.a=F +Foy+ Fipg =V 1-V ) 100 milliseconds (moving the molecule, reconfiguring the-sy

tem, sending the interaction forces to the user), and this co

responds to a period of aroudg, = 2 femtoseconds for the
Based on these manipulation modes, two correspondingatontrevolution of the molecular system. The molecular integrati
schemes may be used for position and force control. time T, is thus introduced.
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Figure 2: Notations related to the molecular simulator

3.1.2. Haptic coupling

3.2.1. The Direct Force Feedback control scheme

The DFF coupling, represented in Figure 3, is the simplest
structure to connect the haptic device to the simulationgitie
scaled position of the haptic handdeas the input of the molec-
ular dynamics simulator. It is also the most intuitive, iribe
user directly controls the position of the molecule ands¢leé
interaction force&, between the molecule and its environment.
Only two scaling factors are necessary to control the mddecu

Fop _ Fn Fm
: A | 1)
Delay
e M@
- Simulation
Aal
Xh ["d | X

Figure 3:DFF control scheme

When connecting a haptic (or master) device to a molecu-
lar simulator, the delays due to long computations of comple
interactions must be taken into account while analyzingthe
bility of the control scheme. The transfer functions aresthu 3.2.2. Details of the position control algorithm

represented using the discrete time variabl&ince the vari-

ables coming from the simulator are delayed by one samplini;;0
periodTs (defined as the largest simulation period for a given

experiment), an explicit one step delay is introduced betwe
the simulation and the coupling. Note that we consider Heze t

worst case by taking the largest delay. This is modeled by th
delay operatoz! (see Figure 3 and Figure 4). The discrete

time transfer functiord () of the haptic interface (which input,
resp. output, is the force applied to the haptic handle,.ri¢sp

position) is computed from the continuous time domain usin

the Z-transform function [22], and taking into account tlie e
fects of the sampler and zero order hold:
1 Ts(z-0) - (1-9)(z- 1§

@ =8~ @z-De-9

(4)

_BnTs . .
wheres = e ™ . My andBy, are respectively the master’s iner-
tia and viscosity, as given in [23].

Due to the scale dierence between the macro and the
nanoworlds, two scaling factors must be introduced to conne

the haptic interface and the molecule. The force (resptipo$i
scaling factor is denoted b; (resp.Aq).

Depending on the manipulation mode, the user may either s

the desired instantaneous position of the moleayler apply
an additional forcd=; on it.

e

As mentioned in Section 2, the calculation of positions and
rces performed by the simulation software are made on each
rigid body. However, for ease of manipulation, the user pani
ulates the molecule as a whole, controlling the positiorhef t
8enter of mass;. As explained in Section 2.2.1, the instanta-
neous positiorx; of the rigid body is set by the user. Internal
and external forces are computed and used to update the po-
sitions of the molecules in the environment and ttieiernal
degrees of freedom (to simulate their flexibility). Thisoae

gfiguration step involves a modification of the rigid bodiesipo

tions, and thus the actual position of the center of masseof th
manipulated moleculg,, might be diferent from the one set by
the user using the haptic interfage The user feels the force
applied on the manipulated molecu#g, composed of internal
and external forces (Equation (3)). This methodology is-sum
marized in Algorithm .

The DFF coupling has one main drawback, due to the manip-
ulation mode used. The user sets an arbitrary position using
the haptic interface. The molecular system first takes the co
responding configuration before being corrected duringithe
date step by the simulator. This can lead to instabilitied,the
f?rces sent to the user may misrepresent the correct matecul
interactions.

Based on the two manipulation modes described in Sectiod-3- Force control

2 and the notations given above, position and force conteol a

compared.

3.2. Position control

The first control scheme, the classical impedance display or

Direct Force FeedbackDFF) coupling, is based oposition
control.

As an alternative to position control, we can consider a sec-
ond manipulation modédorce control

1For the sake of clarity only the translations are considémetthis algo-
rithm. Rotations are implemented using the same methogoldgis remark
also applies for Algorithm 2.



