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Abstract: Multibody modeling of mechanical systems can be applied to various applications.1

Human-in-the-loop interfaces is a growing research field, for which more and more devices2

include a dynamic multibody model to emulate the system physics in real-time. In this scope,3

reliable and highly dynamic sensors, to both validate those models and to measure in real-time4

the physical system behavior have become crucial. In this paper, a multibody modeling approach5

in relative coordinates is proposed, based on symbolic equations of the dynamic system. The6

model is running in a ROS environment, which interacts with sensors and actuators. Two real-7

time applications with haptic feedback are presented: a piano key and a car simulator. In the8

present work, several sensors are used to characterize and validate the multibody model, but9

also to measure the system kinematics and dynamics within the human-in-the-loop process,10

and to ultimately validate the haptic device behavior. Experimental results for both developed11

devices confirm the interest of an embedded multibody model to enhance the haptic feedback12

performances. Besides, model parameters variations during the experiments illustrate the infinite13

possibilities that such model-based configurable haptic devices can offer.14

Keywords: Multibody dynamics, Symbolic generation, Real-time computation, Human-in-the-15

loop, Haptic devices16

1. Introduction17

Multibody formalisms, which appeared in the seventies, were intended to produce18

the equations of motion of so-called multibody systems (MBS) of any size and of any19

kind, with the aim of studying their motion. For several decades, multibody models20

were mainly used to study mechanical systems with a purely predictive (development21

of a new device) or corrective (improvement of an existing device) target. The "real-time22

computation" character was completely absent for obvious limitations related to the23

performance of computers at the time.24

The massive and amazing arrival of more and more powerful processors and of25

faster and larger memories (RAM) encouraged research teams to produce very compact26

multibody formalisms (e.g. based on so-called recursive techniques or Order-N methods),27

to exploit programming techniques (such as symbolic generation) and to take maximum28

advantage of state-of-the-art computer architectures (vector or parallel processors).29

All this contributed to explore the possibilities of using multibody models in a30

context of real-time computing. Already at the beginning of the nineties for instance, the31

inverse dynamic computation of robot actuator torques was carried out to enrich their32

internal controllers with a feedforward component (e.g. predicted-torque control).33

Among demanding applications (in terms of real-time computation point of view),34

one finds a series of multibody systems (vehicle simulator, remotely-actuated surgical35

robot, etc.) whose haptic feedback (i.e. to be sent back to the human) should reproduce,36

as faithfully as possible, the dynamics of the system with which he is in interaction.37

Among the ingredients required to develop such devices one finds, beside the real-time38
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multibody model, a series of sensors (at the human-machine and machine/machine39

interfaces), powerful computer processors and an operating meta-system. The latter40

must play the role of a real conductor responsible for synchronizing and interfacing the41

involved hardware and software components.42

This work presents the developments realized in this sense by the UCLouvain43

multibody team, who decided to make the most to couple the symbolic multibody44

models (issuing from their symbolic ROBOTRAN1 software) within the ROS2 architec-45

ture (Robot Operating System). The latter is used to interface the models with a set of46

well-chosen sensors pursuing two objectives: (i) firstly to validate the multibody models47

with respect to experimental physics and (ii) secondly to handle specific haptic devices48

of an essentially dynamic nature.49

Two very distinct applications are presented to illustrate the approach. The first50

one — of research type — concerns the development of a digital piano keyboard with51

haptic feedback, based on the real-time multibody model of the grand piano action.52

The second application — rather educational — concerns a car simulator whose 3D53

multibody model allows to feedback pertinent sensory information, namely the steering54

torque and a 3D visualisation with realistic visual clues. The model can be tuned in55

real-time by instantaneously modifying the suspension settings but also the contact56

characteristics of the tire/ground forces.57

In all cases, the haptic specifications and requirements of the envisaged applications58

have guided our choices for (i) the electromechanical design itself, (ii) the level of59

refinement and computational efficiency of the multibody model, (iii) the type and60

conditioning of the sensors and (iv) the way of interfacing the whole through a suitable61

meta-architecture (ROS). The results confirm the advantages and assets of the symbolic62

multibody approach and the interest of embedding such models in haptic devices to best63

capture high dynamic effects (a technique that was not conceivable with the technologies64

of the past in a context of haptic feedback).65

The paper is organized as follows. After a state of the art on multibody formalisms66

and haptic devices (Section 2), the multibody approach and its symbolic implementation67

is treated in Section 3. Section 4 addresses the different aspects of the haptic problem,68

still focusing on multibody applications. Section 5 illustrates the approach proposed for69

the two above-mentioned applications and, more succinctly and illustratively, for other70

systems developed in our laboratory. A concluding section closes this work, pointing71

out the interesting perspectives of this research.72

2. State-of-the-art73

2.1. Multibody Formalisms74

Multibody dynamics, a scientific discipline that emerged in the early seventies75

(e.g. [1], [2]) is concerned with the kinematic and dynamic study of "polyarticulated"76

mechanical systems (referred to as MultiBody Systems, or MBS in short) such as trans-77

mission mechanisms, humanoid robots, road and railway vehicles, human body, cranes,78

etc. (Fig. 1).79

Beside experimental investigations, the analysis of the motion of these MBS require80

their mathematical modeling, based on the fundamental laws of mechanics, of which81

the Newton equations (for body translations) and Euler equations (for body rotations)82

are common starting points.83

To obtain the equations describing the motion of MBS, several choices of variables84

(referred to as generalized coordinates q) are possible. Some schools have favored ab-85

solute or nodal coordinates (denoting the configuration of each body of the MBS with86

respect to an inertial frame) [2], [3], [4], others preferred using relative coordinates (repre-87

senting the configuration of each body with respect to another body of the MBS) [5], [6]88

1 www.robotran.eu
2 www.ros.org

www.robotran.eu
www.ros.org
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Figure 1. Multibody applications range from small piano action, through road and railway
vehicles, to huge port cranes (UCLouvain)

or natural coordinates (representing the absolute configuration of specific material points89

on each body of the MBS) [7].90

Concerning the bodies themselves, the formalisms are distinguished according to91

whether they consider them rigid or flexible, in which case deformation equations are92

superimposed to the equations of the overall motion of the MBS (e.g. [4], [6]).93

Regardless of the formalism used, the complexity of real applications is such that94

the automatic generation of their multibody models on a computer has quickly become95

essential. Indeed, it allows obtaining reliable and sufficiently generic models to deal with96

the numerous MBS families (see above). A distinction is made between the numerical97

approach (e.g. Adams-MSC or Samcef-Mecano software) and the so-called symbolic98

approach (e.g. Neweul-M2, Maplesoft, ROBOTRAN software) which still presently99

cohabit among the available multibody computer programs. While the first approach100

requires to reconstruct the model through a series of numerical subroutines at each step101

of the computation (e.g. integration time step), the symbolic approach writes the set of102

equations only once in a few files, using alphanumeric symbols as in a hand-written103

process: this allows to operate a maximum of algebraic/trigonometric simplifications104

and to produce compact equations leading to very efficient models, written in the desired105

language (e.g. C, Python, Matlab) [8].106

Multibody dynamics then opened up to other physics disciplines (e.g. hydraulics,107

pneumatics, mechatronics, granular media) and to specific analysis methods (control,108

optimization, HIL real-time applications), the challenge being essentially to ensure a109

numerically robust and computationally efficient coupling between the mathematical110

models of the disciplines involved (e.g. [9]). The scientific literature of the last twenty111

years is full of developments in this field of multibody-multiphysics coupling, most112

often guided by a specific type of application (e.g. [10]).113

For systems requiring real-time (or even more than real-time) computation of their114

multibody model, as in the case of haptic devices whose internal kinematics or dynamics115

cannot be disregarded, specific developments have been carried out by the scientific116

community. They allow, among others, to achieve feed-forward computed-torque control117

of walking robots, to increase the precision of surgical tools or to improve the haptic118

feedback of driving simulators.119

In this context, one of the current challenges concerns the inclusion in haptic feed-120

back devices of dynamic models that are (i) sufficiently representative of the system121

