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Summary

This thesis describes the design and the testing of a two-degree-of-freedom haptic
interface. The purpose of the interface is to evaluate the performance that can be achieved
using an ultrasonic motor in series with a magnetic particle clutch as actuators for each
degree of freedom. The combination of these two components will result in a hybrid
actuator, which has active and passive operation modes. The device was designed to
feature low undesirable dynamics and low inertia. Each component was evaluated
individually to find out its influence on the performance of the interface. The interface’s
characteristics were compared to other common devices. Several force-fields were
implemented to test the overall feeling of the user during manipulation. It turned out that
the ultrasonic motor had better force capabilities in continuous mode, and that the
magnetic particle clutch improved the stability of the interface, especially when

simulating passive force fields.
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1. INTRODUCTION

1.1 Virtual reality and haptics

Virtual reality is a technology that consists of creating virtual environments simulating
real events. It allows a user to interact with a computer simulated environment through
his visual, auditory and tactile senses. Most virtual environment systems are visual, the
head mounted display being one of the most famous ones.

Haptics is the branch of virtual reality that refers to the sense of touch. It lets the user
interact with the virtual environment by means of force through a haptic interface.
Compared with visual interfaces, haptics proves to be more challenging. Indeed, visual
interfaces display an environment to the user, and the user’s vision cannot influence the
interface. Haptic interfaces give force to the user, but the user influences the interface as
well by the force he applies. There is an active interaction between the user and the

interface. This bidirectional flow of information makes haptics a real challenge.

1.2 Overview of haptic interfaces

There are many different haptic interfaces available today. They can serve many different
purposes from simple entertainment to sophisticated applications in industrial, scientific
or medical fields.

The use of haptics is widely spreading nowadays. However most of its applications are
still being perfected, but the expectations are very high. The most impressive applications
of haptic devices are probably in the field of telerobotics. The mechanism is explained in

Figure 1.1. Telerobotics involves two robots linked to each other by commands and



sensor information. The user will manipulate a master robot, giving motion and force to it.
The information will then be sent to a slave robot that will react accordingly. For example,
telesurgery relies on this principle. The surgeon is physically separated from the
workplace. From another place, he will manipulate a master robot instead of his usual
tools, which are replaced by robotic ones. However he keeps full control of the operation
through teleoperation as the motion he gives to the master robot will be sent as
commands to the slave robot. This technique brings great advantages. For example,
Hunter et al [1] developed a micro-surgical device that scaled down the movements
performed by the surgeon with the master manipulator. These scaled movements are then
reproduced by the slave micro-movement robot, giving the surgeon better virtual
sensitivity. Still based on the master-slave robot interaction, haptics can be of great help
in robotics, especially in human hostile environments. Kazerooni et al.[2] designed a
separate carrier, where the user moved a light master robot ant its motion was reproduced

by the slave robot. Force feedback would enable the user to perform more delicate tasks.

Workspace
Sensar ) ’ Sensor
Info Commands Commands Info
[ Master Robot ] [ Slave Robot ]
Force Farce
Mation Motion
[ User ] [ Interface ]

Figure 1.1: Teleoperation principle



While these applications are still not commonly used with force feedback, haptic devices
with force feedback have helped researchers in understanding better how human being
reacts to the sense of touch [3, 4]. It is also widely used in situations with limited
availability or when danger is involved: training soldiers in war situations, training future
pilots in flight simulators, or training surgeons [5].

Haptics are also being used for rehabilitation purposes. Bergamasco and co-workers [6]
have worked on hand and arm exoskeletons, consisting of a skeleton-like framework
worn by a person, to help people recover their natural motion. Switzerland researchers
created the Lokomat® for assisting people in their locomotion rehabilitation [7]; the
Lokomat is now in use in many reeducation centers.

However the most famous application of haptics is probably in the entertainment field.
The consumer market offers a wide range of entertaining haptic device enabled with force
feedback such as joysticks, steering-wheels and mouses. They are mainly used with video
games. Compared to usual devices, they bring new sensations to the user by applying a
force to him, making games more realistic. For example, the Microsoft SideWinder series
offers some joysticks with force feedback. Other than computer related devices, some
mobile phones are equipped with tactile feedback touchscreens, such as the Samsung
SCH-W559. When the user presses a button on the touchscreen, he feels he is pressing a
mechanical button. Another interface worth mentioning is the Novint Falcon™
developped by Novint Technologies and specifically designed for the gaming world,
providing real-time 3D force interaction at an affordable price [8].

There exists many commercialized haptic devices intended for general purposes. The

Phantom® interfaces by Sensable are among the most famous general purpose interfaces.



The Phantom® series has a serial mechanical structure and includes products ranging
from small interfaces like the Phantom® Omni™, a 3 DOF desktop interface, to stronger
6 DOF interfaces like the Phantom Premium™ [9]. As opposed to the Phantom® series,
Force Dimension has designed parallel structure interfaces like the Omega™ series and
the Delta™ series, a more powerful version than the Omega™ series [10]. Haption also
has its own series, the Virtuose™, which includes the Virtuose™ 6D40-40 dedicated to
teleoperation and the INCA 6D, a large-scaled wire based interface [11]. Quanser
developped 3 DOF and 5 DOF interfaces for research purposes [12], while MPB

designed the Freedom™ 6S and 7S for medical simulation and master/slave robotics [13].

1.3 Hybrid interface

Haptic interfaces can be classified as active or passive. Active interfaces would interact
with the user by providing energy thanks to active actuators, typically motors. On the
contrary, passive interfaces would absorb energy from the system, using energy
dissipating components such as brakes or dampers.

Most interfaces have focused on using active actuators, as they can provide active forces.
However one of their drawbacks is that they can generate additional unwanted energy,
thus provoking instability and endangering the user’s safety. A lot of research was
conducted so as to reduce this unwanted energy. Energy based approaches were used in
[14, 15] to find out the causes of this energy excess and provide stability conditions. [16]
found out that passivity was sufficient for stability but not strictly necessary. According
to [15], one of the causes of hte generation of excess energy is the time delay due to the

zero-order hold, that creates instability, if the haptic device’s intrinsic friction didn’t



dissipate it. Ellis et al. proposed numerical methods to reduce the energy excess, by
predicting the position of the device at the next time step [17], while Hannaford and Ryu
used passivity control schemes for dynamically estimating the energy generation and
dissipating it through a digital damper element [18] and Stramigioli and co-workers
tracked and dissipated energy excess by a port-Hamiltonian approach [19]. More work
has been done to investigate the role of quantization [20], Coulomb friction [21] and
computational delay [22], in preserving system stability.