Algorithm 1 Position control algorithm (see Section 7 for the force applied on the manipulated molecBlg composed of in-
notations) ternal and external forces (Equation (3)). This is sumneakiz
1. Compute the desired position of the center of mxgks-1)  in Algorithm 2.
set by the operator using the control scheme (position of

the haptic handle scaled By). Algorithm 2 Force control algorithm (see Section 7 for the no-
2. Set the position of the rigid bodies ¥k + 1), computed tations) _ .

based on the relative positions with respecx;to 1. Compute the force applled (Eyl)the operator using the con-
3. Update all interatomic forcdgl(k+1), ...,F(k+1) (resp. trol scheme (K + 1) = k [ 4G+ — (9|

Fa(k+1),...,Fé(k + 1)) applied to the rigid bodies which 2. Compute the forc/(k + 1) = Fi(k + 1)/n, applied to all

are inside (resp. outside) the manipulated molecule using  the j rigid bodies of the manipulated molecule.

the molecular simulator. 3. Update the positions}, (resp. x.) of the rigid bodies
4. Compute the surfm(k + 1) = Z Fi m(k + 1) of the forces which are inside (resp. outside) the manipulated molecule
using the quasi-statics simulator. Note that in the follow-
ing equationsFi’(k + 1) is known since it has previously
been computed (Step 2 of this algorithm):

i=
applied to the molecule, and send it back to the user.

5. Update the posmonsxm (resp. x.) of the rigid bodies
which are inside (resp. outside) the manipulated molecule

using the quasi-statics simulator. Note that in the follow- i j Ta i
ing equationsd (k + 1) (resp.Fm(k + 1) andFL(k + 1)) are Xm(K + 1) = Xm(K) + H(Fm(k) +Fi(k+1)
known since they have previously been computed Step 2 T2]
(resp. 3) of the algorithm: Xk + 1) = (k) + —FL(K)
m
. ) T2 .
Xk +1) = X' (k+ 1)+ Hm Fhk+1) 4. Update all interatomic forceégt(k+1), ...,FR (k+1) (resp.
) ! Fl(k + 1), ..., Fa(k + 1)) applied to the rigid bodies which
Xk + 1) = X (K) + BFg(k+ 1) are inside (resp. outside) the manipulated molecule using
m the molecular simulator.

5. Compute the surp(k + 1) = Z Fi m(k + 1) of the forces

applied to the molecule, and send it to the operator.
3.3.1. The Force-Force control scheme

TheForce-Force(FF) control scheme is depicted in Figure 4.
The input of the simulation is the force applied by the user on The user input might be unrealistic in both position andéorc
the molecule. In addition to the scaling factors, a propodl  control modes. However, given the user input, its integrati
gaink; is introduced. This gain is used to adjust the magnitudénto the equation of motion ffers. For position mode, the sys-
of the force applied to the molecule, which is based on the diftem configuration is first set according to the user input,iamd
ference between the molecule and the haptic handle pasitionsecond step, it is corrected based on the equation of mdion.
the contrary, using force control enables to integrate Hex'sl
= = F input while solving the equation of motion (Equation (2)her
op + - h m [ | . .

1 system behaves as if these forces were actually applieds, Thu
itis more adapted to molecular dynamics than position cbntr
As force mode presents a better adequacy with the solved equa
tions, instabilities due to molecule manipulations areucedl.

