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Haptic molecular simulation based on force control

In this paper, force control is proposed to connect a molecular simulator to a haptic device. Most of the works dealing with this kind of simulators use position control to manipulate the molecules, with major stability concerns. These two control modes are compared in terms of adequacy with the molecular simulator. Stability with respect to the scaling coefficients introduced to connect the macro and the nanoworlds is also considered. The theoretical results and the experiments carried out confirm that position control is sensitive to the gain tuning. Force control enables to get stable force feedback for varying gains, and is thus a promising coupling to perform manipulations on complex molecular systems.

I. INTRODUCTION

Molecular simulation is one of the fields in which haptic devices greatly improves the user knowledge as well as its ability to perform complex operations, such as prototyping bio-nanorobots [START_REF] Hamdi | Prototyping bio-nanorobots using molecular dynamics simulation and virtual reality[END_REF]. The works can be classified in three main topics: evaluation of the benefits of using haptic, how to interact with large virtual environments using haptic devices, and the choice of the coupling.

The evaluation of haptic for molecular simulators has demonstrated that it helps operators to understand nanoscale phenomena. Its use is recommended for educational purposes [START_REF] Persson | Designing and evaluating a haptic system for biomolecular education[END_REF], [START_REF] Murayama | An educational environment for chemical contents with haptic interaction[END_REF], but is not limited to academic courses. Chemists and biologists also benefit from haptic to find specific locations in complex molecular systems, such as docking sites [START_REF] Brooks | Project GROPE -Haptic displays for scientific visualization[END_REF].

The benefits of haptic feedback depends on the coupling used. In particular, how to reach the entire virtual environment using a haptic device with a limited workspace is a key issue to get an interactive system. Several techniques are proposed, from the concept of clutching (freezing the displacement of the virtual object while enabling the user to modify the position of the haptic handle), to the Bubble technique (combination of position and rate control) [START_REF] Dominjon | The "Bubble" technique: interacting with large virtual environments using haptic devices with limited workspace[END_REF]. As an alternative the concept of Active Haptic Workspace is considered [START_REF] Subasi | A new haptic interaction and visualization approach for rigid molecular docking in virtual environments[END_REF]. In all cases, when the user is close to the point of interest, a classical position coupling scheme is used to control the object and send the interaction forces to the user. Thus, even if complex techniques are used, the choice of the haptic coupling used when dealing with a precise area of the workspace remains unchanged.

In most of the works dealing with molecular systems A. Bolopion stephane.redon@inria.fr position control is used (the user sets the position of the molecule, and feels the interaction force through the haptic interface). However, stability is difficult to ensure due to long computation times, scaling factors used to link the macro and nano worlds, and the high variation of the forces.

Stability is usually guaranteed at the expense of the fidelity of the force feedback. Either the accuracy of the molecular interactions computed is decreased by using simpler models [START_REF] Lee | Smoothing haptic interaction using molecular force calculations[END_REF], or the damping added to the coupling deteriorates the transparency [START_REF] Daunay | Stable six degrees of freedom haptic feedback for flexible ligand-protein docking[END_REF]. This manipulation mode is also not adapted to molecular dynamics simulators, since setting the position of the molecule leads to potentially physically unacceptable positions before shifting to the next step of the simulation, as we will see in this paper. It seems that none of the proposed systems (simulator and haptic coupling) gives satisfying results in terms of the trade off between the accuracy of the computed interaction forces, the stability and the transparency of the force feedback.

In this paper, we present a molecular simulator SAMSON, which enables to simulate complex systems in a few hundreds of milliseconds, and takes into account the flexibility of all the considered molecules. To avoid stability concerns due to the commonly used position control, we propose to use force control. Force control is well known for macro scale teleoperations, but is not used for molecular simulations. The molecular dynamics equation solved by the simulator, on which an additional force can be included, enables to implement this control mode. Some of the potential applications of our system (conception of new molecules, analysis of molecular properties, ...) are described in [START_REF] Bolopion | Haptic feedback for molecular simulation[END_REF]. We now present a comparison of position and force control. A detailed description of the molecular simulator and the control 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 coupling schemes, measured as the variation of the magnitude of the roots of the control schemes' transfer functions with respect to given parameters, is considered for the specific application of molecular interactions.

The rest of the paper is organized as follows. In Section II, an overview of the simulator and the coupling is given. Based on the available inputs and outputs, the two control modes (position and force control) are detailed and compared in Sections III and IV in terms of adequacy with the simulator. The stability sensitivity is analyzed in Section V. Experimental results are given in Section VI.

