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ABSTRACT

Molecular interactions typically have a high dynamic range (HDR),
combining short-range stiff repulsive effects with long-range, soft
attractive and repulsive terms. As a result, faithful haptic render-
ing of such molecular interactions is both important and difficult, in
particular in applications where the precise perception of molecular
forces is necessary (e.g. in molecular docking simulations). Tradi-
tionally, teleoperation coupling using constant gain control schemes
have limited applications since they are unable to transmit to users
low attractive forces without truncating repulsive ones. Further-
more, constant scaling displacement induces either instability or
time-consuming experiments (displacements are slow), which de-
teriorates the ease of manipulation. In this paper, we describe a
variable gain haptic coupling method specifically designed to ren-
der high dynamic range (molecular) forces. The proposed method
is evaluated by user tests on an experiment involving two water
molecules. We observe that variable force amplification is widely
appreciated, whereas variable displacement scaling is appropriated
only for users familiar with haptic manipulation. A complex ex-
periment on a HIV molecule is carried out using this variable gain
system. Advantages and limitations of this approach are discussed.

1 INTRODUCTION

The design of new drugs, the synthesis of new alloys or the pro-
totyping of bio-nanorobots are made possible thanks to molecular
simulators [1]. Since intuitiveness is one of the key point of
such tools, haptic devices are widely used. They provide natural
manipulation modes of the molecule, and molecular forces are
easily interpretable by operators when displayed haptically [2],
[3]. The performance of such systems is measured considering
the stability, the ease and intuitiveness of manipulation, and the
realism of the haptic feedback.

Stability conditions for haptic feedback of molecular interactions
are very strict. This is due in particular to long computation times
and the scale difference between the macro and the nanoworlds.
Approaches currently used to ensure stability either decreases the
accuracy of the simulation, the perception of interaction forces or
the ease of manipulation. The most common methods are the re-
duction of the computational load and the limitation of the scaling
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factors.

To reduce the computational load, molecules are rigidified [4].
However, the accuracy of computed forces is deteriorated since the
reconfiguration of the molecular system is not considered. A sim-
plified model of the force field such as a spring can also be used to
repel atoms, but it decreases the realism of the force transmitted to
operators [5].

To select both force and displacement scaling factors, there is
an important trade-off between stability, perception of interaction
forces and ease of manipulation. If force scaling is low, attractive
forces cannot be felt by operators. If it is high, the haptic force
must be truncated, which leads to a loss of information [6].The
displacement scaling factor might create instability if large dis-
placements are allowed. If they are limited, ease of manipulation is
decreased. To deal with this issue, 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 (position control for
fine positioning, and rate control for large displacements) [7]. As
an alternative the concept of Active Haptic Workspace (AHW) is
considered [8]. As for the Bubble technique, position control is
used inside the AHW, and easy translations and rotations of objects
are ensured outside. These techniques present good results, but are
based on user actions, who choose to stay or not within the position
control range. They do not take into account the environment
(position with respect to objects on the scene).

As explained above, a constant scaling factor does not enable to
transmit both sufficiently amplified attractive forces and non trun-
cated repulsive ones. This parameter should thus be adapted de-
pending on molecular interaction forces. A large displacement scal-
ing factor induces time consuming experiments and deteriorates the
ease of manipulation. A small one results in an unstable system.
One solution is to change the value of this scaling factor at runtime.
Variable gain haptic coupling seems to be a promising solution to
overcome these problems. It is investigated in this paper. Some
works dealing with variable gains have been done to ensure sta-
bility [9], [10], [11], or to improve user perception for biomedical
applications [12]. A history dependent force scaling has also been
proposed [13]. However, to our knowledge, none of them concern
the improvement of both force rendering and ease of manipulation
for nanoscale applications.

This paper is based on previous works on molecular simulation
and haptic coupling. The dynamics simulator has been presented
in [14]. Only a few examples of haptic manipulation on that
simulator are presented in this paper. More can be found in [15],
which details the possible applications of such systems. It also
analyzes and compares several constant-gain coupling schemes for
molecular simulations in terms of transparency and stability.