veser [H(a)|
&

I

Simulation

4, Comparison of transparency and stability properties

X
" In this section, the transparency and the sensitivity otre
Figure 4:FF control scheme trol schemes stability are compared. The analysis is made on
one axis: scalar variables are used. The action of the aperat
is not taken into account, and a simplified model of the envi-
3.3.2. Details of the force control algorithm ronment is considered (an equivalent spring conkgntThis
Contrary to theDFF algorithm, the simulator’s input is the is obviously not enough to model the complex interactions be
forceF; that the user wants to apply to the entire molecule. Thigween molecules, but comparisons of the control schemes can
force is set by controlling the distance between the hagtic h be made. Transparency analysis will be carried out in centin
dle and the molecule positions. The corresponding forces apous time, without considering the delays. These assumgptio
plied on each rigid bodf/ of the manipulated molecule as well are made to derive comprehensive relationships to compare t
as the environment forces are used to update the positidh of @wo control modes [24]. On the contrary, stability will beidt
the rigid bodies (inside and outside the manipulated mddgcu ied in discrete time as we will be interested on the sensgjtof
using Equation (2). As for position control, the user fetls t the control schemes with respect to the sampling period.
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4.1. Transparency analysis 4.1.2. The Force-Force control scheme

A haptic coupling is transparent if it perfectly renders gl For theFF coupling, the impedance felt by the operator is:
ular forces and molecular dynamics. It is measured by compar
ing the impedance of the environméht= Fn/Vy, and the one FF(g) = 1 + Ark Z(9) (11)
felt by the operatoZo, = Fop/Vh [25]. Ideal transparency is P H(s)  Ad(mS +ki + ke)

achieved when: Non-contact.As for the DFF lin th rator’
Zop(9) = Ze(9) (5) on-contact.As fo e coupling, e operator’'s

impedance is given by Equation (8), and he or she feels the vis

wheres s the parameter of the Laplace transform. For Sme"cosity of the haptic device for low frequencies, and its iaer

cron scales, the scaling factods and Ay must be considered ¢, high ones.
so that the impedances can be compared. In our contextcperfe

transparency will be achieved if: Contact. When the contact is establishezf}, - can be com-
Fop(9)  Af Fn(9 As puted for low frequencies:
= — (=4 ZO S) = —Ze S 6
V(9 ~ Ag V(9) D=2 © K A
Two distinct modes will be considered: Zis e (jo) Saks keEZE(jw) + B (12)
1. non-contact: there is no interaction between the manipu-
lated molecule and its environmei (= 0) Equation (12) dfers from the ideal impedan%ze( jw) due to

2 ;?on;ﬁgti?r?;i ?gprﬁﬁég(“sl)ejok_ges’ modeled as a first e static gai f , and the viscosity of the haptic interface. For

T s high frequencies, the impedance felt by the user is theimeft

Note that, in theory, non-contact configurations do nottexisthe haptic device.

in molecular systems since interactions can be felt at iefini

distance (e.g. electrostatic interactions). Howeverenalar  4.1.3. Summary

dynamics simulators frequently usetqfs, i.e. distances over  Taple 1 summarizes the approximated impedances for the

which interactions are considered to be zero. This makes rel 4o control schemes.

vant the analysis on non-contact configurations.

An approximated impedance will be derived in the frequency

domain § = jw) considering low ¢ << 1) or high @w >> 1)

frequencies.

Table 1: Approximated values @, for the two control schemes

. Low frequencies High frequencies
4.1.1. The Direct Force Feedback control scheme Non- Non-
Using the control scheme depicted in Figure 3, the contac - Contact contact Contact
impedance felt by the operator is computed: DFF Bn Efze(jw) + Bn Mhjw
kA ;
Fop(s) A 1 FF ik A Ze(Jw) + By
RO e PAE PR S} s
V() Ad H(s)
Non-contact. When no force is applied to the molecule, Equa- .
tion (7) is simplified to: For theDFF control scheme, the quality of the force ren-
DEF /- ) dering only depends on the haptic device characteristit® T
p (lw)=Mnjw + By (8) transparency of this coupling is close to the ideal trarespay.