(number of bodies, joints, nature of internal forces, etc.), (ii) accurate (correct identifi-122

cation of parameters and force laws) and (iii) efficient (i.e. faster than real-time). All123

this cannot be achieved without a strong interaction between the virtual model, the real124

device and the external world, through the use of both virtual and real sensors, in order125

to claim high-level haptic performances.126
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2.2. Hardware Implementation127

On one hand, validation of a multibody model thanks to specific sensors is widespread128

and ranges from many applications with various sensors, for example: a railway track129

geometry measurement based on IMUs, cameras and encoders [11]; model estimation130

of a vehicle suspension system with strain gauges [12]; gait analysis through IMUs131

compared to optical motion capture [13]; validation of a axial piston pump model via132

force and pressure sensors [14]; acceleration and force piezoelectric sensors to test a133

wind turbine flexible multibody model [15].134

On the other hand, a growing number of researches has been carried out to use135

sensors in real-time to measure the physical system behavior. This information is crucial136

to properly feed the multibody model.137

For example, in 2016, Torres-Moreno et. al have focused on an online dynamic138

estimation of the four-bar mechanism [16]. The kinematics of the system is retrieved139

through IMUs measurements and optical encoders. They proposed an extended Kalman140

filter approach that allows to deal with constrained multibody system. The estimators141

are run in real-time and experiments show good agreements with simulation results.142

Running a multibody model in real-time requires sufficient computational power143

on the considered hardware. While it is possible to perform the online computation on144

a classic computer with Intel processor and Windows OS [17], it may not be the most145

robust solution. Besides, if one aims to perform an embedded simulation, the hardware146

are often limited. In this regard, some researches have been achieved to run multibody147

models on other kinds of platforms, such as FPGA [18] or ARM-based systems [19].148

In particular, the above-mentioned symbolic approach has been proved to be a good149

candidate to achieve real-time computation without having to resort to simplifications150

within the model [20].151

Concerning the software implementation, new tools have been provided by the152

scientific community to combine integrated devices and simulators, mainly in the robotic153

field. The so-called middleware platforms are able to manage the communications between154

the different interfaces and facilitate the code modularity and reuse. Rivera presented a155

recent summary of the middleware platforms in [21], while using a Gazebo/ROS-based156

environments for his application. The ROS environment is now widely used for real-time157

robotics, for example in [22] to represent a complex robot real-time dynamic simulator.158

In the recent past, our multibody software ROBOTRAN has been coupled with159

the YARP interface for humanoid applications [23], combining the real robot with the160

simulated one. Force-torque sensors and IMUs have been used in reality and successfully161

matched with their simulation equivalent.162

Despite all these researches, the real-time multibody models are still rarely embed-163

ded in haptic devices. The latter often consider simplified dynamics to synthesize the164

haptic feedback, for example in the REPLALINK prototype [24] or in a piano action165

model [25] (see also Section 5.1). Advanced haptic devices embedding a full multibody166

model begin to appear in the literature [26], [27], exhibiting promising prospects thanks167

to the conjoint evolution of modeling, computational and technological tools.168

3. Multibody Formalism169

Among the modeling options presented in Section 2.1, we have opted for a rela-170

tive coordinate formalism (Section 3.1) and a symbolic implementation of multibody171

equations (Section 3.2). This combination offers the advantage of producing models that172

can be easily interfaced, either with other disciplines (in a multiphysics perspective) or173

within a middelware platform (to couple devices and software in a real-time process).174

3.1. Modeling MBS using Relative Coordinates175

When choosing relative coordinates, a MBS can be built on the basis of its topology176

characterized by the successive bodies and joints, as shown in Fig. 2, on the left for a177

tree-like MBS (such as a serial robot) and on the right for a MBS containing kinematic178
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Figure 2. Tree-like (Left) and Closed-loop (Right) MBS topologies

loops (such as a multi-link car suspension). The relative angular (rad) or linear (m)179

displacements within the joints are called the generalized coordinates, q, of the MBS180

(also called joint coordinates). These are independent for a tree-like MBS but not for181

a closed-loop one, each loop of bodies leading to geometrical constraints, denoted as182

h(q) = 0, between the joint coordinates present in the loop. The distinction between tree-183

like and closed-loop MBS is essential because it is at the root of the relative coordinate184

formalisms as synthetically explained below.185

Tree-like MBS Modeling186

Basically (see [6] for more details), in the case of a tree-like MBS containing n joint187

coordinates, these confers n motion degrees of freedom (DOF) to the system, leading to188

a set of n equations of motion.189

Various techniques can be envisaged to obtain them (d’Alembert principle, La-
grange equations, Newton/Euler equations recursively computed on the topology [6]).
In any case, one ends up with a form equivalent to the following one3:

M(q) q̈ + c(q, q̇, f rc, trq) = Q(q, q̇), (1)

in which q̇ and q̈ respectively stand for the generalized relative velocities and accelerations, M(q)190

represents the system mass matrix, c(q, q̇) gather the centripetal, Coriolis, gyroscopic191

terms as well as the external forces f rc(q, q̇) and torques trq(q, q̇) and Q(q, q̇) denotes the192

efforts within the joints (actuators or passive elements).193

Equations (1) can be straightforwardly solved using linear algebra to obtain the194

relative accelerations q̈: this refers to Direct Dynamics. This computation has a O(n3)195

computational complexity due to the factorization of the mass matrix. Among other196

things, direct dynamics allows, via the time integration of the accelerations, to determine197

the time history of the positions q(t) and velocities q̇(t) and thus to predict the motion198

of the MBS subjected to internal or external forces, starting from initial conditions q(0),199

q̇(0).200

As an illustration, direct dynamics is widely used for road and railway vehicles to201

predict, analyze or optimize their dynamic performances. Direct dynamics is also used202

in various driving simulators to make haptic feedback more accurate and realistic (see203

Section 5.2).204

3 "." stands for d
dt and ".." for d2

dt2
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Inverse Dynamics is another way of using equations (1) for applications where the205

MBS trajectory is known (q(t), q̇(t) and q̈(t)) and for which the unknowns are now the206

joint forces and torques Q(t) and not the accelerations anymore. Equations (1) can then207

be written as follows:208

Q(q, q̇) = φ(q, q̇, q̈, f rc, trq) (2)

with
φ , M(q) q̈ + c(q, q̇, f rc, trq)

Since the explicit computation of the mass matrix M is not necessary anymore here, φ209

can be generated without explicitly computing it, which allows an O(n) computational210

complexity of the formalism.211

For instance, inverse dynamics is useful to compute the actuator torques of robots212

for evaluating a feedforward component in their motion controller.213

Closed-Loop MBS Modeling214

When dealing with closed-loop MBS (as depicted on the right of Fig. 2), m loop215

constraints between the generalized coordinates q, denoted h(q) = 0, must be solved216

in parallel to the equations of motion (1) or (2), in which an additional term is required217

to take the constraint forces and torques into account, according to the well-established218