This paper is organized as follows. In Section 2, the specificity
of haptic feedback for molecular simulation is highlighted. The
influence of the gains of the haptic coupling is determined. Based
on these conclusions, a variable gain system is proposed in Section
3, and evaluated by user tests in Section 4. The variable gain system
is tested on a HIV molecule. Results and limits of the system are
presented in Section 5. Section 6 concludes the paper.

2 MOLECULAR INTERACTIONS AND HAPTIC COUPLING

Using molecular simulators, users interact with virtual objects of
hundreds or thousands of degrees of freedom. To improve the in-
tuitiveness of such simulators, haptic feedback is a promising solu-
tion. However, interaction forces are specific since at these scales
attractive forces cannot be neglected and are of utmost importance
for the determination of molecular conformational states. In partic-
ular, both attractive and repulsive forces must be considered to find
the equilibrium state of the system.

To highlight the specificity of molecular interactions, a simple
experiment is performed. In the next sections, it will be used to
evaluate the proposed variable gain coupling. This experiment is
composed of two water molecules. One is fixed. The displace-
ment of the second one is constrained along one direction, and only
the interaction forces aligned with this direction are haptically sent
to users. The manipulated water molecule is moved towards the
second one, and then retracted. The molecular interaction force
between the two molecules is plotted with respect to the time in
Figure 1!. It must be noted on this plot that attractive forces are
limited whereas repulsive ones may become arbitrarily large. This
point is of utmost importance since these two phenomena should be
rendered to users through haptic feedback.
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Figure 1: Molecular interaction between two water molecules.

2.1 Haptic coupling for molecular simulators

The simplest structure to connect the haptic device to the simulation
software is to use the position of the haptic handle x;, as the desired
position of the molecule x;. The user feels the force F;, through the
haptic interface, corresponding to the molecular interaction force
F,, (Figure 2). When connecting a haptic device to a molecular sim-
ulator delays due to long computation times of complex interactions
must be taken into account. 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 z ! is introduced between the
simulation and the coupling. The discrete time transfer function of

A plot of the force against the relative position of the two molecules
might be more appropriated. However, since the time taken to perform the
experiments is representative of ease of manipulation, all plots in this paper
(except if otherwise mentioned) will be represented as a function of time.

Xn Xi

Figure 2: Haptic coupling control scheme

the haptic interface H(z) is composed of M;, and By, respectively
the master’s inertia and viscosity [16]. Several parameters need to
be considered in that coupling:

e T: simulator sampling time. It corresponds to the maximum
time needed for the software to perform one step of the simu-
lation for a given experiment (moving the molecule according
to the haptic device’s handle position and computing interac-
tion forces). It is the time that the user must wait to feel the
updated force. The worst case is considered here by taking the
largest delay. For a given simulation, it mainly depends on the
number of activated degrees of freedom. Limiting the number
of activated degrees of freedom with partial rigidification of
the molecules decreases the sampling time,

e Ay: force scaling factor. It amplifies the molecular interaction
forces to render it to users,

e A,: displacement scaling factor. It maps the position of the
haptic handle and the position of the molecule. These force
and displacement scaling coefficients are necessary due to the
scale difference between characteristic parameters of the hap-
tic device and the molecular simulatior.

To determine stability conditions, a simplified model of the en-
vironment is considered (an equivalent spring constant k). This
is obviously not enough to model complex interactions between
molecules, but first indications of stability can be derived. Consid-
ering a first order taylor approximation near zero of the exponential
function, a necessary stability condition is derived [17]:

ﬂTfke <M 1)
Aqg

The delays due to the computation time are thus limited to ensure
stability. The relation also highlights the trade off between force
amplification and ease of manipulation. To highly amplify forces
in order to haptically transmit attractive phenomena, Ay must be
high. However, to ensure stability A; must also be increased. This
means that the displacements performed by users will be scaled
down, and the corresponding displacements of the molecule will be
small. Ease of manipulation is thus deteriorated. Adding damping
could improve stability. However, since transparency is an impor-
tant requirement to render to users small variations of molecular
interactions, this solution is discarded.