II. COUPLING BETWEEN THE HAPTIC INTERFACE AND THE SIMULATION SOFTWARE

A. Molecular simulator SAMSON SAMSON (System for Adaptative Modeling and Simulation Of Nano-Objects) is based on a quasi-statics method to simulate the motion of the molecular system (Figure 1) [START_REF] Rossi | Adaptive torsion-angle quasi-statics: a general simulation method with applications to protein structure analysis and design[END_REF], [START_REF] Grudinin | Practical modeling of molecular systems with symmetries[END_REF]. The force field used is derived from a well known molecular mechanics force field, CHARMM [START_REF] Brooks | CHARMM: A program for macromolecular energy, minimization, and dynamics calculations[END_REF], which models interactions through van der Waals, electrostatic and dihedral contributions. Our simulator has several specific properties:

• as the simulator solves the equation of motion, the value of the force applied to each atom is directly known (whereas many simulators compute the energy of the system [START_REF] Daunay | Stable six degrees of freedom haptic feedback for flexible ligand-protein docking[END_REF])

• both external and internal efforts are computed • the flexibility of the molecules is simulated, and systems with thousands of degrees of freedom can be handled

• it enables fast computation based on a tree representation of the molecules. The simulation period is only a few hundreds of milliseconds for complex systems. This simulator enables to use two different manipulation modes based on the equation of motion solved for each rigid body. Using spatial notations, this equation is [START_REF] Featherstone | Robot dynamics algorithms[END_REF]:

Ia = F ext + F int -v × Iv (1) 
where a (resp. v) is the spatial acceleration (resp. velocity) of the molecule and I is its inertia. F ext are the forces applied by other molecules and F int is the sum of the internal forces. Considering (1), the user can either manipulate the molecule by setting the position of its center of mass, or by applying a force F i on it. The first mode is thus the position control in which the instantaneous position taken into account while solving (1) is the position that the user sets as the desired position for the molecule. For force control, the user applies an additional force to the molecule to be manipulated, so that the equation of motion is modified to:

Ia = F i + F ext + F int -v × Iv (2) 
Equations ( 1) and ( 2) are integrated with the molecular time T m . This parameter is introduced since the molecular dynamics do not allow to use the same time basis as the one we use. A single simulation step (moving the molecule, reconfiguring the system, sending the interaction forces to the user) takes around T s = 100ms (simulation loop period), and this corresponds to a period of around T m = 2fs for the evolution of the molecular system [START_REF] Stone | A system for interactive molecular dynamics simulation[END_REF].

The force fed back to the user is F m :

F m = F ext + F int (3) 
Thus the user can choose between feeling the internal forces by manipulating a single atom of a molecule, or the total force applied to a given molecule by its environment (while dealing with a whole molecule the internal forces cancel out).

Since no modification on our system are necessary the user can easily switch from one mode to the other.

B. Haptic coupling schemes

The quality of the force rendering depends on the control scheme used. The choice of the coupling is thus of utmost importance. When connecting a haptic device to a molecular simulator the delays due to long computations of complex interactions must be taken into account while analyzing the stability. The transfer functions are thus represented using the discrete time variable z. Since the variables coming from the simulator are delayed by one sampling period (period of the simulator), an explicit one step delay is introduced between the simulation and the coupling. This is modeled by the delay operator z -1 . The discrete time transfer function H(z) (which input, resp. output, is the force applied to the haptic handle, resp. its position) is computed from the continuous time domain using the Z-transform function [START_REF] Ogata | Discrete-time control systems -second edition[END_REF], and taking into account the effects of the sampler and zero order hold:

H(z) = 1 B h T s (z -δ) -(1 -δ)(z -1) M h B h (z -1)(z -δ) (4) 
where δ = e

- B h Ts M h
and T s is the simulation's sampling period. M h and B h are respectively the master's inertia and viscosity, as given in [START_REF] Diolaiti | Stability of haptic rendering: Discretization, quantization, time delay, and coulomb effects[END_REF].

Two scaling factors are used to connect the haptic interface and the molecule. The force (resp. position) scaling factor is denoted by A f (resp. A d ).

Based on the two manipulation modes described above two control schemes with different inputs and outputs can be used, and are described in next sections. Note that, although we have used SAMSON simulator in our implementation, the control schemes we will present may be connected with any simulator which provides access to the required variables (positions, forces, etc.). However, the accuracy of the obtained results (reconfiguration of the molecule, force computed, ...) depend on the accuracy of the simulator.