Lagrange multipliers technique. For the direct dynamics, the final form reads:219

M(q) q̈ + c(q, q̇, f rc, trq) = Q(q, q̇) + Jt(q) λ

h(q) = 0 ; ḣ(q, q̇) = J(q) q̇ = 0 ; ḧ(q, q̇, q̈) = 0 (3)

And in a similar way, for the inverse dynamics the equations becomes:220

Q(q, q̇) = φ(q, q̇, q̈, f rc, trq)− Jt(q) λ

h(q) = 0 ; ḣ(q, q̇) = J(q) q̇ = 0 ; ḧ(q, q̇, q̈) = 0 (4)

in which J(q) , ∂h
∂qt denotes the constraint jacobian matrix and λ are the Lagrange221

multipliers associated with the constraints h(q). In both cases, the number of DOF equals222

n−m, that is the number of generalized coordinates q minus the number of independent223

constraints h.224

Figure 3. Serial (Left) versus parallel (Right) manipulators

Let us illustrate closed-loop morphologies in the field of robotics. An anthropomor-225

phic serial robot with 6 actuated joints (Fig. 3le f t) possesses 6 DOFs. On the other hand,226

a parallel structure such as the Stewart platform (Fig. 3right) has 18 joints embedded into227

multiple loops of bodies, but its upper-plate only possesses 6 DOFs and its motion is228

ensured by 6 actuators forming the legs of the platform.229
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Equations (3) or (4) form a DAE system, as they are made of differential and230

algebraic equations, whose direct solving is not trivial. A practical and elegant way to231

solve them is to transform them into ordinary differential equations (ODE), using the232

so-called Coordinate Partitioning Method briefly presented below (see [2], [6] for more233

details).234

The starting point of the method refers to the number of degrees of freedom (n−m)
of the system, to which (n− m) generalized coordinates can match. They are called
independent coordinates, denoted u, while the others, denoted v, are dependent. Hence,
we can partition the column vector q as follows:

q =

(
u
v

)
(5)

By applying this partitioning to all the matrices and vectors appearing in equations (3)235

or (4), and by expressing the dependent coordinates via the solving of the constraints at236

position, velocity and acceleration levels,237

h(q) = 0 ⇒ v = f (u),

ḣ(q, q̇) = 0 ⇒ v̇ = g(q, u̇), (6)

ḧ(q, q̇, q̈) = 0 ⇒ v̈ = h(q, q̇, ü),

it is possible, after a few matrix manipulations, to end up with a reduced set of equations238

of motion in terms of the independent coordinates u:239

Mr(u), ü + cr(u, u̇, f rc, trq) = Qr(u, u̇) (7)

Qr(u, u̇) = φr(u, u̇, ü), (8)

for the direct and inverse dynamics respectively.240

The coordinate partitioning technique amounts to project the equations of motion in241

the MBS motion manifold, with the advantage of getting rid rigorously of the algebraic242

constraint equations. Hence, one ends up with a ODE system of minimum size (n-m)243

which exactly corresponds to the number of DOF of the MBS (ex. n− m = 6 for the244

Stewart platform of Fig. 3).245

It is worth mentioning that the resolution of the constraints (6) can be very accurate246

using an iterative (for h) or an algebraic (for ḣ and ḧ) algorithm, at each evaluation of the247

dynamic equations.248

Driven motion249

When dealing with MBS in which the time evolution of some of the generalized
coordinates u is fully imposed (such as for instance in robotics when motion control
is achieved), the corresponding joints are qualified as driven. The time history of the
associated coordinates is thus a prescribed function of time t. To take them into account
in the above formalism, we can apply a second partitioning, but on u in the present case,
that is:

u =

(
uu
ud

)
, (9)

in which uu represents the new subset of independent coordinates and ud stands for the
driven coordinates viewed, from the MBS point of view, as known functions of time at
position, velocity and acceleration levels:

ud = f (t) ; u̇d =
dud
dt

; üd =
d2ud
dt2 (10)
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Introducing the partitioning (9) into the equations of motion (7) gives(
Muu

r Mud
r

Mdu
r Mdd

r

)(
üu
üd

)
+

(
cu

r
cd

r

)
=

(
Qu

r
Qd

r

)
(11)

The first line of (11) can be solved with respect to üu and represents the final form of
a direct dynamics problem (to be time integrated with respect to the uu variables for
instance):

Muu
r üu + cu

r = Qu
r −Mud

r üd (12)

Let us note that this equation can also be formulated in an inverse dynamics form, in a250

similar way to equation (8).251

The second line of (11) can be put aside if we are only interested in analysing the
motion of the MBS equations (12). However, those equations can be very useful to
compute efforts (Qd

r ) associated with the driven coordinates (ex. a motor torque, a force
in an mechanical assembly or a reaction force in a bearing):

Qd
r = Mdu

r üu + Mdd
r üd + cd

r (13)

In a certain manner, this equation represents an inverse dynamics computation carried252

out in parallel with — or as a post-process of — the direct dynamics (12).253

Implementation in a haptic context254

The multibody computation workflow varies slightly whether direct dynamics or255

inverse dynamics are considered (Fig. 4). For direct dynamics simulations, a numerical256

integrator computes the time evolution of the independent variables. Trajectory sensors257

(i.e. position, velocity or acceleration sensors) define the motion of driven joints (Step258

A), such as the angular position of a steering wheel for a driver simulator or the dis-259

placement of a piano key (see Section 5). When the trajectories of all independent joints260

are measured, the inverse dynamics formulation is used. Filtering, differentiating or261

integrating the sensor signal may be necessary.262

The algebraic constraints (6) of closed-loop MBS are used to compute dependent263

positions and velocities (step B). Once the configuration of the system is fully defined,264

external and internal forces are computed, for instance, the tyre/ground interaction265

for a car or the contact interaction between the parts of a piano action (step C). At this266

stage, inputs coming from force/torque sensors can be considered in the dynamics. The267

dynamic equations (3) or (4) are computed and, for closed-loop systems, the coordinate268

partitioning technique is applied (step D) to get the reduced set of equations (7). In the269

case of direct dynamics, a linear system of equations must be solved (step E) to compute270

the independent acceleration that will be handled by the time integrator. For the inverse271

dynamics, joint forces/torques are derived directly from the dynamics (step F) using (8).272