However the implementation of such control schemes remains bulky and complicated to
design. The addition of a dissipative element to the interface is a solution to ensure its
passivity, though it raises other issues, for example on the mechanical design complexity.
The addition of a dissipative element would provide physical damping to the system,
therefore ensuring passivity of the system. Indeed, passive components present the
advantage of being intrinsically stable as they can only remove energy from a system.
The university of Toronto developed a spring-like passive device, that stores and releases
the energy given be the user [23], while Pai, et al designed a similar interface, adding
pressure sensors [24]. Other passive haptic devices were developed using purely
dissipative elements. Swanson and Book designed a redundant 2 DOF passive haptic
device using two brakes, and two clutches [25], while Koyanagi, et al. developed a 2
DOF redundant passive haptic device with four electro-rheological brakes [26]. These
systems had better stability, and improved the safety of the user. However they could not
simulate any active forces.

Hybrid interfaces are a natural extension of these passive and active interfaces. These

interfaces contain active actuators and passive components. An and Dong designed a 1



DOF hybrid joystick, using a DC motor as active actuator and a magneto-rheological
brake as passive actuator [27]. A 3 DOF force reflecting joystick was developed by Russo

and Tadros, with three motors directly in series with magnetic brakes [28].

1.4 Goals of the project

This project consists of designing and testing of a 2 DOF hybrid haptic interface for
general purposes. For each link, the actuator is the result of the combination of a passive
actuator with an active actuator. The passive actuator chosen is a magnetic particle clutch
(MPC), while the active actuator is an ultrasonic motor (USM). The resulting actuator
will be a hybrid actuator controllable in torque and speed. When using only a purely
active actuator, the energy given to the actuator by the user through the interface cannot
be easily dissipated, causing instability. It is expected that the use of a passive actuator

will help to absorb this energy, and thus improve the stability.

Many different criteria have been used for the evaluation of the overall performance of a
haptic interface [14, 29, 30, 31, 32]. For our work, we will mostly use the following
criteria used in [33] by Massie and Salisbury for the evaluation of the Phantom®:

(1) In low impedance areas, the user must ideally feel nothing is restricting his
motion, which means that the interface should have low inertia and little friction under
zero force command.

(2) In high impedance areas, the simulated objects must feel stiff. The stiffness
capabilities of an interface are measured by the maximum stiffness achievable while the

system remains stable.



(3) The interface’s maximum force must be high enough to withstand the force
applied by the user as we don’t want the user to go through a wall.
As the device will be designed for general purposes, we don’t have any specific
requirements. We hope that the use of a passive actuator will provide more stability to
our interface. Therefore we aim for achieving good results for criterion (2). We will also

make sure we achieve good results for the other criteria.



2. DEVICE DESIGN AND SETUP
In this chapter, we will present our haptic interface. We will present the design of the

interface and its various components, and a mathematical model will be derived.

2.1 Detailed physical design and considerations

The haptic interface is showed in Figure 2.1. It is a 2 DOF planar parallel arm. It is
therefore composed of 4 links that formed a parallelogram. The first two links are
commanded by two separated actuators. The last two links are linked to the first two links
by passive rotational joints. They are also linked to each other by a passive rotational
joint at the other ends. Any desired end-effector can be mounted at the tip of the arm.

The choice of a parallel structure is mainly due to the fact that such a structure enables
both links to be actuated from the base. In our case, the actuator, which consists of the
combination of the MPC and the USM is quite heavy, as the MPC itself weighs 2.25 kg.
Mounting the actuator on the arm will raise obvious issues due to its weight. Ideally
gravity should have no effect. The use of belts or cables can avoid the use of a parallel
structure, but they introduce undesired dynamics such as mechanical backlash or friction.
The parallel structure remains the best solution to deal with these problems. As the
actuators are both on the base, there is no extra weight on the arm, thus all the energy will
be provided for interacting with the user. Moreover parallel structures have higher
rigidity than serial ones and faster time response. The error at the end-effector is also
lower as it is averaged, instead of being additive as in serial robots.

To avoid as much as possible the gravity effects, the material chosen for the links is

aluminum, as it is quite light and cost-effective. Moreover having light links would



reduce the inertia of the arm, allowing faster response. The length of each link had to be
chosen so as to meet a compromise between the workspace area and the maximum force

achievable. It is each 13.5 cm long.

ENCODER

ULTRASONIC
MOTOR

MAGNETIC 1st LINK 2nd LINK TIP OF THE ARM
POWDER CLUTCH

ENCODER

SUPPORTING TABLE

Figure 2.1: Design of the haptic device



Each actuator is constructed as follows. The output of the USM is connected to the input
of the MPC. They are linked to each other by a flexure bearing. An encoder is used to
measure the position of the USM shaft. The output of the MPC is connected to the robot
link through a flexible coupling. A rotary hollow encoder is placed between them in order
to measure the position of the first link.

Both sets of hybrid actuators are placed along the same vertical axis in order to simplify
the derivation of the dynamics of the robot arm. The actuators are mounted facing each
other and they are supported by a central column. Therefore the links are actuated from a
fixed base. The whole system is fixed on a heavy support to ensure the whole structure

would remain stationary.

2.2 Choice of components

2.2.1 Ultrasonic motor

An ultrasonic motor is a friction type motor based on the ultrasonic vibration of a stator
which is placed against a rotor. The ultrasonic vibration induced in the stator is used to
impart motion to the rotor.

Most haptic interfaces use electromagnetic motors as their active actuators. Compared to
these motors, USM has both advantages and drawbacks, as explained in [34, 35]. The
USM provides high torque at low speed, which is particularly interesting for haptic
interfaces as the speeds involved are quite low. It also possesses low inertia, and thus fast
dynamics. It has a high holding torque under no excitation, operates silently and is quite
light and compact. But as USM are friction type motors, they have non-linear

characteristics such as a load-dependent dead-zone.
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We chose the USR60-E3 from Shinsei Corporation, which has a rated torque of 0.5 Nm
and a maximum torque of 1 Nm. It consists of a USM and an optical incremental encoder
with a resolution of 500 pulses per revolution. The datasheet is given in Table 2.1 [36].
Table 2.2 shows a comparison between some common types of electric motors and the
USRG60. It shows that to achieve the same rated torque, DC/AC motors tend to much
heavier.