At low frequencies, the operator will mainly feel the visitps TheFF transparency cﬂigrs from theDFE one for th? contact
of the haptic device. At high frequencies, the inertia of themode, for low frequencies. The ideal impedance is scaled by
master arm will be predominant. K% for the FF coupling. To tend to perfect transparency, the

. ) . value ofk; must be greater thake. This means that the force
Contact. When repulsive forces are applied to the mampulatecépp"ed by the user is greater than the ones coming from the

molecule, the impedance felt by the operator is given by Equamo|ecular system. For an infinite valuelofthe molecule po-
tion (7). Th'sf corresponds to the impedance he or she shouldion will only depend on the force applied by the user, and
ideally feel (/Aidze) modulated by the haptic device characteris-the manipulation mode will tend to the behavior of the positi
tics. For low frequencies, the impedarﬁc‘ﬁfF isapproximated manipulation mode. On the contrarykfis much lower than
by: A ke, the perfect impedance will be scaled éy We will see in

DFF (i fo Section 5.1 that it corresponds to divide the perfect impeda

~ — B 9
Zoptr (1) w Adze(W) bn © by a factor less than two as longlas< 100Nm. The trans-
The viscosity of the haptic interface deteriorates the sran parency of this coupling is thus only slightly deteriorated
parency. For high frequencies, the impedaﬁ{ﬁ%ﬁF is:
Zothe(j@) ~ Mhjw (10)

>>

<<1

4.2. Stability analysis

Since passivity is conservative (it ensures stability foy a
The transparency of the coupling is onljexted by the inertia  operator and any environment as long as they are themselves
of the haptic device. passive) [26], it is not used in this work. We chose instead to



compare the sensitivity of the control schemes’ stabilitthw

4.2.2. Numerical comparison of the control schemes’ stgbil

respect to the sampling period. Thus discrete time must be A numerical analysis of the influence of the environment pa-
used. The computational time is taken into account by introrameters, andTs on each control scheme is performed. The
ducing a one period delay on the variables computed by theariations of the highest magnitude of the roots of the attara

simulator (see Figure 3 and Figure 4). The sensitivity aredy

istic equations (14) and (17)rqas]) are considered in Figure

is the variation of the magnitude of the roots of the characte 5. The numerical values correspond to the experimentsecarri

istic equations with respect to given parameters, whicteirg h
the sampling period.

4.2.1. Characteristic equations

The discrete time transfer function of tHeFF control
scheme is derived from the coupling presented in Figure 3:

(9 | X2
Z{Fop(s)} = Forld (13)
Ts%i_(l_(s)'g_: (14)

© Bn(z-0) + [TeZ2 — (1-6) M| Akez L

whereZ is the Z-transform function, antlis the parameter de-
fined in Equation (4). The corresponding characteristicaequ
tion is:

Al + aZ +a1z+a =0 (15)
where:
a3 = By a = -Byd+9)
a = oBy+(Te- (1-0)2) ake (16)
A
2 = (-0Ts+(1-0)%) mke

The transfer function of thEF coupling is computed accord-
ing to Figure 4:
%@ _  HE@
Ford 1+ H@GE@ 5

17)

: 2 .
where:G(z) = 2 = m andmis the mass of the

whole molecule. The characteristic equation is:

b4Z4 + b323 + b222 + b]_Z+ bo =0 (18)
where:
by, = mB, bs; = -(2+5mB,
by = (ki +ke)T2Bn+ mBy(1+ 26)
by = -(1+06)(k +k)TZBn—omB,
+[To- (1-0) | kkeTZA: (19)
bo = Bnd(k + k)T

+[-Tes + (1 - 0) 2 | kikeT2 R

Analytical stability criteria can be obtained for both oéte

outin Section 5.1 (see Table 3). The plots of Figure 5 repitese
the value of||rmay| for both the control schemes, depending on
ke andTs.
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Figure 5: Highest magnitude of the roots of the characterexjuation||r nax|
with respect to the dfiness of the interactioke. and to the computation tiniEs

The variations of the magnitude of the roots are of particula
interest. For the two control schemes, long computatiargél
values ofTg) andor stiff environments may lead to an unsta-
ble system. Moreover the magnitude of the roots of Bird-
control scheme quickly increases whegor ke are increased.
On the contrary, the roots obtained with #é control scheme
are almost constant. Thus, tB&F control scheme stability is
more sensitive to the variations of than theFF one. These
results will be experimentally confirmed in the next section

4.3. Comparison of the control schemes’ specificity

As seen from Section 2 to Section 4, the position and force
control modes presentfiierent characteristics in terms of ade-
guacy with the algorithm, transparency and stability, wtace
summarized in Table 2. Position control is more transparent
However, force control is better suited for the integratiato
the simulator since the user’s input is directly taken inte a
count while solving the equation of motion, and its stapiig
less sensitive to environmental conditions.