III. POSITION CONTROL

A. Haptic coupling

The classical impedance display or Direct Force Feedback (DFF) coupling, is based on position control. It is the simplest structure to connect the haptic device to the simulation

F m F h x i F op H(z) A -1 d A f z -1 + - x h Simulation Coupling
Master device Delay Fig. 2. DFF control scheme using the scaled position of the haptic handle x i as the input of the molecular dynamics simulator (Figure 2). Only two scaling factors are necessary to control the molecule.

B. Details of the DFF algorithm

To compare the adequacy of position and force control with the molecular simulator it is necessary to give some details about how the haptic coupling schemes and the simulation are connected. This is done in this section for the DFF coupling, and in Section IV-B for force control. Figure 3 gives more details about the notations used. 
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The desired position of the center of mass xi is set using the haptic device Fig. 3. Notations and principle of position control

As mentioned in [START_REF] Bolopion | Haptic feedback for molecular simulation[END_REF], the calculations of positions and forces performed by the simulation software are made on each rigid body. However, for ease of manipulation, the user manipulates the molecule as a whole, controlling the position of the center of mass x i . As explained in Section II, the instantaneous position of the molecule considered when solving the equation of motion (1) is the desired position of the rigid body. Internal and external forces are computed and used to update the positions of the molecules in the environment and their internal degrees of freedom (to simulate their flexibility). This reconfiguration step involves a modification of the rigid bodies positions, and thus the actual position of the center of mass of the manipulated molecule x m might be different from the one set by the user using the haptic interface x i (see Algorithm 1 1 ).

Algorithm 1 Position control algorithm 1) Compute the desired position of the center of mass x i (k + 1) set by the operator using the control scheme (position of the haptic handle scaled by A d ). 2) Set the position of the rigid bodies to x j i (k + 1), computed as the relative positions with respect to x i .

3) Update all interatomic forces F 1 m (k +1), ..., F n m (k +1) (resp. F 1 e (k + 1), ..., F q e (k + 1)) applied to the rigid bodies which are inside (resp. outside) the manipulated molecule using the molecular simulator. x l e ) of the rigid bodies which are inside (resp. outside) the manipulated molecule using the quasi-statics simulator. Note that in the following equations x j i (k + 1) (resp. F j m (k + 1) and F l e (k + 1)) are known since they have previously been computed: Step 2 (resp. 3) of the algorithm.

x j m (k + 1) = x j i (k + 1) + T 2 m m j F j m (k + 1)
x l e (k + 1) = x l e (k) +

T 2 m m l F l e (k + 1)
The DFF coupling has one main drawback: the position the user sets using the haptic interface might be physically unacceptable (i.e., with high potential energy due to atomic clashes). Even if the next step of the simulation corrects the position, this can lead to instabilities, and the forces sent to the user may misrepresent the correct molecular interactions.

IV. FORCE CONTROL

A. Haptic coupling

In the Force-Force (FF) coupling scheme (Figure 4), the input of the simulation is the force applied by the user to the molecule. In addition to the scaling factors A f and 
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B. Details of the FF algorithm

Contrary to the DFF algorithm, the simulator's input is the force F i that the user wants to apply to the entire molecule. This force is set by controlling the distance between the haptic handle and the molecule positions. The corresponding forces applied on each rigid body F j i of the manipulated molecule as well as the environment forces are used to update the position of all the rigid bodies (inside and outside the manipulated molecule) using (2) (see Algorithm 2). Algorithm 2 Force control algorithm 1) Compute the force applied by the operator to the molecule using the control scheme:

F i (k + 1) = k i x h (k+1) A d -x m (k)
2) Compute the force F j i (k + 1) = F i (k + 1)/n, applied to all the j th rigid bodies of the manipulated molecule.

3) Update the positions x j m (resp. x l e ) of the rigid bodies which are inside (resp. outside) the manipulated molecule using the quasi-statics simulator. Note that in the following equations, F j i (k + 1) is known since it has previously been computed in Step 2:

x j m (k + 1) = x j m (k) + T 2 m m j (F j m (k) + F j i (k + 1))
x l e (k + 1) = x l e (k) +

T 2 m m l F l e (k)
4) Update all interatomic forces F 1 m (k +1), ..., F n m (k +1) (resp. F 1 e (k + 1), ..., F q e (k + 1)) applied to the rigid bodies which are inside (resp. outside) the manipulated molecule using the molecular simulator. Using force control enables to integrate the user's input while solving the mechanical equation [START_REF] Persson | Designing and evaluating a haptic system for biomolecular education[END_REF]. Contrary to the DFF manipulation mode, the position of the molecule is always physically acceptable, which avoids instabilities due to atomic clashes. Thus, this manipulation mode is more adapted to the molecular simulator than position control.