Due to the non-linear effects of USM, it is quite difficult to derive a model [34] and the
design of a controller is even more difficult. However, Shinsei Corporation developed the
D6060 driver dedicated to their motor. As torque controllers are still under investigation
[37], this driver only allows speed control of the motor through a frequency control
method. It receives a voltage command as input, and the speed of the motor would be
proportional to this voltage input. The direction of rotation of the motor is commanded
separately by a digital input. When CW and CCW inputs are both low, the motor will not
rotate whatever the input command is. When either of them is high it will rotate
accordingly and when both are high CW takes priority. A 10 ms interval is required when

changing side. The motor’s response time along with the driver is 50 ms.
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Table 2.1: USRG60 specifications

Standard Nonmagnetic

Driving frequency 40 KHz
Driving voltage 130 Vrms
Rated torque 0.5 Nm (5 Kgf-cm)
Rated output 50W
Rated rotational speed 100 rpm
Maximum torque 1.0 Nm and above (1.0 Kgf-cm)
Holding torque 1.0 Nm and above (1.0 Kgf-cm)
Responsibility ) !msec or belp W

(no inertia load or driver sweep)
Rotational direction CW, CCW
Longevity 1,000 Hrs
Service temperature range -10C to +55°C
Service temperature rise 70°C at stator surface / 55°Cat case surface

USR60
S3 | S4 E3 S3N S4N E3N

Weight

260g 275¢g 260g 275¢g

12



Table 2.2: Motor comparison

Motor Type Rated Speed | Rated Torque Weight
(rpm) (Ncm) (kg)
USM 100 50 0.26
Brushed DC Motor 3200 62 4
Brushless DC Motor 2860 40 1.8
AC Motor 2600 31.5 2

2.2.2 Magnetic Particle Clutch

The SO9OMPA-C28D37 MPC from Sterling Instrument was chosen as the passive actuator.
The main reasons for using this actuator is firstly because it is passive and secondly
because it is torque controllable. For haptic interfaces, torque control is primordial to
render the haptic force fields. Therefore the MPC is a perfect complement to the USM
which is not torque controllable. Moreover the presence of the MPC between the arm and
the USM will prevent the user from being directly in contact with the actuator. The MPC
will act like an energy interface between the user and the USM: it transmits the energy
from the motor to the user and naturally absorbs the extra energy from the motor or the
user, thus improving the stability of the system. It is also supposed to make the system
perfectly stable when simulating purely passive force fields such as friction.

The MPC mainly consists of two shafts separated by a gap filled with a fine stainless
steel powder, and a coil. When a current runs through the coil, it creates a magnetic field.
As the output torque of the MPC is proportional to the magnetic field, it is proportional to
the input current as well. When the output torque is higher than the output load, the clutch
will drive without slip. On the contrary when the load torque is higher, the clutch will

smoothly slip at the torque level set by the input current, independently of the slip. In fact,

13



the torque-current characteristic is not perfectly linear but presents an S-shape as shown

in Figure 2.2 [38].

TORQUE vs. CURRENT

100 /Z/
y

80 /

o

40 /
/

20
7
o
0 20 40 &0 80 100
PERCENT RATED CURRENT (D.C.)

PERCENT RATED TORQUE

Figure 2.2: MPC’s S-shape current vs torque characteristic [38]

The torque range of the clutch lays between 0.045 Nm and 1.7 Nm. Ideally, the maximum
torque of the USM should have matched the maximum torque of the MPC. However, we
didn’t focus on choosing a model adapted to our USM. Therefore the maximum torque of
the MPC is far higher than the one of the USM, but this will provide more strength to the
interface when simulating purely passive force fields.

In order to drive the MPC, Sterling Instrument provides the S9OMPS-24MC as power-
supply for the clutch. This power-supply takes a voltage command as input, and outputs a
constant current that will run through the MPC’s coil. This constant current will result in
a constant value for the torque.

The MPC has a 25 ms latency time before the output shaft starts moving, which is largely
inferior to the 100 ms needed for a human being to perceive a movement [39] The

specification of the MPC is shown on Table 2.3 [38].
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Table 2.3: Magnetic particle-clutch specifications

Mech. Max
Torque | Elect. | Shaft | may | 'Heat - | Unforced |
Catalog Number Range | Power | Inertia | gpeeq | Dissi- Ov:rol;:ng Response w:ght

Ib. - in. watts I.h 5;:;“2 rpm ﬁg Ibs. msec. =

S90MPA-C14D19A 006-2 3 [26x107 1 00 6 4 9 0.7
S90MPA-C23D31 0.12-5 5 | 13x10%6 10 20 18 3
[_SO0MPA_C28D37 U4_15 6 [ 33x10° [ 1400 20 30 25 5
S90MPA-C34D50 06-35 10 [ 15x 105 [ 1000 30 50 70 9
S90MPA-C45D75 1-70 14 [66x105 | .00 50 80 90 17
S90MPA-C52D75 4-130 15 | 15x 104 80 130 22

2.2.3 Encoders

There are four encoders in the system. Two of them are linked to the motors and will
measure the position of the motors. The two others’ function is to measure the angular
position of the first links of the arm. It is fixed between the output shaft of the MPC and
the first link of the arm, as it was chosen hollow as shown in Figure 2.1. The use of a
hollow encoder will minimize the vertical distance between the upper links and the lower

links. The RI-58-D from Hengstler was chosen.

2.2.4 Force gauge
The force measurements were done using a force gauge manufactured by Imada. The
force is measured at the tip of the device. Different implements of different shapes could

be fixed on this tip, so the force gauge could measure forces in different situations and

adapt many end-effectors.

The force gauge comes along with a piece of software that records the force measured

according to a sampling rate set by the user.
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2.2.5 Computer equipment

Experiments were simulated using a 450 MHz Pentium III, running under Windows 2000
operating system. A STGII-8 model I ISA bus servo I/O card manufactured by Servo To
Go, Inc was used for the communication between the computer and the system [40]. A
driver is provided by STG along with the card for Windows 2000. It is compatible with
both C/C++ and Visual Basic and uses a dynamic link library to communicate between
the Visual Basic code and the main STG driver. As Windows is not a natural real-time
operating system, a built-in timer on the STG card produces a periodic interrupt capable
of interrupting the CPU. Throughout the experiments, the overall refreshing rate was 1
KHz. The STG card communicates with the outer world through 50-pin connectors

connected to one of the 4 different ports of the card.

2.2.6 Electrical equipment

A 5V DC power supply is available on the STG card. It was used to supply power to the
motor encoders, as they do not require high currents to work. A common power supply
was used for the arm encoders and the USM drivers. This unit had two independent
channels with two current limiters. It provided the 10V DC needed by the other encoders
and the 24V DC needed by the drivers.

The analog output functionality of the STG card was used to control the drivers of the
USM and of the MPC. The available voltage lies in a +10V/-10V span. It can be directly
connected to the MPC drivers to control the torque. As the USM drivers require from 0 to

3.2 V, the analog output can be connected to them through a simple voltage divider.

16



Lastly, the command to choose the direction of rotation of the USMs was given by the

digital output of the STG card.