Next sections detail the possible applications of our sgyste
and highlight the advantages and drawbacks of both position
and control mode depending on the given task.

5. Molecular manipulations and haptic feedback of inter-
action phenomena

control schemes using the Jury criterion [22]. However, the
relations derived are complex and the influence of the contro As seen in Section 1, a wide variety of applications must
scheme parameters on stability is not highlighted. In thé ne be considered. To illustrate the possibilities of our systthe

section, a numerical analysis is performed.

following experiments are performed in the next sections:



Table 2: Comparison of thBFF andFF coupling schemes

Advantages Drawbacks

- Molecule’s control not
optimal for the simulation
- Stability sensitive to en-
vironmental conditions

DFF | Good transparency

-~ Molecule’s control
suited for the simulation
FE - Good transparency
during non-contact

- Stability not sensitive to
environmental conditions

Ideal transparency scaled
by ke%ki during contact

e manipulation of whole molecules to modify the global

structure of the molecular system,
Figure 6: The HIV molecule and its inhibitors, 848 degreedreédom. A
e deformation of molecular structures to measure their in-haptic device is used to control the inhibitors and to feelititeractions with

herent properties, the HIV molecule.

e determination of equilibrium positions which is a com- . o . s
L 4.2. The experiment consists in extracting an inhibitorhaf t
mon example of the specific phenomena of nanoscales that : o .
. molecule, and then reinserting it. All the molecules areiflex
users would like to understand. ble
Experiments with varying molecules and parameters have bee
carried out. For the sake of clarity, only some of them whichrapie 3: Parameters of the simulator and haptic couplingraels for the HIV
illustrate the three types of operation listed above arsgrted.  experiment
Similar conclusions were derived for the other cases weidons

ered.

- Mass of the manipulated molecule:

Th iment formed on@MzIntel PC m=7.5-10*%g
€ experiments are perrormed on ZInte processor, Simulator _Cut dfdistance:d:SA

using a Phaptom Omni haptic interface from Sensgablhis - Integration time for the equation of motion
master arm is a 6 degrees of freedaitof) movement and a 3 T, =210,

dof force-feedback device, with an inertd, = 0.072kg and Haptic - Force scaling cd@cient: A; = 0.3-10°

a viscosityB, = 0.005Nsm™ [23]. The maximum force that coupling | Displacement scaling céicient: Ay = 0.25- 10°
it can provide is BN. In the following experiments, the max- - Stiffness of théFF coupling:k = 100Nm™*
imum force sent to the haptic interface is limited to 3N. The

OpenHaptics development toolkit provided by Sensableas us

to communicate with the haptic interface. The setup is pre- The experiment is repeated twice for both bEF andFF

sented in Figure 6. coupling schemes, with varying number of activated (172
for the first experiment, 848 for the second one), and thug var
5.1. Manipulation of whole molecules, the HIV example ing simulation periodsTs = 92 and 117 ms). This is possible

@anks to the adaptive simulation algorithms used by ouusim

lator which enable to decrease the number of active degfees o

dreedom with a minimal loss of accuracy [19].

case of rigid molecules. This mode has been chosen since ff ©rder to compare the results, the movement of the user has
been limited to one axis (with 3D force feedback). The forces

enables an untrained user to precisely and intuitively nibge . o .
molecules. Two solutions are possible. The first one is to Serleturned to the operator on thexis of the haptic interface with

the position of its center of mass, and the second one is iy app'€SPect 0 the position of the molecule’s center of mass ere d
a force on each of the rigid bodies. To compare these two maP'Cted in Figure 7 and 8.