2.2 Material

The molecular simulator used in the following experiments, SAM-
SON (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 3). The force field used is derived
from a well known molecular mechanics force field, CHARMM
[18], which models interactions through van der Waals, electro-
static and dihedral contributions. Thanks to the equation of mo-
tion solved, the value of the force applied to each atom is directly
known. More information about the simulator can be found in [14].



The first solution to ensure stability is to reduce the computa-
tional cost of the simulation. A solution is to rigidify part of the
molecule. To limit the subsequent loss of accuracy, SAMSON uses
an adaptive algorithm which relies on a divide-and-conquer rep-
resentation of a molecular system. In order to tune the complex-
ity of the simulation, the number of active degrees of freedom at
each time step is chosen by users, and the adaptive simulation al-
gorithm automatically determines the set of active nodes. This en-
ables the adaptive algorithm to focus on the degrees of freedom
with the largest accelerations, and avoid spending time on parts of
the molecular system with little internal motion. In Section 5 this
feature will be used to simulate a molecular system composed of
hundreds of degrees of freedom in less than 100ms.

Note that any other simulator which gives access to the required
variables (position, force) may have been used. The only specificity
is the adaptive feature of SAMSON which enables to decrease the
computational cost of the simulations.

Figure 3: The HIV molecule and its inhibitors, 848 degrees of freedom. A
haptic device is used to control the inhibitors and to transmit molecular interac-
tions.

The haptic interface is a Phantom Omni haptic device from Sens-
able?. This master arm is a 6 degrees of freedom (dof) movement
and a 3 dof force feedback device. The maximum force that it
can provide is 3.3N. To avoid damages, forces higher than 3N are
truncated. This is a key point in this work since the variations of
forces higher than this maximum value are not rendered to users.
The force feedback accuracy is thus deteriorated. To interact with
large virtual environments, the user can freeze the displacement of
the virtual object and modify the position of the haptic handle as
explained in [7]. To connect the haptic device to the simulator,
the OpenHaptics development toolkit is used. The computer which
runs the simulation and controls the haptic device has a 3GHz Intel
processor, and uses Windows operating system.

3 VARIABLE GAIN HAPTIC COUPLING

To ensure stability, adequate haptic feedback and ease of manipula-
tion, variable gain haptic coupling is detailed in next sections. The
variable gains will be noted using the tilde symbol.

3.1 Variable force scaling factor A,

As seen in Figure 1, attractive forces are limited (amplitude less
than 0.35nN). They should be highly amplified to be transmitted
to users. On the contrary, repulsive forces can become arbitrarily
large. However, forces sent to the haptic device must be limited to
avoid damages. To feel attractive forces while avoiding the trunca-
tion of repulsive ones the force scaling factor must be non constant.
One solution is to compute the haptic force from the molecular in-
teraction force as follows:

F,= oy atan(81Fy) + o atan(8(Fy — Fy) )+ @)
o atan(&,(Fn+ F))
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Fj») is the value of the haptic force to which the amplified low mag-
nitude interaction force (resp. high magnitude interaction force)
tends. Fy is the limit between what is considered to be low and high
magnitude interaction forces.
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Figure 4: Profile of the force amplification using the non linear function (Equa-
tion (2)). Fiu = IN, Fip =3N, Fo = 1.5-10°N, A . = 0.64-10%, Ay, =5.1-10°.

The resulting force profile is depicted in Figure 4:

o for F;y — 0: Fj, = Ay, Fy. For low interaction forces, the
amplification is linear, and the force scaling factor is A r=
Ag,

o for Fy — Fy: Fj, = Fp1 + Ay, Fn. For interaction forces
around Fp, the amplification is linear.

e for Fy, — oo (resp. Fy, — —o0): Fj, — Fjp (resp. Fj, — —Fp).
For high magnitude interaction forces, the haptic force tends
to a maximum value set as the maximum force of the haptic
interface. Even if the variations of high amplitude forces are
smoothed, they are not truncated.