2.3 Mathematical model

Using the Lagrangian approach, an ideal model of the dynamics of the system was
derived, under the assumptions that no gravity forces are exerted on the arm, and no
friction are induced by the rotational joints. More details are available in the appendix. A
sketch of the arm is showed in Figure 2.3. This sketch will serve as reference for the

equations throughout the thesis. The axes are fixed to the base.

7)) A B-cos(8,-6,)) (6,
z,) | B-cos(d, -6, A 4,

s 0 ~B-sin(0, -6,)-6, | (6,
~B-sin(8, - 6,)-6, 0 0,

1

7
where 7 = (Tl J denotes the joint torques , € = (9

) 2

1)

j denotes the joint angles, and A and B

are inertia parameters determined by the arm’s weight and length.

The arm’s Jacobian matrix J transforms the angular velocities @ into the linear velocities
of the tip V' . It can also transform tip forces into joint torques, by the following
equation: 7 = J' - F, where F is the force vector at the tip. The jacobian also allows us to

detect singular configurations of the arm. The Jacobian is given by

oL L_ sin(@,) —sin(6, )J )

cos(6,) cos(6,)

where L is the length of one link of the arm.

Singular configurations occur whendet(J) =0, which yields

17



sin(6,) - cos(6,)—cos(8,) -sin(d,) =0
Finally, we can deduce that singularities occur when6, =6, +k-z, keZ.

The latter condition corresponds to the following two geometrical configurations:

e 0 -0, =0:the arm is fully exerted

e (¢ —0, =n:thearmis fully contracted

OOV

Figure 2.3: Sketch of the arm

2.4 Workspace
The theoretical reachable workspace for such an arm would be a disk of

radius 2-L = 27cm . However the practical workspace is reduced due to mechanical

constraints and for safety reasons.
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First, the arm is mechanically constrained to &, > €, +0.1rad by a mechanical stop. This
will avoid redundancy, and will prevent the arm of approaching too near to the singular
configuration 6, =6, . Avoiding singular configurations will reduce the chances of

overflow in the program.
Then, the presence of wires conducting high currents raises safety issues. These wires are
placed near the central column. As a consequence, we don’t want the links to approach to

near from the central column, hence the following travel limitation was implemented:

I T T T
(91,02)E|:—5+0.1 , E:|X|:—5 . 5—01:|

Lastly, in order to avoid the tip to bump into the central column supporting the actuators,

another travel limitation was implemented to constrain the arm to 6, —6, <n—0.2rad . It
will avoid as well the arm to approach the singular configuration 8§, —6, =n . The

reachable workspace of the tip of the arm is plotted in Figure 2.4.
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Figure 2.4: Tip workspace
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3. COMPONENTS TESTING
In this chapter, we will evaluate the performance of the USM and the MPC. This

evaluation is done with the components mounted on the device and the robot ready to use.

3.1 Ultrasonic Motor

3.1.1 Input-output characteristic

The aim of this subsection is to determine the DC voltage - rotational speed characteristic
of the USM. To achieve this, various values of voltage are applied to the USM and the
rotational speed is measured for each voltage value. As a consequence, we can plot the
curve showing the DC voltage - rotational speed characteristic.

The characteristic is plotted in Figure 3.1. We can see that it is rather linear from
minimum speed to maximum speed and that the behaviour is symmetric. There is a
saturation effect at high speed, and the maximum speed measured is about 12.5 rad/s.
Then, there is a large span of voltage (0 V to 0.5 V) on which the rotational speed of the

USM will remain at its minimum speed, which is 2 rad/s.

15 4

10 4

Rotational Speed (rad/s)

-15 -
Input Voltage (V)

Figure 3.1: Rotational speed of the USM versus input voltage
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3.1.2 Dynamic performance

This subsection deals with the response of the USM to step and sinusoidal inputs. During
the experiments, the encoder signals were sampled at 1 kHz, and they were used to
calculate the rotational speed of the motor. The rotational speed is derived from the
encoder signals and filtered to remove the ripple. A digital PID controller is implemented
as well, and the velocity is fedback to close the control loop. This control loop feedback
mechanism will enable us to achieve better precision and wider bandwidth. The results
presented further are obtained after a thorough tuning of the PID controller parameters.
The result of the USM’s response to a step input is plotted in Figure 3.2. In this figure,
the desired speed is 10 rad/s, which is a speed close to the maximum speed (12.5 rad/s).
We can see that the response is quite fast as it requires less than 50 ms to reach the final

speed value. The use of the feedback control loop ensures the precision of the scheme.
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Figure 3.2: Speed response of the USM to a step command

The USM’s response to sinusoidal inputs of different frequencies was tested. The 3dB-

bandwidth was estimated at about 25 Hz. Figure 3.3 shows the Bode diagram in this case.
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The main factor limiting the bandwidth is the 10 ms latency interval required when

changing the direction of rotation.

01 1 10 100

-10 A

15~ Frequency (Hz)

0.1 1 10 100

-45

Phase (deg)

-90 4
Frequency (Hz)

Figure 3.3: Bode diagram for USM speed response

In order to estimate the influence of this delay, other experiments were carried out
without proceeding to a change in the direction of rotation. Therefore, an offset was
added to the previous sinusoidal command so as to avoid zero crossing and the amplitude
was not changed. This will ensure the consistency of the comparison. With this command,
the bandwidth is found to be about 50 Hz, instead of the previous 25 Hz. Figure 3.4
shows a comparision between the speed responses with zero-crossing and without zero-

crossing at a 25 Hz frequency.
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Figure 3.4: Speed response with zero-crossing (up), and without (down)

The USM’s drawback seem to be due to the driver itself. Other research done on USM
drivers [35, 37] using a phase difference control approach instead of a frequency control
approach to drive the USM had the USM running without facing a minimal value for the
USM rotational speed or any need of waiting 10 ms when changing the direction of
rotation. Therefore with a more sophisticated driver, the experimental results show that

we can expect a wider bandwidth.
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3.2 Magnetic Particle Clutch

This section deals with the torque characteristics of the MPC. In the whole section, the
USM will not be active. The output torque of the MPC will therefore be a resistive torque.
As we do not have any torque sensors, we will measure the resistive force applied by the
MPC to the first link of the arm. The resistive force can easily be measured with the force

gauge placed at right angle to the link, and mounted with the appropriate implement, by
the following formula: F = % . The resistive torque of the MPC can then be deduced. The

setup is shown in Figure 3.5

MPC

arm link

force gauge

H(E\_—_ 1
—
-e._ W S
u

t square
;’I/'[ sE

Figure 3.5: Torque measurement setup

3.2.1 Input-output characteristic

In this subsection, we will evaluate the current - torque profile of the MPC. The MPC’s
input current was increased from 0 to maximum and then decreased from maximum to 0.
For each value of current, the resistive torque was measured. Figure 3.6 shows the current
- torque curve of the MPC, which is a typical hysteresis curve. The hysteresis nature of

the characteristic will affect the performance of the device.
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Figure 3.6: Current - torque characteristic of the MPC

The curve presents an S-shape as stated in the datasheet (Figure 2.3). However the
saturation of the torque occurs earlier than expected. Indeed the force measured at the
link corresponds to only 75% of the maximum torque of the MPC. Measurements done
on the other MPC showed that only 65% of the torque was transmitted from the MPC to
the link. This probably comes from the flexible coupling whose maximum torque is not

high enough.