V. COMPARISON OF THE CONTROL SCHEMES STABILITY

In this section, the sensitivity of the coupling schemes' stability is compared. Since passivity is conservative (it ensures stability for any operator and any environment as long as they are themselves passive) [START_REF] Khalil | Nonlinear systems[END_REF], it is not used in this work. To compare the haptic coupling schemes, the action of the operator is not taken into account, and a simplified model of the environment is considered (an equivalent spring constant k e ). This is obviously not enough to model the complex interactions between molecules, but comparisons on the control schemes' stability can be made. The sensitivity analyzed is the variation of the magnitude of the roots of the transfer functions' characteristic equations with respect to given parameters. We choose to analyze here the influence of the scaling factors.

A. Characteristic equations

The discrete time transfer function of the DFF control scheme is derived from the coupling presented in Figure 2:

Z x h (s) F op (s) = X h (z) F op (z) (5) = T s z-δ z-1 -(1 -δ) M h B h B h (z -δ) + T s z-δ z-1 -(1 -δ) M h B h A f A d k e z -1 (6) 
where Z is the Z-transform function, and δ is the parameter defined in (4). The corresponding characteristic equation is:

a 3 z 3 + a 2 z 2 + a 1 z + a 0 = 0 (7) 
where:

a 3 = B h , a 2 = -B h (1 + δ) a 1 = δB h + T s -(1 -δ) M h B h A f A d k e a 0 = -δT s + (1 -δ) M h B h A f A d k e
The transfer function of the FF coupling is computed according to Figure 4:

X h (z) F op (z) = H(z) 1 + H(z)G(z) A f A d (8) 
where:

G(z) = Fm(z) X h (z) = kikeT 2 m mz(z-1)+kiT 2 m +keT 2 m
and m is the total mass of the molecule. The characteristic equation is:

b 4 z 4 + b 3 z 3 + b 2 z 2 + b 1 z + b 0 = 0 (9) 
where:

b 4 = mB h , b 3 = -(2 + δ)mB h b 2 = (k i + k e )T 2 m B h + mB h (1 + 2δ) b 1 = -(1 + δ)(k i + k e )T 2 m B h -δmB h + T s -(1 -δ) M h B h k i k e T 2 m A f A d b 0 = B h δ(k i + k e )T 2 m + -T s δ + (1 -δ) M h B h k i k e T 2 m A f A d
Analytical stability criteria can be obtained for both of these control schemes using the Jury criterion [START_REF] Ogata | Discrete-time control systems -second edition[END_REF], as it is done in [START_REF] Gil | Stability boundary for haptic rendering: Influence of damping and delay[END_REF] for a control scheme similar to the DFF one. However, the relations derived are complex and the influence of the control scheme parameters on stability is not highlighted. Thus, in the next section a numerical analysis is performed.

B. Numerical comparison of stability

For both the DFF and FF control schemes two parameters can be tuned to ensure stability: the force and the displacement scaling factors. The force scaling factor A f is chosen so that the user can distinctly feel the interaction forces between and/or within the molecules. Thus, only the displacement coefficient can be modified. A numerical analysis of the influence of A d on each control scheme is performed: the variations of the highest magnitude of the roots (absolute number of the largest pole) of the characteristic equations ( 7) and ( 9 The variations of the magnitude of the roots are of particular interest. For both of the control schemes, small values of A d and/or stiff environments may lead to an unstable system. The magnitude of the roots of the DFF control scheme quickly increases when A d is decreased, or k e is increased. On the contrary, the roots obtained with the FF control scheme are almost constant. Thus, the DFF control scheme stability is more sensitive than the FF one to the variations of A d for a given environment stiffness k e . This result is confirmed experimentally in the next section.

VI. EXPERIMENTAL COMPARISON OF THE CONTROL

SCHEMES

An experiment involving a classical blocker of potassium channels (KcsA), the tetraethylamonium (TEA) is performed. The docking of the TEA into KcsA is studied in particular in the context of mutagenesis studies to determine the influence of aromatic residues on the external blockade of the TEA. The experiment consists in approaching the TEA from the potassium channel and then moving it away. The complexity of this example (5 molecules involved, for a total of 1428 degrees of freedom) is representative of the molecular systems biologists and chemists consider. This experiment performed for both the DFF and FF control schemes for varying values of A d is presented to support the conclusions of Section V-B. More examples can be found in [START_REF] Bolopion | Haptic feedback for molecular simulation[END_REF].