This function enables to highly amplify small amplitude forces
without truncating high amplitude ones, and presents the advantage
of having two linear amplification range of forces. However, other
functions could have been used to compute the variable force
scaling. The aim of this work is not to compare exhaustively all the
possible functions, but to analyze the use of variable gains®.

To test this function, the water molecule experiment described
in Section 2 is performed. The numerical values of the parameters
Fu1, Fi, Fo, Ay, and Ay, =~ are the same as in Figure 4. The haptic
force Fy,, as well as the molecular interaction force F,, are plotted
in Figure 5. It can be seen that attractive forces are amplified so that
an untrained user can distinguish them easily, whereas no truncation
of repulsive forces is necessary.

3.2 Variable displacement scaling factor 4,

To avoid the stability and ease of manipulation trade off, a vari-
able displacement scaling factor is used. It is defined so that the
ease of manipulation is increased while interaction forces between
molecules are low (typically when the molecules are far from each
other). Compared to existing solutions that combine position con-
trol inside a given range, and other control modes such as rate mode
control outside, the solution investigated in this work takes into ac-
count the environmental conditions. The choice of the adequate
mode is done automatically depending on molecular interactions,
and does not depend on user actions. The proposed variable dis-
placement scaling factor is:

Ag=Aqg,, +B atan((|Enll = Fors)y) — B atan(=Fyzry) - (3)

3This remark is also true for the variable displacement scaling function.




x10
1 1.25

0.5 1 0.625 —_

Z

= N—
z o o g
LS -05 { -0.625 °
] Low magnitude at- 2
<] -1t tractive force- high -1.25 S
8 - | amplification —
o 157 1-1.875 =
= 8
g -2 -25 9
T — F High magni % ]

gh magnitude re- %
250 . F pulsive force - low © 1 —3.125 E
m amplification
-3 : : : : -3.75
0 5 10 15 20 25
Time (s)

Figure 5: Water molecule interactions using variable force amplification, 7, =
14ms. The parameters used are: F, = IN, Fj, = 3N, Fy; = 1.5-107°N, Afin =
0.64-10°, Ay,,,, = 5.1-10°. Displacement scaling factor: see Section 3.2.
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higher) value of the displacement factor. It should be noted that:

where f§ = (resp. Ay ) is the lower (resp.

in max

o forF, —0: Ay = Ag,,.,- For low molecular interaction forces
(typically when the molecules are far from each other), large
displacements are enabled to improve ease of manipulation.

e for F,, — +oo or F, — —oo: Ay =A, . For high molecu-

lar interaction forces (typically when the molecules are close

to each other), displacements are limited to preserve stability

(see Equation (1)).

e 7 determines the slope of the variation of the scaling factor
while changing from low to high (or high to low) values. The
higher is 7, the faster is the transition.

e Fyzy is the magnitude of the interaction force for which the
transition between low and high scaling is made.

_ The water molecule experiment is performed using the variable
Ay to test the proposed function (see Figure 6). The system remains
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Figure 6: Water molecule interactions using variable displacement amplifica-
tion Ay, 7, = 14ms. The parameters used are: y = 10-10'!, F,;; =20- 107N,
Ay . =0.005-10°, A =0.25-10°. Force scaling factor: see Section 3.1.

'min dmax

stable and no oscillation appears on the force sent to the user (blue
solid line). Ease of manipulation is ensured since large displace-
ments are possible when interactions between molecules are small.
To avoid deterioration of the user perception, the displacement scal-
ing has been chosen so that is constant in the neighborhood of the
second water molecule, and the transition between low and high
scaling is made at the very beginning of molecular interactions.