Forces or torques associated with driven joints are computed (step F) using (13),273

which enables to compute a feedback that takes the dynamics into account, like the274

wheel steering torque on the driver or the reaction of the piano key on the musician275

finger. In addition, any kinematic information of the system, such as the position or276

velocity of any point, can also be computed (step G) and be used for the system feedback277

using so-called multibody sensors.278

3.2. Symbolic Multibody Model279

The aim of the symbolic generation of multibody models is to take advantage of280

both the genericity inherent to a numerical generation of multibody equations and of281

the simplification potentialities of their manual writing. So-called symbolic multibody282

programs manipulate arithmetical operators (+, -, *, /) and alphanumeric strings repre-283

senting the data (m, c, K, etc., see Fig. 5) to generate analytical equations in C, Python284

or MATLAB, making the most of arithmetical and trigonometric simplifications. For285

a generic 3D MBS, the symbolic generation is performed only once (in less than one286
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Figure 4. Flow diagram of direct and inverse dynamics in view of coupling them with haptic devices.
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second with ROBOTRAN for MBS containing a hundred DOF) prior to any numerical287

analysis.288

The computational superiority of the symbolic vs the numerical approach is partic-289

ularly attractive since it gives the opportunity to:290

• significantly speed up the computation of MBS models; this represents a very291

valuable asset for applications requiring real-time computing, such as those targeted292

here,293
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• easily couple multibody models — being encapsulated in symbolic files — to294

other disciplines (such as optimisation, control, electromechanical dimensioning) at295

software but also at hardware levels.296

These two advantages are widely exploited in the applications underlying this work as297

detailed in the next sections.298

ROBOTRAN Symbolic Generation299

This section summarizes the key elements of the symbolic generation underlying300

the multibody software ROBOTRAN, the details of which can be found in reference [8],301

dedicated to this precise topic. There do obviously exist commercial general-purpose302

symbolic packages: why do we not use these to generate multibody equations?303

The first reason relates to the amount of computer memory required to generate304

large symbolic models (up to 400 DOFs in our case). The combined use of dynamic305

memory allocation (via the use of C-pointers) and of the linked lists technique, allows us306

to finely control the ROBOTRAN memory requirement during the generation process.307

The second reason concerns the possible simplifications of mathematical alphanu-308

meric expressions. Although the simplification capabilities of commercial packages309

are extremely powerful, the symbolic condensation of multibody equations relies on a310

set of rules and tricks which are specific to MBS, namely the simplification of complex311

trigonometric formulae and kinematic expressions, the pure and lasting elimination of312

unnecessary recursive equations and the parallelization of the latter, among others.313

Arithmetic and Trigonometric Simplifications314

To simplify multibody expressions containing unnecessary null data or similar
terms which cancel each other, any encountered expression is recursively reorganized
by ROBOTRAN on the basis of a so-called multibody priority rule (e.g. a force symbol
has a lesser priority than a mass symbol but has a higher priority than a generalized
coordinate) as illustrated in the following priority "<" relationship:

mi < dij < Fi
ext < qi < b ∗ c < (a− d) (14)

in which we have intentionally classified expressions with respect to their physical315

meaning (ex.: mass, length, force, generalized coordinates, etc.) in addition to their316

arithmetical nature.317

When dealing with a given symbolic expression (whatever its length and complex-318

ity), the ROBOTRAN symbolic engine recursively refers to the above priority rule (14) to319

ensures that the final form of any expression will be purged of zero parameters and of320

consecutive identical terms — or sub-expressions — with opposite signs.321

As regards trigonometric expressions, which can be very numerous in MBS due
to the 3D rotations, an internal process is activated to drastically simplify them, as
illustrated by the following example (in which C and S stand for the sine and cosine
functions respectively and Sij denotes the sine of the sum of the generalized coordinates
qi and qj).

C2 ∗ C4 ∗ C56 ∗ C56 ∗ S8 + C2 ∗ C4 ∗ S56 ∗ S56 ∗ S8 + C2 ∗ S4 ∗ S56 ∗ C8

+S2 ∗ C4 ∗ S56 ∗ C8− S2 ∗ S4 ∗ C56 ∗ C56 ∗ S8− S2 ∗ S4 ∗ S56 ∗ S56 ∗ S8

is automatically simplified on-line by ROBOTRAN into:

C24 ∗ S8 + S24 ∗ S56 ∗ C8

leading to far more efficient trigonometric computation.322
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Generation of Recursive Schemes323

The formalism governing the generation of the direct or inverse dynamics (equa-
tions (3) and (4)), uses a recursivity principle to compute all the variables along the
tree-like structure of the MBS. For instance, the kinematic relation which expresses the
absolute angular velocity ω3 of a given body 3 with respect to that of its parent body 2,
ω2 is written in a vector form as:

ω3 = ω2 + Ω23 (15)

where Ω23 represents the relative angular velocity vector of body 2 with respect to body 3.324

Among the three components of this vector (and of all vectors recursively computed325

in the same manner as vector ω3 in (15)), one surprisingly notices that some of them326

are squarely useless for the final form of the equations of motion (3) or (4). This can327

represent up to 30% of the intermediate equations such as some components of the above328

vector equation (15): the ROBOTRAN symbolic engine can detect all of them before329

printing, via the use of a double-linked list containing the full set of recursive equations330

of type (15), and by tracing their individual utility for the final expected result, such as331

the mass matrix M(q) or the generalized accelerations q̈.332

Constrained MBS: fully symbolic models333

Figure 6. Fully symbolic generation of constrained MBS models

Let us rewrite the semi-explicit form (12) in an explicit way in terms of the indepen-
dent accelerations üu:

üu = f (uu, u̇u, ud, u̇d, üd, f rc, trq) (16)

Thanks to the current ROBOTRAN symbolic engine capabilities, particularly in terms334

of memory management, it is possible to generate the independent accelerations üu335

according to eq. (16) in a fully symbolic manner (Fig. 6) and in the form of a unique set of336

recursive equations of type (15), which successfully compute (in C or Python):337

• the constraints and their resolution at position, velocity and acceleration levels,338

• the external forces and torques (interfaced with possible external user constitutive339

equations),340

• the dynamics of the restored tree-like MBS,341

• the reduction to an ODE system and its resolution with respect to the generalized342

accelerations üu.343

Nowadays, this represents the most efficient symbolic direct dynamics model that344

ROBOTRAN can provide, making the most of its symbolic engine capabilities. More345

details on the above symbolic manipulations and tricks underlying the ROBOTRAN346

process can be found in details in [6].347

4. Hardware Framework348

The dynamic models obtained from the above symbolic multibody approach rep-349

resent the key-ingredient of our haptic device framework. This section will detail the350

relationship between those multibody model and the human, that are both in-the-loop.351

In particular, we will describe the coupling between ROBOTRAN and the middleware352

ROS.353



Version June 3, 2021 submitted to Sensors 12 of 29

4.1. Specifications354

First, since the haptic device is designed to be manipulated by a person, the ap-355

paratus specifications must meet some requirements of the human body. The human356

somatosensory system is composed of many sensors present at different levels of percep-357

tion. According to [28], the exact contribution of the various mechanoreceptive channels358

to the formation of haptic perception remain to be established. Moreover, the physical359

values of perception, that are still the topic of fundamental researches, strongly depend360

on the application at hand. As regards tactile sensitivity, the latter is hard to characterize361

in term of frequency sensed [29] and force measurable [30] and needs psychophysical362

experiments to be able to understand the human tactile perception [31]. Generally speak-363

ing, it would appear that an update frequency of 1 kHz is considered as acceptable for364

human interactions [28] [29] [32].365

In the scope of this paper, only the force feedback is considered, as the physical366

interface of our devices is exactly the same between the real object and its haptic equiva-367

lent, see sections 5.1 and 5.2. In other words, the above-mentioned tactile sensitivity is368

intrinsically representative in our applications.369

Secondly, the hardware design of a haptic device is a bi-directional apparatus that370

contains both motors and sensors, as it is for the human [33]. The latter may inject371

energy at some point, while receiving energy from the device at another time [34]. This372

bi-directionality is the most distinguishing feature of haptic interfaces [35].373

The sensor resolution must be sufficient, especially when the movement is fast374

and small [36]. Of course, the sensors must not influence the device behavior, whose375

dynamics must satisfy the physics laws such as that of Newton [32].376

4.2. Human-In-The-Loop Haptics with ROBOTRAN377

The multibody approach described in Section 3 can be used to insert a highly378

dynamic model inside a real-time haptic device, which interacts with a human. Fig.379

7 shows the relationships between the ROBOTRAN model, the device and the human380

body.381

Human

force/torque

Device Sensor

Device 
actuator

Device sensors
motion

force/
torque admittanceadmittance

Haptic feedback

impedance

Multibody model

Figure 7. HIL haptic principle with ROBOTRAN. The light blue box, in this case, corresponds to
the Direct Dynamics of Fig. 4.