nipulation modes and the associated control schemes, e HlI
protease and its inhibitors (Protein Data Bank code: 2AZ8) i
considered. This system is composed of 848 degrees of l‘refehe
dom. The parameters used for the simulator and the haptic cof@
pling schemes are summarized in Table 3. These values are t
ones used for the numerical comparison of stability in ®ecti

The haptic device must enable the user to manipulate th
whole molecule into the environment, so that it would be equi
alent for him or her to manipulate their center of mass in th

Three phases can clearly be distinguished. The first one is
extraction of one of the inhibitors, when it is situatétbas

n 16 A of its initial position. The second phase consists i
nipulating the inhibitor away from the rest of the struetu
when the inhibitor is further than 16 A. No force is applied on
it. The reinsertion into the system occurs when the posigon
again less than 16 A.

2httpy/www.sensable.com The forces felt using thBFF andFF control schemes are sim-
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Forces felt by the user along tlexis (N)

oling
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Figure 7: Force felt by the user while manipulating an HIkibitor (interac-
tion forces between molecules)72 dof activated - Ts = 92ms
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Figure 8: Force felt by the user while manipulating an HIVikibitor (interac-
tion forces between molecule#)ll the 848 dof activated - Ts = 117ms

5.2. Deformation of molecular structures

The measurement of the molecule inherent properties
(stiffness, inertia, ...) is of primary importance [1]. To deform
such structures, it is necessary to apply an external forcke
molecule. This is done using force control.

The experiment presented in this paragraph consists in
manipulating a single rigid body of a flexible molecule using
theFF coupling, and feeling the internal forces and the inertia.
The same methodology as the one described in Algorithm 2 is
used, except that the whole molecule is replaced by a single
rigid bodyR}, and the kinematic constraint forces are added as
mentioned in Section 2. Since no other molecules are present
the external force applied to the rigid body are n#ll,¢ = 0),
and the operator will only feel the internal fordég = Fin.

Using the haptic device the operator applies a force on one of
the rigid bodies of the HIV 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 s
the molecule is refolded.

25} i

i

Unfolding
A B

1

Refolding|
C-D

Stretcheq

051

Norm of the forces felt by the user (N)
vs)

0 7 . . .
0 2 4 6 8 10

Norm of the position of the rigid body’s center of mass (A)

Figure 9: Forces felt by the user while unfolding an inhibivé the HIV virus

ilar. For the two coupling schemes, the magnitude of the hap@), keeping the molecule stretched (B), and refolding ita@! D). The user
tic forces are in the order of the newton so that the intepacti feels the intemal forces. 17 degrees of freedd,= 14ms Aq=5-1C°,

forces can clearly be felt by the user. Thdfeliences on the
force profile are due to the flexibility of the molecules. Dege

ing on the manipulation conditions (velocity of the molesul

At =0.1-10% k = 20N.m™2.

Figure 9 represents the norm of the forces felt by the user

force exerted, etc.) the deformations are not the sameinigad against the norm of the position of the center of mass. The

to slightly different configurations and interaction forces.

As predicted in Section 4.2, tHeFF coupling is very sensi-
tive to the environment characteristics. Only a few ostilzs
can be seen in Figure 7 for veryfstinteractions. When the
sampling period increases, oscillations become impogadt
more frequent. On the opposite, tRE coupling remains sta-

ble even for stf environments, and with long simulation peri-

ods. Adding damping to theFF coupling would improves the
stability, but transparency would be deteriorated. Sinogen:
ular interactions involve complex variation of the forcesla
efforts of small magnitude (in particular for attractive irgter

tions), transparency is a major concern to provide to the aise

high fidelity force feedback.

forces increase since the molecule is stretched (part Agrwh
the molecule is deployed, the user applies an additionakfor
and the internal forces increase (part B). After that, therus
moves back the rigid body and he or she releases the cortstrain
applied onit. The forces quickly decrease because of thecred
tion of internal forces (part C). Finally, the molecule isved
toward its initial position. The interaction forces due et
other rigid bodies are felt (part D). This shape is constistetin

the one described in [1]. Our system is able to render smail va
ations of the forces to the user (in the range of the nanomgwto
The FF coupling is well suited to deform molecules by apply-
ing an external force, and can be used to measure their imhere
properties.