4 USER TESTS

To evaluate this variable gain coupling, user tests have been per-
formed on the water molecule experiment. Tests have been con-
ducted on five voluntary people, aged from 25 to 29. They
were asked to determine the equilibrium position of the two wa-
ter molecules, using the haptic device. Five different modes were
proposed:

1. variable force scaling, variable displacement scaling,
2. variable force scaling, constant displacement scaling,
3. constant force scaling, variable displacement scaling,
4. constant force scaling, constant displacement scaling,
5. no force feedback, constant displacement scaling.

Each group of five modes were proposed three times, and the over-
all experiment lasted around 20 minutes for each participant. In
each group, modes were proposed randomly. People were asked to
determine as precisely as possible the molecular equilibrium posi-
tion, and press a key when they were done. Both the distance to the
actual equilibrium position, and the time they needed to position
the molecule were recorded. In addition to these quantitative data,
users were asked to give qualitative comments at the end of the test.

All the participants had knowledge about interaction forces at
the nanoscale. They all had previously manipulated haptic devices,
but they discovered the task and none of them had previously tested
variable feedback. They were given as much time as they needed
on a preliminary experiment (involving other molecules) to get fa-
miliar with the simulator and the Phantom device.
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complete the experiment. The standard deviation is represented with a scale
1/2, its value is given into parenthesis.

Results of these tests are plotted in Figure 7. Figure 7(a) repre-
sents the average distance to the actual equilibrium position. The
average time needed to determine the equilibrium position is repre-
sented in Figure 7(b). For the sake of clarity, the standard deviation
is represented with a scaling 1/2, and its value is given inside paren-
thesis. In Figure 7(a), results for haptic mode 5 are not displayed
since the average distance to the equilibrium position was much
higher with no force feedback than with any other mode. Values
of the average distance and the associated standard deviation are
specified in the caption.

As seen in Figure 7(a), variable force feedback enables a more
precise determination of the molecule’s equilibrium position. This
is illustrated in Figure 8 where the repartition of the positions de-
termined by one of the user for the different modes are depicted.
On the contrary, variable displacement scaling factors do not seem
to decrease the completion time. This might be because this mode
is not intuitive for users who are not fully confident with haptic



devices, since movements they perform are not scaled linearly to
visual feedback.
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represented on the reference force/position interaction plot. The equilibrium
position (null interaction force) is represented by dashed lines. Modes 1 and
2 (variable force scaling): red; modes 3 and 4 (constant force scaling): blue:
mode 5 (no force feedback): green.

In addition to these quantitative evaluations, people were asked a
few questions. The first one was about which mode they considered
the most appropriated to find the equilibrium position. All the par-
ticipants mentioned modes including variable force scaling (either
mode 1 or mode 2) as the most appropriated. The second question
was which mode they preferred to manipulate the molecule (move
it around, and set it at a given position). Most of the users (3 out
of 5) preferred to get linear displacement scaling, as they think it
provides better intuitiveness. This is consistent with quantitative re-
sults. However, two people pointed out that variable displacement
scaling was much more adapted when large displacements were to
be made. This disparity may be related to the degree of confidence
users have while manipulating haptic interfaces.

5 FULLY ADAPTIVE EXPERIMENT
5.1 The HIV example

The variable gain coupling is then tested by a trained user on com-
plex molecules, the HIV protease and its inhibitors (Protein Data
Bank code: 2AZ8). This experiment was not selected for user tests
since participants were not familiar with molecular simulations. To
better highlight the effects of variable gain coupling, an experiment
that did not require knowledge about molecular interactions was
selected. In addition, the water molecule experiment enables to de-
termine precise metrics to measure the completion of the task and
compare the coupling modes.

Experiment on the HIV molecule consists in extracting one of
the inhibitor from the whole system, and then reinserting it. To
limit the simulation time to a few tens of milliseconds, the adaptive
algorithm detailed in Section 2.2 is used to activate only 40 degrees
of freedom out of 848. This leads to a computation time 7y = 83ms.