3.2.2 Dynamic performance

Here, we analyze the MPC response to step inputs. The maximum input value will stay
within the range defined above. The output is the resistive torque transmitted by the MPC
to the link.

Figure 3.7 shows the response to a step input. There is a response delay of about 30 ms,
which was predictable as the datasheet informed us about this (unforced response 25 ms).

Apart from that, the response is similar to a typical passive first order system. The main
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observation is the slow settling time of the MPC, which will be the main limitation to the
bandwidth.
J/_/_\_N\W

————— 50% input current -
/ S90MPS-24MC

054 20% input current -
/ S90MPS-24MC

Torque (Nm)

0 200 400 600 800 1000
Time (ms)

Figure 3.7: MPC response to torque step input

From the above observations, we can point out the following limiting factors. First, the
hysteresis effect will reduce the performance of the interface, its precision in particular.
Second, the nature of the rotational joint between the arm link and the output shaft of the
MPC limits the torque transmission. Lastly, the MPC’s settling time is slow, which
reduces its bandwidth.

However, these drawbacks can be dealt with. The use of torque sensors to measure the
torque at each link can improve the precision. The value of the torques can be fedback to
the computer and used in a control loop, thus ensuring better precision. Provided a good
tuning of control parameters, the response speed and the bandwidth can be improved as

well. Better joints could improve the maximum transmitted torques from the MPC to the

links.
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3.3 Haptic device

In this subsection, we will mainly analyze the effect of the USM’s minimum and
maximum velocities on the performance of the haptic device. The speed ratio of a motor
is defined to be the ratio of the minimum velocity of the motor to its maximum velocity.
In the case of the USM, the ratio is 1:6.25. This low ratio will raise an issue on the

velocity directions that can be given to the tip at certain positions. Indeed, the linear

Z
velocity is linked to the angular velocity by[é1 J =J" [
y

2

xj. We will assume that J ' is

always defined, as the singular configurations will not occur because of the travel

limitation and the mechanical stop. For the tip to follow a straight line, the ratiol. must
X

be a constant, say K € R . That is,

6, _ ) 1 % - (K -cos(6,) +sin(6,))
6,) " (K-x) L-sin@,-6,) & (-K-cos(6,)—sin(6,))

This leads to the condition

ﬂ __K-cos(6,) +sin(6,)
0, K-cos(8,)+sin(6,)

()

for achieving a straight line.
For example, let us choose K =0, which means the tip will move along 3 In that case,
6

il

0,

(2) yields ﬁ = _M
0,  sin(6,)

. Then —> o when 6, >0, (unless 6§ — 0 ). The

problem is that the maximum ﬂ ratio based on our USMs is 127'5, so when 6, - 0, it is
2
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not always possible for the arm to move along 3 This example can be extended to any

other directions. Therefore, in some configurations, directions which require big —-

ratios cannot be followed.

2

Figure 3.8 contains some figures showing the possibility of achieving some velocity

direction according to the position of the tip.

0r
. O Wb, o along ]
Ju%f/ﬁf s
w0t TR
W
10 S
S
g o .u!mm})))})))»
= é rf
) R
-20F /'-‘fé";;{”
o ':g.\ 9
llllllll .'.,..\\\\\\\.\\%\%ﬁ"
’ I ‘ ‘ . . ‘
0 5 1 o ' 25 30
Eaciys
0r "
iy, Motion along 14
s
0t /H
10r
S
3 x/}f’f’j
. S,
-10F kY \\‘:;‘:‘\ﬁ\f;‘}g"l
nnp
20 e
e u\\\\'\\\\\\\\\“\“
i : . = 20 25 30
¥ (T

Y (Crm

¥ (crm

20F

Sk

-30

0r

TreVithipyy, I.’I,I////I/’ s

r

- -m-.-u”;’/f'//// Motion along i
0+ |

THR )

- i

10 @ ""};5,{ ég,! ;},!
of .mmn))))l) )>>\>\}“';}‘g;
i)
B
-0+ V
JRRECTL) \-\\-.\\\h‘&\

-30 Iﬁ 1 ID 1 |5 2.D QIE BID

o, Wotion along 1-]
% -,

) :f‘?‘j\\ﬁ
e

4!/ ?;,,

e o z‘%? ]
:uli)]}})}))m\;}\

“ "
b
/{;':"J’I 4 aif;_,‘j—é
P
. .......\“\\.\\.‘x,\\&‘\;ﬁ%"‘%"R
5 10 = - " 3y
# (i)

Figure 3.8: Achievable velocity directions (black) and non-achievable directions

(yellow)

In spite of the good dynamic behaviour of the USMs, their use will from now on be

restricted. They will be used for giving the direction of the force when rendering active

force. The USM requiring the slower rotational speed will be set to its minimum speed,

and the other USM’s speed would be set according to (2).
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4. HAPTIC INTERFACE EVALUATION

In this chapter, we will evaluate the performance of the interface. For that purpose, we
will base our evaluation on the three necessary criteria for an effective interface by
Massie and Salisbury [33] when they tested the Phantom® device. The data resulting
from these criteria can usually be found in the specifications of haptic interfaces. In
addition, we will also present other data and experiment results to give a deeper

evaluation of the performance of our interface.

4.1 Evaluation according to the three necessary criteria

4.1.1 Free space must feel free

This is the first criterion. When free space is simulated, the interface must not affect the
user. Ideally the user should not feel the resistance. It results in the following
requirements: little backdrive friction and low inertia.

The friction is the lowest when the MPCs are not excited. In that situation, the resistive
force at the tip of the arm is the backdrive friction. The resistive force depends on the
configuration of the arm (see appendix for more details). We will consider as relevant for
our interface the results we find when the links of the arm are orthogonal, and the tip is
placed on the x axis. The user will be mostly moving around this position. The position of
the tip in this configuration will be called the nominal position. Measurements performed
with the force gauge showed that the backdrive friction is about 0.4 N in nominal position.
We now have to evaluate the inertia of the arm. The nature and geometry of the links of
the arm were chosen such that they would have low inertia. To estimate the inertia of the

device, we have to measure the value of the inertia parameters in the dynamics of the
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system. Details on predictions, experimental results and apparent mass calculation are

given in the appendix. Predictions gave inertia values of 4-10*kg.m” and 8-10 *kg.m’

for the different parameters. Results gave 6-10*kg.m” and 1-10” kg.m” .The results are

larger than predicted because the predictions did not take into account the influence of the
rotational joints between the links. The resulting apparent mass of the interface in

nominal position is 15 g in the x direction and 45 g in the y direction.