In haptics, taking the motion as input and the force as output, and vice-versa, are382

the two possibilities, referred as impedance and admittance approaches in [36]. For the383

flow-diagram shown in Fig. 7, the device and the human are considered as an admittance384

operators, while the model can be assimilated to an impedance one. Other scenarios385

from Fig. 4 are obviously possible.386

The haptic device contains sensors that are used to measure the motion and to387

feed the multibody model. Those sensors are critical as they are in-the-loop located.388

Any error, noise or non-physic behavior will be reflected in the model and ultimately389
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influence the feedback felt by the human who possesses his own somatosensory system,390

as discussed in Section 4.1.391

Let us note of the importance of integration loop on the left in Fig. 7, which must be392

fast, stable and precise enough. Indeed, the loop involving the human and the haptic393

device is instantaneous, while the integration loop is unavoidably slower, due to a fixed394

time-step size and thus a constant computation time.395

4.3. ROS-ROBOTRAN Coupling396

ROS (for ’Robot Operating System’) is a open source software framework widely397

used in robotics. It contains numerous useful tools and libraries that allow for interac-398

tions between individual components, both in terms of software and hardware. ROS399

allows exploiting these tools in real-time to automate and control an electromechanical400

device.401

Many ROS tools have been created by the ROS community to manipulate sensors402

or actuators and to publish or receive their data on a network. In addition, ROS offers403

many other benefits such as the ability to distribute the tasks requiring high processor404

usage across multiple hardware components. Furthermore, it makes possible to easily405

modify the system hardware without the need to make major changes in the software.406

The coupling architecture between ROS and ROBOTRAN is presented in Fig. 8.407

Regarding the software, two packages constitute the basis of the coupling. In ROS, a

Real-time Architecture

ROSbotran

Multi-threads

Laptop

ROScom

Embedded 

processor

2. Runner of the 

Multibody model

3.  Receiver

1.  Publisher

Listener

Controls

the actuator

Talker

Force 

or 

torque

Position

Velocity

Legend :

Hardware

ROS node

ROS topic 

Extracts the motion     

from the sensors

Figure 8. Software architecture with ROS and ROBOTRAN
408

package designates a folder containing one or several executable codes, a configuration409

file for compiling these as well as other files useful to ROS. A ROS node is an executable410

that is able to process some computation but also to communicate with other nodes411

thanks to the ROS messages and topics.412

As far as we are concerned, a ROS-ROBOTRAN package – called ROSbotran – has413

been created, that is able to publish/subscribe to the data of a ROS network. It contains414

the multibody model running in real-time, which allows to simulate the mechanical415

system and to forecast, analyze and control its behavior. Inside this package, for our416

applications of Section 5, this node uses the multi-threads approach to parallelize the417

calculations.418
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Another package – called ROScom – has simply a listener-receiver role, contain-419

ing two nodes: Listener and Talker. Two topics are used to exchange kinematic and420

dynamic information between the ROSbotran and ROScom packages, see Fig. 8. The421

communication is ensured through the SSH protocol and physically via an ethernet422

cable.423

Regarding the hardware implementation, the ROSbotran package is run on a laptop424

with a high frequency Intel Core i7-9700 CPU 3.6 GHz. This allows to compute in real-time425

the multibody models, even complex. An embedded processor – namely the Odroid426

UX4 – hosts the ROScom package, which requires less computing power. This processor427

ensures the interface with the sensors and actuator via appropriate electronics.428

This ROS-ROBOTRAN integration is already operational for several applications429

(see Section 5) but could be easily generalized to all types of models, sensors and430

actuators. Let us note that the real-time process considered in this work achieves a431

so-called soft requirements. Indeed, the Linux OS used does not meet a hard real-time432

implementation. Future works should implement this approach to specific hardware433

and adapt the software accordingly.434

5. Applications435

Following the general concepts of Section 4, practical implementations have been436

designed in our laboratory for rather contrasting applications, namely: a haptic piano437

key (Section 5.1) and a driving simulator (Section 5.2). Other realizations have also438

been conceived within the framework of ongoing researches dealing with specific road439

vehicles.440

Several sensors have been utilized in these prototypes, mostly to be ran in-the-loop.441

However, some external sensors presented in this section have also been specifically442

designed to validate both the multibody model and the corresponding haptic device.443

In this section, we take benefits of several sensors to both validate the multibody444

itself and the ability of the ROS-ROBOTRAN coupling to give a representative feedback445

to the human.446

5.1. Haptic piano key447

The touch of a grand piano mainly results from a dynamic transmission mechanism448

– called action – which propels the hammer up to the string, given the key motion.449

The multibody model of Fig. 9 has been developed at UCLouvain [37], [38]4: it finely450

represents the action kinematic and dynamic behavior.451

A first kinematic validation with an external sensor – namely a high speed cam-452

era – shows that the hammer motion is well caught by the model, a little less well453

from the back-check capture occurring at the end of the motion, when the key is fully454

depressed [37].455

5.1.1. Previous Realizations456

Several researchers have already worked to reproduce the haptic feeling of a piano457

keyboard thanks to active devices. In this context, the highly dynamic behavior of a458

piano action could clearly benefit from a multibody approach. Besides, it is difficult to459

reproduce its effect with only passive elements, as it is done in current digital piano for460

which manufacturers try to imitate the touch of a real acoustic piano.461

In 1993, Gillespie has presented the modeling of the piano action dynamics applied462

within an electromechanical apparatus [25]. The model is derived analytically and463

contains strong simplifications, which lack some very important dynamic features as the464

so-called action escapement [27]. That being said, almost 30 years from now, using the465

4 This paper was published in Mechanism and Machine Theory, Vol 160, Timmermans, S.; Ceulemans, A.E.; Fisette, P., Upright and grand piano
actions dynamic performances assessments using a multibody approach, 104296, Copyright Elsevier
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Figure 9. Main components of the grand piano action for the MBS model : mobile bodies (resp.
other elements) are indicated by letters (resp. numbers). Circular arrows represent the DOFs
(adapted from [38]).