The haptic force, and the molecular interaction force are plotted
in Figure 9(a). The system remains stable during the whole exper-
iment, and small forces are highly amplified. The position of the
molecule during the experiment and the value of the displacement
scaling factor with respect to the time are represented in Figure 9(b).
While not in contact with the rest of the molecule, the displacement
of the inhibitor is easier for the user since the displacement scaling
factor is smaller.

For that experiment, the system remains stable since the sam-
pling period is low, as adaptive simulation is used. The accuracy
of the computed forces is ensured by the adaptive feature of the
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out of 848 are activated. (a): Haptic and molecular interaction forces. (b):
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simulator. With the variable force amplification the user can feel
all molecular interactions. Ease of manipulation is preserved for
trained users by variable displacement scaling.

5.2 Discussion

This work highlights the potential applications of variable gain sys-
tems for micro and nano teleoperations. Even if it is only the first
step towards generalized use of such couplings, some conclusions
can be made:

e To render small amplitude phenomena to users with no trun-
cation of higher magnitude interaction forces, a variable force
amplification is proposed. The function used presents two lin-
ear amplification range (for forces of small magnitude, and
forces around a given value F). The haptic force does not en-
able to compare the whole range of forces since amplification
is non linear outside the two specified ranges. However, new
molecular interactions can be transmitted to operators using
this variable scaling. This feature has been widely appreci-
ated by users, and proves to lead to better results than constant
force amplification for a task involving the determination of
the equilibrium position between two molecules.

e The function used to compute the variable displacement scal-
ing factor enables to get two different values for low (resp.
high) molecular forces. Numerical parameters are chosen so
that the transition between these two values is clearly marked,
and happens for very low molecular interaction forces. The



user perception is not deteriorated by these changes since the
scaling factor is almost constant apart from this transition.
However, only experienced users benefit from this variable
displacement scaling. Existing solutions based on rate mode
control must be considered, in particular for non-expert users.
Involving users in the decision of changing the way of con-
trolling the molecule may be more appropriated for people
not confident with haptic manipulation.

The main advantage of this variable coupling is that it relies on a
simple and widely used haptic coupling. It can thus be adapted
to any haptic feedback teleoperation system dealing with micro or
nanoscale objects (real or virtual). It can in particular benefit micro-
manipulation through atomic force microscope since the same is-
sues of scale difference between forces arise [19]. Attractive forces
would give information about imminent contact, and would avoid
damages of fragile objects and tools.

6 CONCLUSION

Classical non-variable haptic feedback systems for molecular
simulators may have limited applications due to the difficulty to
render high-dynamic-range molecular interactions. In particular,
attractive forces cannot be sufficiently amplified with a constant
force factor if no truncation of repulsive forces is required. Ease
of manipulation cannot be ensured with constant displacement
scaling factor without leading to instability. A solution based on
variable gain haptic coupling has been proposed, and evaluated
by user tests. Adaptive force scaling factor is appreciated by all
participants, and gives good results for a task based on the deter-
mination of the equilibrium position of two molecules. Variable
displacement scaling factor only benefits users confident with
haptic manipulation, while others describe it as counterintuitive.
This is supported by quantitative results since the completion time
is not significantly reduced. Existing solutions based on rate mode
control should be considered, since they are based on user decision
to modify the control mode. This may be more appropriated for
non trained users. Extraction and reinsertion of an HIV inhibitor
have been conducted, and the system remained stable.

This work presents the first step of variable gain coupling for
haptic feedback at micro and nanoscale. To use it for the manipu-
lation of both real and virtual objects, two main issues need to be
addressed in future works. The first one is the determination of the
most appropriated functions to compute the variable gains. User
perception should be taken into account. Then, a detailed stabil-
ity analysis will be performed. The non linearity of variable gains
must be taken into account in this study. Based on the defined func-
tions, and these stability results, it will be possible to propose a
fully adaptive gain coupling. For a given task, users will define the
phenomena they need to feel as well as the desired accuracy of the
simulation. The gains will be adjusted on-line to maintain a stable
system with appropriated scaling of forces and displacements.
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