4.1.2 Solid virtual objects must feel stiff
The aim of this subsection is to estimate the maximum stiffness achievable while the

interface remains stable. Stiffness is the resistance of an elastic body to deformation by an

applied force. Assuming a linear model, it links the force to the deformation by F =k - d,
where k is the stiffness of the body and d the penetration within it. Once the body is
deformed, it will react by applying a force in the opposite direction of its deformation.
Therefore the force rendering stiffness is active, and will require the use of the motors.
The torque of the MPCs will be given according to 7 =J" - F , with F =k-d , while the
direction of the force will be set by the USMs. The body will be placed such that the
contact with the tip will occur around the nominal position.

The estimation of the maximum stiffness achievable is difficult, as it is a subjective
criterion [29]. In our case, the user will hold the tip of the arm with his fingers and will
move the tip towards a virtual wall modeled as a spring with high stiffness. When the
user is in contact with the virtual wall, he will either feel comfortable or feel oscillations.
The maximum stiffness occurs before the user feels any oscillations. For each user, the

stiffness was increased till he felt oscillations. For our interface, four different users were
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asked to perform the experiment, and we evaluated the maximum stiffness at 15000 N/m.
Under this value, every users felt comfortable. Figure 4.1 shows the position of the tip
when going towards contact with the wall, when the stiffness simulated is 15000 N/m, for
one random user. We can notice that the trajectory of the tip is close to a straight line

during the whole course of the contact.

0.5

i 1000 2000 auno

Penetration (Cm)
[}

05
Time {ms)

Figure 4.1: Maximum achievable stiffness

4.1.3 Virtual constraints must not be easily saturated

A haptic interface must be able to resist the force applied by the user. If a wall is
simulated, the user must not be able to go through the wall. In order to estimate the force
capability of our interface, we measured its maximum peak force and its maximum
continuous force. These forces were measured with the tip placed at the nominal position.
The values will vary according to the nature of the force. We will therefore differentiate

the cases of active force and passive force.
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For active forces, the maximum peak force was measured as follows. The MPCs torque is
set to their maximum allowed value (60% of rated torque). Then the USMs are turned on,
and the force gauge measures the force at the tip. Therefore the force measured is an
active force. It is the maximum peak force as the motors cannot maintain this force and
will stop due to overloading. Measurements gave 6.5 N.

A similar strategy was followed to determine the maximum active continuous force. We
adjusted the value of the MPCs torque to the USMs rated torque, and we let the USMs

run continuously for one minute. The maximum continuous force measured was 3.2 N.

In passive mode, different values were found. Our interface enables us to simulate
resistive forces such as viscous damping or Coulomb friction without requiring the USMs.
The MPCs alone can simulate these forces. The resulting forces will be passive, stable
and safe for the user. To measure the maximum forces, the MPCs torque was set to their
maximum allowed value (60% of rated torque). The maximum peak force and the

maximum continuous force were both 6.5 N.

4.1.4 Comparison with other interfaces

The most common haptic interfaces we can find are the ones from the Phantom® series.
They are quite similar to our device in terms of workspace (considering two dimensions)
and size. Therefore we will use two models of the Phantom® series as reference for
comparison purposes. We will also compare our device to another popular desktop
interface, the Omega.3, which is a parallel device as opposed to the Phantom® which is a
serial device. The Phantom® and Omega.3 interfaces use DC motors as actuators,

Omega.3 using more powerful motors then the Phantom®.
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Table 4.1 draws the comparison for the different parameters estimated above [41, 42, 43,

44].
Table 4.1: Interfaces comparison
Our Phantom® Phantom®
interface CEges Desktop™ Oomni™
Backdrive 04N 0.15 N 0.06 N 0.26 N
Friction
Apparent mass
at the tip 45 ¢ 2204¢ 45 ¢ 45 ¢
LBy 15000 Nm 14500 Nm 2350 Nm 1340 Nm
Stiffness
Maximum Force
(Nominal 6.5N 12N 79N 3.3N
Position)
Continuous
Force (Nominal 3.2N 12N 1.75N 0.88 N
Position)

We can see that apart from the backdrive friction, the interface has quite good results.
Our interface has a higher backdrive friction than other interfaces. This is merely due to
the backdrive torque of the MPC. The apparent mass at the tip is similar to the Phantom®
devices while the Omega.3’s is much higher, as it uses more powerful motors which
cause more inertia. However a direct comparison can not be relevant as other devices
have more DOF, therefore more links and more inertia involved. However it shows that

the inertia of our interface is good.

As for the maximum stiffness, the interface shows good improvements compared to
Phantom® devices. Indeed our interface can simulate stiffness 6 times greater than the

Phantom® Desktop™ 1.0 and 10 times greater than the Phantom® Omni™. The
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interface’s maximum stiffness is about the same as the Omega.3. For the Omega.3, the
high maximum stiffness is due to its parallel structure and the use of more powerful
motors, what increases inertia, thus stiffness. Our interface has a high stiffness while
keeping a low inertia. There are mainly two explanations for that. First, the use of the
MPCs as natural dissipative elements helps the interface to absorb the extra energy from
the USMs and the user, thus improving the interface stability. Second, the parallel

structure also helps increasing stiffness.

Lastly, we see that the active force characteristics of our interface are good. The
maximum force is slightly lower than the Phantom® Desktop™ and the Phantom®
Premium™ and the continuous force is much higher than for other Phantom® devices.
This is due to the use of USM, which has higher rated torque than common electric
motors at equal size. When simulating passive forces, the advantage of using the MPC is
even greater as it can continuously simulate a force of 6.5 N. The Omega.3 is obviously

more powerful than all other interfaces.

From these comparisions, we can see that our haptic interface fullfills the three necessary

criteria and has significantly good results for criterion (2).

4.2 Force bandwidth

Here we estimate the force bandwidth of the arm. The arm will be subjected to force
commands. The force will be an active force produced by the USMs and will be
measured at the tip of the arm by the force gauge. The experiments were carried out in

different configurations of the arm.
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First, the response of the tip to a force step input is investigated. At first, the MPCs are
not excited. Once the USMs are running, a step command is sent to the MPCs. This will
result in a force step input. Figure 4.2 shows the force response of the tip to a force step
input at nominal position. We notice that the settling time is quite slow. This is due to the

MPCs who have a low settling time as we saw before.