technologies of that time, it was a first trial for a haptic piano key involving a dynamic466

model.467

In 2002, Oboe has developed the MIKEY keyboard [39], which allows to simulate the468

type of touch of three instruments: the grand piano, the harpsichord and the Hammond469

organ. He improved the grand piano action model from Gillespie’s by managing the470

escapement phase. The considered dynamics still remains simplified compared to the471

complexity of the piano action. As Gillespie, the experimental prototype uses position472

sensors and voice-coil motors.473

Lozada proposed a different approach in 2007 [40], using a magneto-rheological474

system. He has derived an analytical model of both the physical behavior of the haptic475

device and the piano action. The key motion is sensed by a contactless photoelectric476

sensor, and the actuator needs also a force sensing. The final design differs quite477

significantly from a classic piano key.478

With the same purpose to create a haptic piano key, Horvàth proposed in 2014 [41]479

an experimental fitting of a simplified model with only four constant parameters. He480

used force and optical sensor to relate the torque acting on the key under different481

impulses. Unfortunately, no further works has been published by the author to show482

the practical implementation inside a haptic device.483

A broader platform called GENESIS-RT has been introduced by Leonard in 2015 [42]484

whose goal is to reproduce, among others, the piano action feedback. The piano model485

is based on a piano-inspired mechanics. The sensors and real-time update rates are quite486

high, 44 kHz and 4.41kHz respectively. No experimental results are shown with the487

device.488

More recently in 2019, Adamou has suggested a two steps approach in [43]. First, an489

original measurement device has been used to characterize the force feedback according490

to the key position and velocity. Then, a replication device has been build with an491

electromagnetic actuator combined with a spring. A laser sensor is placed under the key492

to measure its position. Again, no validation with the proposed design is proposed.493

Those previous attempts have used relatively few sensors, such as optical position494

sensors or force sensors. The goal was of course to limit the complexity and the cost of495

such devices. From our perspective, in a purely research context, using multiple sensors496

of high quality could help in quantifying the haptic feedback quality and prove the497

approach feasibility. Afterwards, one can imagine to simplify the design complexity498
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for a possible industrial application. For instance, sensors could be integrated in the499

actuator itself, sensing the position through sensorless methods [44] [45] [46].500

Using the multibody approach described in Section 3, a haptic piano key has501

been recently developed in our laboratory, with an experimental validation of its force502

feedback [27]. This implementation is described in the next section. Some improvements503

brought to the device, as well as further experimental validation are the subject of the504

subsequent sections 5.1.3, 5.1.4 and 5.1.5.505

5.1.2. Mechatronic Implementation506

For the pianists, force feedback principle aims at reproducing the same touch sen-507

sation, i.e. Fhaptic in Fig. 10. An active device reproduces the force Fact on the key pilot,508

based on the reference force Fmod computed by the multibody model.509

Kinematic sensors measure in real-time the key angular position and velocity, which510

are inputs of the multibody model, as shown in Fig. 7.511

Fact

Linear 

actuator

𝑘𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐𝑠

Fmod

Real-time 

simulation:

Piano 

action 

multibody 

model 

Key Finger

FhapticSensors

Figure 10. Piano action multibody model force feed-
back principle, adapted from [27].

ElectronicsController

Position sensors

Key

Linear actuator Force sensor

Velocity sensor

Figure 11. Mechatronic design of one key haptic feed-
back device, enhanced from [47].

Our prototype (Fig. 11) consists of a linear actuator rigidly attached to a piano key.512

An embedded controller computes the model in real-time (i.e. in less than 1 ms), while513

the electronic boards drive the actuator accordingly. More details about the mechatronic514

design are given in [27].515

5.1.3. Model Validation516

The model output force Fmod should render the force at the key pilot that would517

cause a force Fhaptic equivalent to that of an acoustic piano keyboard. A custom force518

sensor has been developed that is based on strain gauges. The designed load cell of Fig.519

12 will be inserted instead of the key pilot number 3 in Fig. 9 to capture the strain so that520

the sensor can measure the force applied by the whippen to the key pilot. The latter is521

exactly the force Fact of Fig. 10 that the actuator has to apply in the haptic device. This522

allows us to validate the output force of the multibody model, see Fig. 7.523

The experimental sensor is inserted in a real piano action demonstrator, a Renner®
524

action (Fig. 13). This homemade binocular element contains four strain gauges glued525

to the sides, connected through a Wheatstone bridge. This set-up allows to precisely526

measure the normal force between the whippen and the key pilot, without influencing527

the action dynamic behavior.528
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Figure 12. Load cell design. Figure 13. Experimental homemade force sensor set-up.

The key is actuated by an external actuator shown at the right of Fig. 13. A high529

speed camera uses the markers to retrieve the action kinematics. The key motion is then530

supplied as a model input. This allows to validate the model dynamics.531

In Fig. 14, a first experiment shows the hammer behavior, compared to the modeling532

and the measured angle with the high speed camera. Hammer angles are very close in533

vase of this relatively slow double keystroke.534
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Figure 14. Piano action model dynamic validation:
hammer joint position (slow double keystroke).
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Figure 15. Piano action model dynamic validation:
force (slow double keystroke).

Results of the measured force versus the offline model-simulated force are shown535

in Fig. 15. A double blow pattern is visible, the first key strike starting around 0.3 s and536

the second around 1.5 s. In both cases, the force starts by increasing, with oscillations,537

until a quasi steady-state value close to 3 N. Then, when the key is released – around538

0.9 s and 2.1 s – the action returns to its resting position, with forces peaks due to the539

hammer rebound, whose mass and inertia dynamic contributions are relatively high540

compared to other elements.541

In Fig. 15, the simulation presents more oscillations all along the curve as well as it542

shows higher force peaks. Apart from that, the measured force is very similar, which543

is encouraging for the model quality and its ability to finely reproduce the dynamic544

behavior of a piano action.545

A faster double blow is experimented in Figs. 16 and 17.546

The hammer behavior is not identical between the simulation and the experiments547

after the hammer-string contact in Fig. 16. In fact, the repetition lever acts differently: in548

experiments, the lever moves the hammer upwards around [0.25;0.35] s and [0.7;0.8] s,549
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Figure 16. Piano action model dynamic validation:
hammer joint position (fast double keystroke).
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Figure 17. Piano action model dynamic validation:
force (fast double keystroke).

while the simulated behavior is different. Indeed, the repetition lever is difficult to tune550

both in practice and in simulation.551

Despite that, the forces of Fig. 17 are very similar, apart from the first part of the552

strokes, around 0.1 s and 0.5 s. Being a fast double blow, those differences are acceptable,553

and these results show rather good agreements with experiments, given all the remaining554

model parameter uncertainties.555

5.1.4. Real-Time Sensors Validation556

The kinematic input supplied to the multibody model, see Fig. 7, is of the utmost557

importance for the quality of the haptic feedback. Noise, oscillations or error in the input558

would unavoidably result in a non-realistic force computed by the multibody model.559

In the piano key haptic device of Fig. 11, two position sensors and a velocity sensor560

capture the key kinematics to continuously drive the multibody simulation.561

The key angle is retrieved through two Hall effect Allegro A1301 sensors placed in562

opposition under the key, one at the front and one at the rear, as presented in Fig. 11.563

These two sensors measure respectively the voltages Ufront and Urear.564

Hall sensors use magnetic field measurements which is not linear versus displace-565

ment. However, a chosen combination Ucombined between Ufront and Urear allow ob-566

taining experimentally a linear relation between the measurements and the key front567

height:568

Ucombined = k · (U2
front −U2

rear) + O (17)

where k is a proportionality factor determined by calibration and O is a fixed offset,569

also determined by experiments. The Ucombined can then be converted to a position570

measurement and finally to the key angle via simple trigonometry.571

The velocity sensor of Fig. 11 is an homemade voice coil, with a copper coil fixed on572

the frame and a moving permanent magnet glued on the key. The motion of the magnet573

creates a magnetic field variation inside the coil, inducing a varying back-electromotive574

force in the coil. This way, a voltage Ucoil is created between the coil wire edges, whose575

value is directly proportional to the speed of the coil:576

Ucoil = κ ż (18)

where κ is a proportionality factor found by experiment and linked to the coil character-577

istics and ż is the moving magnet vertical velocity. This velocity is considered as purely578

vertical because the key angle remains small.579
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To validate those position and velocity sensors, an external Polytec OFV-534 vi-580

brometer is used, as presented in Fig. 18. This vibrometer independently measures the581

position and the velocity with a resolution of 175 µm and 4.4 mm/s in our set-up.582

Figure 18. Piano haptic key: kinematics sensing validation.