5.3. Determination of equilibrium positions is achieved for position control. Force control presents a
Using force control, the user applies afoet on the manip-  better adequacy to molecular dynamics and its stabilityois n

ulated molecule, and the equilibrium state of the systeragak Sensitive to the environmental conditions.

into account this external force. However, to better urtaes  Based on the control mode specificity,ffdrent operations

molecular interactions, it is necessary to know the equilin ~ ¢@n be carried out. Position control enables to get a better

state around a given position without considering the assip ~ understanding of nanoscale interactions. ~ Force control is

to get such a knowledge. properties. The performed experiments are very promising

since they highlight the diversity of applications that daa

An experiment involving two water molecules is performednandled by our system. The detailed analysis of the praggerti
using theDFF coupling. Due to van der Waals forces, there©f the control modes can also easily be used to implement
is an equilibrium position when the distance of the two watehaptic feeback on other molecular simulators.
molecules is around 2.6A. Attractive and repulsive foressdt
to keep the molecules in this position. The stability conditions are not easily verified. Based an th
In the following experiment, one of the molecules is fixedeTh €xperimental results, it can be seen however that force@ont
user manipulates the second one around the equilibrium pogiemains stable for given values of the control scheme param-
tion, while feeling the interaction forces which tend to jree eters. This is possible since its stability is not sensitiven-
the system into the equilibrium state. Experimental resafe ~ Vironmental conditions. Future work include determining-p
given in Figure 10. Position and force are plotted with respe Cisely how to choose the parameters to get a stable system. As
to the time to evaluate the time taken by the system to reach tHo0sition control stability is sensitive, non-constantrgaiight
equilibrium position. be a solution to get a stable system for a wide variety of en-

vironmental conditions. A user study will then be conducted

to determine the benefits of theffdirent haptic feedbacks from
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Figure 10: Manipulation of two water molecules. The blac&ssrindicates
the position of the equilibrium positionTs = 18ms,Aq = 0.25-10°, A; = As/Aq
15-10°. ) k
Coupling. T
. . s
The user can feel both attractive and repulsive forces amd ca Tm

clearly determine the equilibrium position since it copesds
to a null force feedback. This helps him or her understand one

j
of the most specific molecular interactions, the long rartge a X;//X"}
tractive and repulsive phenomena. )?
Fm/Fm
' Molecule. Fi/Fij

6. Conclusion
Xe/ Fe
In this work, we have presented a new tool for the analysis of m/m,

molecular structures. The simulator computes the recorafigu
tion of molecular systems composed of hundreds or thousands
of degrees of freedom in a few tenths of a second. Thanks

the two control modes.

To enable the design of new molecular structures, our tool
should dter the possibility to add ardr remove atoms. Haptic
feedback would in this case assist the user while breakiag th
energy barriers. This functionality will be investigated.

Useyhaptic force
Haptic positiorvelocity
Haptic device continuovdiscrete transfer

functon )
Haptic device inertiaviscosity

Forcéeposition scaling factor
Stiffness of thé=F coupling
Sampling period

Simulation integration period

Moleculg/j™ rigid body actual position
Moleculg | rigid body input position
Force applied to the molecyié rigid body
User force applied to the molecy® rigid

body - S .
Positioniforce of rigid bodies in the envi-

ronment o o
Moleculgp™ rigid body inertia

to its opened architecture, the haptic coupling can diyectl 8 Acknowledgment

be integrated into the equation of motion, leading to two
possible control modes. The associaf@@F and FF haptic
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coupling schemes are complementary since high transparenResearch, through tiRACMANproject.
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