- ——— Force Response

Force (N)
N
(6]
N

0 250 500 750 1000
Time (ms)

Figure 4.2: Response of the tip to a force step input

Then the response to sinusoidal inputs is investigated. This time, the MPCs are excited at
the beginning. The reason of this excitation is to give an offset value to the sinusoidal
command. When the USMs start running, a sinusoidal command is sent to the MPCs. The

3dB-bandwidth could then be measured. We found a bandwidth around 2 Hz. Figure 4.3
shows the frequency response of the tip where r is the ratio of measured force to desired

Fqa

force.
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Figure 4.3: Magnitude Bode diagram

This force bandwidth is narrow because of the slow responsiveness of the MPCs. [46]
and [47] claimed to have achieved over 100 Hz and 48 Hz respectively. However Brooks
[39] showed that the human operator’s perceivable bandwidth is 5.6 Hz on average. The
use of force sensors for feedback will probably increase the bandwidth enough to exceed

this value.

4.3 Force-field simulation

Here we will use our haptic interface for simulating different force-fields that were taken
into account in other studies as additional criteria. Experiments were made involving
three other users. For each force-field simulated, they would give their feeling on the

interaction.

4.3.1 Free space
When free space is simulated, the user must not feel any resistive force. The first step to
achieve good free motion experience comes from the mechanical design. The interface’s

inertia should be low and its backdrive friction little. In our interface, we saw that these
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parameters were acceptable compared to other devices. Therefore, the user does not
really feel restricted when he moves.

In order to improve the free feeling, we tried to help the user in his motion by using the
USMs during the free space simulation. The USMs were set to their minimal rotational
speed (2 rad/s), and the MPCs were not excited, thus their resistive torque remained to
their backdrive friction torque. Therefore the tip is driven at the backdrive friction force
during its motion. The sense of rotation given to the links by the user manipulating the tip
is tracked by the encoders. The USMs will be commanded such that their sense of
rotation is the same as the links they actuate. In fact, the interface will help the user in his
motion by providing a low force at a low speed. As the MPCs are placed between the arm
and the USMs, they will ensure the force is constantly minimal, regardless of the USMs’

torque. We hope this strategy will improve the user’s free motion sensations.

It is quite difficult to find a relevant way to illustrate the efficiency of a strategy for free
motion as it is mainly based on feeling. We tested the strategy on three users. After
giving some time to them to familiarize with the interface until they felt comfortable with
it, they were asked to follow different paths without the help of the USM. After that, they
were asked to familiarize with the haptic inteface’s behaviour with the help of the USMs.
And asked to move again along the same paths. In both situations, their trajectories along
the paths were recorded. Results for a straight path are shown in Figure 4.4. We can
notice that the trajectories are smoother with the help of the USMs. Moreover, the user is
also able to move faster and doesn’t feel any opposition. However in paths involving a
change of direction, users complained about an odd behaviour as the motors were

changing direction.
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Figure 4.4: Trajectory of the tip when the user tries to follow a straight path with
the help of the USM (left) and without (right)

4.3.2 Wall

Wall simulation is a common test to evaluate the quality of a haptic interface [45, 47, 48].
This test gives an idea on the performance of stiffness simulation and on the
responsiveness of the interface. In our experiments, the walls were simulated by adding
stiffness to them. According to [33], the user is convinced he is facing an unmovable wall
for a certain stiffness value, lower than the maximum stiffness. Reducing stiffness offers
a better stability when the speed impact is high and the force is strong. For determining
the stiffness used for simulating the wall, we had to find a compromise between hard stop

and good stability. This value depends on many factors as pointed out in [49].

In our experiments, the torque of the MPCs will be given according to 7 =J" - F , with
F =k-d , while the direction of the force will be set by the USMs. After trying different
stiffness values, we fixed the stiffness value k to 2000 N/m and let the three users interact

with the wall. They agreed they felt stopped by the wall and could move smoothly along
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the wall. However when they felt in contact with the wall, they had already penetrated
and gone beyond the wall, because of the slow force response of the interface. Figure 4.5
shows how fast the velocity decreases when the tip reaches the wall and Figure 4.6 shows

the penetration of the tip in the wall and the motion along it, in the case of one random

user.
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Figure 4.5: Velocity of the tip before and after encounter with the wall
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Figure 4.6: Wall simulation with stiffness of 2000 N/m

4.3.3 Coulomb friction
Friction is the force resisting the relative motion of two surfaces in contact. It occurs for

example when someone is pushing a crate on the floor. The resistive force of the floor on
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the crate will be constant and opposed to the movement direction. Jex [47] considered the
simulation of Coulomb friction as a critical test in addition to the three necessary criteria.
Unlike active interfaces, our hybrid interface can naturally provide stable passive force
simulation due to the presence of the MPCs. To simulate Coulomb friction, we give a
force step input to the MPCs when the user comes into contact with the item he has to
push, and we maintain it while he is pushing. Once he stops pushing, the force input is set
back to 0. Three different users tried to push the virtual crate.

Figure 4.7 shows the simulation of Coulomb friction occurring in nominal position for a
random user. At first the user moves freely towards the item he will have to push, then he

will push the item, and lastly he will stop pushing and will move away from the item.
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Figure 4.7: Simulation of friction

Results proved to be really good. The force remained more or less constant throughout
the pushing, once it had reached its constant value. Users really felt the constant
resistance. Contrary to active interfaces, the movement is perfectly stable as only the
passive MPCs are working, and users are comfortable when alternating between pushing

and “resting”. However, it takes some time to reach the final force value.
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5. CONCLUSION AND FUTURE RESEARCH

A general purpose two-DOF haptic device was developed for interacting with virtual
environments. It was compared with other common devices and tested through the
implementation of several force-fields. Its originality lies in the nature of its actuators.
Instead of the usual active actuators, the actuators are hybrid actuators, composed of an
active actuator, the ultrasonic motor, and a passive actuator, the magnetic particle clutch.
The haptic interface proved to be an efficient interface with augmented stability and good
simulation capabilities.

USMs proved to be a good alternative to conventional electromagnetic motors. It has low
inertia, compactness and good dynamic capabilities, and its continuous force is much
higher, hence stronger forces can be simulated continuously. However it also has several
drawbacks, the most important being its low speed ratio.

The use of MPCs improved the stability to the interface. The passive force fields
simulated here are naturally stable, contrary to those based on active interfaces. It also
brought better stiffness capabilities to the user, thus giving better simulating capabilities
for active force fields. However it is also the limiting factor of the interface as its low
force-bandwidth limits the responsiveness of the interface and its hysteresis reduces its
precision.