First, the position estimation is experimented by manually applying up and down583

movements to the key, as shown in Fig. 19.584
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Figure 19. Haptic key validation of position sensors: slow motion.

The Hall effect real-time measured position is close to the reference obtained with585

the vibrometer. The right graph in Fig. 19 shows the relation between measured and586

reference positions.587

The experiment of Fig. 19 includes a motion at slow frequency, less than 1 Hz.588

Performing the exact the process at a higher input frequency, around 5 Hz, provides the589

results shown in Fig. 20. The position sensing is still consistent. However, discrepan-590

cies appear that cause the Hall effect measurement to have a maximum error of 10%591

between the estimation and the reality, which could be enhanced, but is sufficient for the592

considered application.593

Furthermore, the combination of (17) allows to maintain the sensor sensitivity, i.e.594

the slope of the right curves in Figs. 19 and 20. Indeed, the relation — between the595

measured position and the real one of Fig. 19 — has almost a constant slope, except for a596

small quadratic deviation at the lower and upper position between [0;1] and [9;10] mm,597

due to the magnetic field quadratic relation with the position. This does not impact the598

haptic prototype behavior but it can be improved in the future by enhancing the position599

sensing via a better calibration.600
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Figure 20. Haptic key validation of position sensors: fast motion.

Regarding the velocity, several up and down motions are again manually applied601

to the key, and the homemade coil sensor output is compared to the vibrometer mea-602

surements in Fig. 21.603
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Figure 21. Haptic key validation of the velocity sensor: high amplitude, fast motion.

The homemade sensor captures the velocity amplitude quite well, despite some604

erroneous values at some points. Indeed, some peaks are present with the homemade605

but not with the vibrometer, for instance around 5.5 and 6.7 s in Fig. 21, left.606

Fig. 22 shows the same experiment for halfway keystroke, for which the key is not607

fully depressed but the action is still able to repeat the note, as foreseen by the so-called608

double escapement grand piano action: this feature is fundamental for pianists. The609

validation of Fig. 22 presents our sensor capability to capture this specific movement.610

5.1.5. Haptic key results611

In [27], the actuator design of our haptic prototype (Fig. 11) was exposed and its612

ability to reproduce the force on the piano key was tested. In the present section, we613

analyse in further detail the haptic force felt by the pianist in various conditions. For this614

purpose, we take advantage of the ROS-ROBOTRAN coupling presented above in order615

to investigate various settings of the piano action like the position of the button height616

or the mass of the hammer.617

The force felt by the pianist is Fhaptic of Fig. 10, which depends of course of Fmod618

and Fact but also on the physical components of the prototype. To characterize Fhaptic,619

an external actuator Faulhaber LM1247 has been used to apply the same position-driven620

profile that corresponds to one full key dip at 10 mm/s. The Fhaptic force can be deduced621

from the external actuator current measurement on both the action demonstrator and622

the prototype, see Fig. 23.623
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Figure 22. Haptic key validation of the velocity sensor: halfway keystroke.

Figure 23. Piano haptic key: measurements of the force felt by the pianist Fhaptic through an
external linear actuator for the Renner® demonstrator (up) and the haptic prototype (bottom) [27].

We first reproduced and checked the test of [27] with the additional sensors pre-624

sented and validated above. Fig. 24 shows Fhaptic versus the key vertical position625

measured at its tip. A key at rest refers to position zero and position 9.5 mm to a fully626

depressed key, as proposed by [48]. We clearly retrieve the phases A - B - C - D as627

described in [27].628

In addition, similar behaviors can be observed in the profiles of Fig 24, despite629

some differences due to the physical components that differ between the prototype630

and the demonstrator. For instance, the blue curve shows the action behavior, without631

the damper, illustrating its role. The measure on the action demonstrator has been632

performed three times in a row to highlight the consistency between experiments.633

In short, the crucial escapement phenomenon occurs during phase C in Fig. 24. The634

difference in the force amplitude between the prototype and the reference may be due to635

residual inaccuracies in the MBS model.636

To illustrate the interest of having a multibody model included in the haptic proto-637

type, variations of the action parameters can be done with the prototype. Their effects638

on the haptic feedback can be compared with the Renner® demonstrator for which these639

values have been physically modified.640
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Figure 24. Haptic piano key force validation: prototype comparison with the Renner® demonstra-
tor (results confirming those obtained in [27]).

Fig. 25 presents the haptic force for the Renner® (left) and the haptic prototype641

(right). The parameter is the height of the let-off button [38], see also Fig. 9. In the legend,642

Normal means that the setting value is nominal, and Low (resp. High) that the let-off643

button is lower (resp. higher) than its nominal height, by approximately 0.5 mm.644
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Figure 25. Haptic piano key force validation: variation of the button height, physically on the Renner® demonstrator (left)
and virtually on the haptic key prototype (right).

In Fig. 25, the trends are similar between the prototype and the demonstrator: a645

higher (resp. lower) button causes the escapement phase to have a higher (resp. lower)646

force value around [8-9] mm. The escapement is even more stressed in the prototype.647

Fig. 26 shows the effects of the hammer mass variation, i.e. meaning that a punctual648

mass of 0.003 kg has been added once (resp. twice) for the High (resp. Very high) case.649

Again, the impact is similar for the High and Very high cases, with an increase of the650

haptic force because the hammer is heavier.651

Besides, one advantage of the multibody model is that it can virtually perform652

many interesting investigations, for instance the hammer mass can easily be lowered.653

Doing so in real life would require to manufacture a whole new hammer. This variation654

is illustrated with the Low curve in Fig. 26, for the haptic prototype only, resulting with a655

lower haptic force until the key-bottom contact (phase D in Fig. 24).656

Despite some discrepancies, the above results (Figs. 24 25 26) show that the ROS-657

ROBOTRAN coupling proposed in this paper allows to develop a haptic key for digital658
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Figure 26. Haptic piano key force validation: variation of the hammer mass, physically on the Renner® demonstrator (left)
and virtually on the haptic key prototype (right).

pianos able to reproduce the Fhaptic action dynamic force quite faithfully, i.e. the gold-659

standard touch of a grand piano. Moreover, the symbolic multibody modeling approach660

makes very easy to modify any physical parameter of the action or even the action661

itself in the haptic device, to modulate the haptic force accordingly. This feature was662

actually appreciated by some pianists and piano tuners who were consulted for this663

haptic keyboard project.664

5.2. Haptic driving simulator665

Simulators for vehicle driving are nowadays a common tool and used for many666

application [49]. Using a real-time multibody model including all the suitable physical667

parameters, allows to deal with the highly dynamics effects of a vehicle behavior. A668

prototype has been built that aims at reproducing the handling torque feedback in the669

steering wheel. Fig. 27 shows the experimental set-up with the block schematics. As in670

all simulators, the driver has a real-time visualisation of the moving environment on a671

front screen.672

Figure 27. Haptic steering wheel: experimental set-up with its real-time visualisation and its
corresponding block diagram below.