A. Characteristic parameters

The parameters of this experiment are: m = 1.8 • 10 -25 kg (mass of the TEA : the molar mass is 110g/mol in the CHARMM19 representation in which the 20 hydrogen atoms are not repesented), T s = 138 • 10 -3 s (simulation period, as it varies depending on the number of atoms involved in molecular interactions, the largest one is given), T m = 2 • 10 -15 s (physical integration period), d = 8 Å (cutoff distance used to limit the computational time due to the molecular interactions that can be felt at infinite distance), A f = 0.3.10 9 (force amplification), k i = 24N.m -1 (for the FF coupling). The 124 dof the most important for the accuracy of the molecular interaction computation are activated by our adaptive simulator [START_REF] Rossi | Adaptive torsion-angle quasi-statics: a general simulation method with applications to protein structure analysis and design[END_REF]. The position scaling factor depends on the user needs (precise or fast manipulation). To test the sensitivity of the control schemes' stability with respect to this parameter, three experiments are performed, with A d = 0.50 • 10 9 (Experiment A), A d = 0.25 • 10 9 (Experiment B) and A d = 0.125 • 10 9 (Experiment C). The haptic interface used is a Phantom Omni device from Sensable (Figure 1), with an inertia M h = 0.072kg and a viscosity B h = 0.005N.s.m -1 [START_REF] Diolaiti | Stability of haptic rendering: Discretization, quantization, time delay, and coulomb effects[END_REF].

B. Experimental results

For each experiment, the tetraethylamonium is approached and retracted from the potassium channel. The movement is directed along one axis. The forces returned to the operator are depicted in Figures 6, 7 and 8 2 .

For both of the coupling schemes, the user distinctly feels the interaction forces since they are rendered with a force in the order of the newton. As predicted in Section V-B, as A d is decreased, the DFF control scheme becomes unstable. In experiment C, atom clashes produce high magnitude forces and instabilities. On the contrary, the FF coupling scheme remains stable. The maximum force varies depending on the exact displacement performed by the user. The variations on the force profile of the DFF control scheme (see circles in Figures 6 and7) are due to the manipulation mode. As the user freezes the movement of the molecule to reach a more comfortable position with the haptic interface the rest of the system applies forces to the molecules, which moves according to (1). This is not the case for the FF control scheme since the user does apply a force on the molecule even while clutching its position.

Both the conclusions of Sections III-B and IV-B, the numerical comparison of stability (Section V-B), and the experiments highlight that force control is well suited for molecular manipulation and enables a stable coupling. More experiments were made on different molecules (HIV virus, water molecules, ...), and similar conclusions were observed. The results are not displayed here since they do not provide additional information. More examples can be found in [START_REF] Bolopion | Haptic feedback for molecular simulation[END_REF].

Adding damping to the DFF coupling would improve the stability, but transparency would be deteriorated. Since molecular interactions involve complex variations of the forces and efforts of small magnitude (in particular for attractive interactions), transparency is a major concern to provide to the user a high fidelity force feedback. It can be noted that for both the DFF and FF control schemes the user feels the interaction forces scaled by the force coefficient. Thus, high fidelity force feedback is ensured.

VII. CONCLUSION

Position control, which is commonly used to connect a haptic device to a molecular simulator has two major drawbacks: due to the equation of motion solved, the position set by the user can be physically unacceptable before being updated, which can produce instabilities. The second drawback is that the stability of the control scheme is very sensitive to the scaling factors used, which can limit its potential applications. On the contrary, force control offers both a good adequacy with the simulation software and the stability is not sensitive to the chosen gain parameters. Since the molecular simulator used is able to simulate the flexibility of complex molecules composed of thousands of degrees of freedom, our system improves the user's understanding of molecular interactions.

Besides the two criterion used in this paper to compare the control schemes, the user feeling should also be taken into account, as well as the intuitiveness of the manipulation mode. User based tests should thus be carried out in future works to perform a detailed comparison. Solutions to automatically determine the most appropriated scaling factors and gains for the control schemes should also be considered. Adaptive gains might be a solution to improve the DFF control scheme performances.
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