In this haptic demonstrator, mainly developed at UCLouvain for educational pur-673

pose, a direct drive actuator acts on the steering wheel rotation. It contains an absolute674
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angular encoder SinCos Hiperface SKM36 Multiturn which measures the position q and675

the velocity q̇ of the steering wheel. This information is sent through the data transfer676

module – in this case, an embedded processor Raspberry Pi 3 – to the multibody model of677

the a full 3D vehicle. Afterwards, the corresponding torque T – computed by the inverse678

dynamics equations (13) – is applied by the actuator to the human arms.679

In the following illustrative experiment, in which a driver handles a virtual vehicle,680

the situation represents an obstacle avoidance while driving on a straight line at constant681

speed of 75 km/h. During the simulation, an obstacle suddenly and randomly appears,682

and the driver needs to avoid it by turning on the left and then coming back on the683

straight line. Meanwhile, for each of the three simulations, the caster distance of the684

front suspensions is modified without notifying it to the driver.685

Fig. 28 shows the corresponding lateral versus longitudinal vehicle displacements,686

as well as the obstacle. Without going into a detailed analysis, one can see that the687

behavior clearly differs depending on the trials and on the setting of the caster.688

Figure 28. Haptic steering wheel: vehicle displacement on the ground with various caster.

The steering wheel angle, visible in Fig. 29, illustrates in a different way the reaction689

of the driver to the obstacle apparition.690

Figure 29. Haptic steering wheel: angle with various caster.

Finally, the torque given as a feedback is shown in Fig. 30. Note that this value is691

taken from the model output, directly in the loop, not measured with an external sensor.692

For the first negative peak and for a very close angle value, the feedback torque is higher693

for a higher caster, as expected. After that, the driver counter-steers and tries to stabilise694

the vehicle towards its initial trajectory.695

While a wide range of experiments could be achieved to relate the caster to the driver696

behavior, this illustrative example clearly highlights the capabilities of a multibody-based697

haptic steering wheel.698

The prototype currently lacks the possibility to control the vehicle velocity. Sim-699

ulations are done at a constant speed. Current work is ongoing to add Penny&Giles700
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Figure 30. Haptic steering wheel: torque with various caster.

HLP190 potentiometers to measure the position of the existing brake and accelerator701

pedals. Adding these sensors would allow to instantaneously adapt the vehicle velocity.702

Thanks to the ROS-ROBOTRAN coupling described in the previous sections, adding703

this hardware is quite straightforward in this software environment.704

In the future, more experiments can be envisaged with several types of drivers, to705

analyze their feeling and torque feedback. This way, a wide range of vehicle dynamic706

parameters can be analyzed, such as the wheel toe in/toe-out, the tyre friction, the roll707

centre height or the anti-roll bar stiffness, among others.708

5.3. Other Implementations709

The two projects presented before constitute the main current applications of the710

ROS-ROBOTRAN approach. However, other implementations involving a coupling711

between multibody models with real-time environments have been developed. In this712

scope, various sensors have been customized and utilized, showing our growing interest713

in coupling multibody dynamics with sensors for validation or haptic purposes.714

For instance, during the Ph.D. thesis of Docquier [50] at UCLouvain, a small-scale715

demonstrator of a Narrow Tilting Vehicles (NTV) has been designed. The demonstrator716

allows to test embedded controllers thanks to inboard sensors that are used in real-time717

via ROS to update and analyze the vehicle behavior whose multibody model was built718

in parallel. Fig. 31 presents the prototype and zooms on the two main sensors.719

Figure 31. NTV demonstrator and its two main sensors: a rotating potentiometer and a binocular strain gauge for torque
measurement.



Version June 3, 2021 submitted to Sensors 26 of 29

Beside a classical potentiometer connected to the titling shaft to measure the vehicle720

tilt, a torque sensor based on a binocular strain gauge provides information associated721

with the actuated tilting degree of freedom of the vehicle. This information is thereafter722

used for control and validation purposes. Let us note that the vehicle also carries an723

IMU on board, to combine the tilting value from both IMU and potentiometer with a724

Kalman filter.725

The second project concerns a so-called "kart" bench designed by and for students,726

to enable them to visualize and understand the road handling behavior of a four-wheels727

vehicle (Fig. 32), and to compare the real system with its multibody model. The kart is728

laterally held on a conveyor belt and can be humanly-driven from a remote steering-729

wheel linked to the front suspension via Bowden-type cables. Real-time multibody730

model can show live the four lateral forces on the tyres, for instance, for different types731

of driving behaviors and/or kart suspension settings.732

Figure 32. Sensors of the kart bench.

Apart from a classical optical sensor measuring the conveyor belt velocity, see Fig.733

32, a longitudinal and transverse force measurement through a homemade binocular734

load cell with strain gauges is placed between the frame and the moving kart to quantify735

the lateral force on the kart. It allows to analyze in real-time the effects on the tyre-belt736

interaction forces and also to compare them with those computed live by the multibody737

model, while modifying suspension settings such as the toe-in/toe-out.738

Let us note that this prototype does not run with ROS. Instead, it exploits Labview739

to communicate with the dedicated electronics and to retrieve the necessary sensors740

information, as for the above-mentioned applications.741

6. Conclusions and prospects742

The main objective of this work was to highlight that the current multibody model-743

ing formulations had reached a sufficient maturity to be exploited within haptic devices744

applied to mechanical systems involving high dynamics.745

In a first step, we presented a multibody formalism in relative coordinates whose746

constraint equations are eliminated by a proper reduction of the equations. This formal-747

ism lends itself perfectly to its programming via the symbolic approach whose capacity748

of equation manipulation and simplification allows to produce very compact models, i.e.749

perfect candidates to real-time computation.750

The interaction and coupling of these models with the world of sensors is essential,751

on the one hand to validate the models themselves with respect to their underlying752

physics and, on the other hand to allow a reliable coupling between the model, the753

sensors and the actuators of a haptic device. The ROS platform has been chosen as the754

meta-architecture to ensure these couplings successfully: two applications illustrate our755

developments. The first one, presented in details, concerns the development of a haptic756

piano key and demonstrates the capabilities of the approach for a very high dynamic757

system. The second one refers to a driver simulator under development in our laboratory,758

whose interest — above all pedagogical — is to show the appeal of multibody models759
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for this kind of application. In particular, it allows students to observe the impact of760

such or such parameter on the system dynamics, as taught in the academic courses but761

through multibody equations that can be a little bit abstruse for some of them.762

In terms of perspectives, it would be interesting to continue the investigations763

on the model side, in particular through the fine-grain parallelization of the symbolic764

equations. Preliminary tests in ROBOTRAN have indeed shown that recursive equations765

can be reorganized in very few sequential vectorial steps: this asset could be exploited766

in order to further reduce the computation time of models to be embedded in devices767

requiring real-time computation.768

Besides, we think that the potentialities of coupling real-time multibody dynamics769

with sensors and actuators within a middleware platform (e.g. ROS) are very promising770

for the future. It will enable to develop new concepts of haptic systems, both generic,771

user-friendly and efficient. In particular, we see a real pedagogical interest in the use of772

such an architecture for the fields of multibody modeling, sensor implementation and773

mechatronic design of haptic systems with a very pronounced dynamic character, such774

as those presented in the present work.775
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