In the future, an important improvement that can be made is the use of torque sensors for
feedback. It can increase the bandwidth and the precision of the MPC, thus improving the
force response. Improvements in USM drivers will allow an increase of the speed ratio

and of the bandwidth by reducing the latency when changing the direction of rotation.
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Appendix: Arm Model

Dynamic model
For deriving the dynamic equations of the arm, we will make the following assumptions:
(1) The system will be considered as a symmetric planar system.
(2) The joints and links are considered perfect: they totally transmit torque and
motion with no friction, no stiffness and no backlash.
(3) The gravitational effects can be neglected.
(4) The density throughout the links is constant.
Let 6; and 6, be the coordinates mapping the first two links of the system, and Q; and O,
the moments associated. Under (1), let L be the length of each link, m its mass and I its
inertia along z axis.

¥

Figure A.1: Coordinates and moments definition
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First, let us calculate the kinetic energy K; of link i:

2
sebe(baf o

2
KZ:%-m-[%-ézj +%-1-(0’2)2

For link 3, we have to find the velocity of its centre of mass. Therefore, we first derive its

position.

(X3J L-cos(8) +%- cos(6,)

: L .
L-sin(6,) + 7 sin(6,)
Then we get the velocity by derivation,

: . . L .
[J-%j —6,-L-sin(6,)-0, -E-sm(&z)
V3 91~L-cos(6’1)+92-%-cos(02)
and we deduce the squared amplitude of the velocity
v (- LY .
v =(6-1) +[92 'Ej +12-6,-0, cos(, - 6,)

Lastly, we have the kinetic energy of link 3:

2
K, :%-m-((él -L)2 +(92 %) +17-6, -6, cos(b, —01)]+%-I-(€1)2

By symmetry we can deduce the kinetic energy of link 4:

2
K, =%-m-((92 ~L)Z +(91 %j +17 01 -0, COS(@Z—QI)]+%‘I'(92)Z
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Therefore the total kinetic energy of the system is
K=K +K,+K,+K,

K=(I+%~m-L2j~91 +(I+%-m-L2J~92 +m-L*-cos(6,—6,)-6,-6,

Considering assumptions (2) and (3), the potential energy of the system is null. As a

consequence we can write

d(oK) oK
0 ="\ a0
dt\ 06, | 06,

d(oK) oK
0= o |-
dr\ 06, | o0,

By definition, Q; = 7;. Further calculation of Q; yields

a—K=(I+§'m'L2j+m.L2 ~cos(6, _91)'6)2
06, 4

d (oK j i ), —6,)-6
E(a_éjzm.ﬁ.cos(ez—el)-ez—m-Lz-sm(@—@)-(ﬁz—@l)'@z
5_91=[1+Z'm-L2j’6’1+m-L2-s1n(6’2—91)'91‘6’z

0 =1 :(I+%-m-L2j-él +m-12-cos(d, —6,)-6,—m-L* -sin(6, — 6,)- 0,
Symmetrically
0, =1, :(I+%-m-L2j-é2 +m-12-cos(6,—6,)-6,—m-L* -sin(6, - 0,)- 6,

The dynamics of the arm is finally given by

7)) A B-cos(6, - 6,) . 6,
7, - B-cos(6,-6,) A 0,

. 0 ~B-sin(6, -6,)-6, | (6,
~B-sin(6, - 6,)-6, 0 0,
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where A = (I+%-m-L2] and B=m-L°.

Inertia
Under assumption (4), the inertia I can be calculated considering the links as rectangular
plates (what is not quite exact as the links are roundish at their ends) and without taking

into account the inertia of the rotational joints.
m
I=— (L’ +1%)
12

where 1 is the width of the link and L its length.

Application to the device
Knowing the arm was made of aluminium, and knowing the dimensions of the arm, the

mass m and the inertia I of each link could be evaluated, in order to have an idea of the
values of A and B. Using m=p, -Volume , where p, =2.7g.cm” represents the

density of aluminium, we found m = 22 g, and I = 0.5 kg.m*>. We could then deduce an

approximate value of A and B:
A=8-10""kgm’
B=4-10"kg.m’
During experiments, the parameters were calculated as followed:

e Parameter A: The maximum passive torque was applied to one link,

preventing it from any motion. The dynamics will then be reduced to

o A-0
7,) \B-cos(0,-6,)-6,—B-sin(6,-6,)-60,
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Fixing 7; and measuring the acceleration, A can then easily be deduced: A =1-10"kg.m” .
Using a symmetric procedure showed the arm was symmetric regarding A.
e Parameter B: The arm was set nearly to full extension, making 8, -6, =0 .

The dynamics will then be reduced to

7,) (A B)(§
7, B A 6,
Fixing 7; and 7,, and measuring the acceleration, B can be deduced: B = 6-10"kg.m?,

and symmetry was proven.

Jacobian
To derive the Jacobian J, we should first derive the position of the tip, and then deduce

the velocity:

x) (L-cos(6)+L-cos(6,)
y) | L-sin(6,)+L-sin(6,)
[xj_ —6,-L-sin(6,) -6, -L-sin(6,)
y - 6’1~L-cos(01)+6’2-L-cos(6’2)

Lastly, we get the Jacobian

oL [— sin(6,) —sin(6, )J
cos(d,) cos(6,)

Apparent mass

The apparent mass matrix is given by M =J" -17'-J, where M is the apparent mass

matrix, J the Jacobian, and I the inertia matrix. The apparent mass will therefore depend
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on the configuration of the arm, and on the direction. We will estimate the apparent mass

T

in nominal position, what results in 6, — 6, = > and 6, = n Therefore we have

{21

TR

LY (-11 1 A -B)(-11
2 1 1) A -B* (B A1 1
o -1 1\(B-A A+B
2.(A?-B*)|l1 1) A-B A+B
~ 12 2-(A-B) 0
2. (A2-B? 0 2-(A+B)
LZ
M = A+B
0 5
A-B

We can now replace the parameters by their value. We deduce 15 g for the apparent mass

along x and 45 g along y.

Force profile

The force that the interface can simulate depends on the configuration of the arm. An

example of the variation of the force will be given here in a particular case.

We will measure the force in the following configuration: 8, =—6, . The torques will be

set such that 7, =—7, =7 The formula transforming the forces at the tip in the torques
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applied is given by z=J"-F which yields F=(/")" -z if (J7)' is invertible.

Explicitly written, it yields

F ~ 1 cos(6,) —cos(4,)) (7,
F,) Lsin(@,-6,) \sin@,) -sin@,)) z,)

In our particular configuration, we have
F, _ 1 cos(6,) —cos(6,) T
F,) Lsin(2-6,) (sin(8,) sin(@,) ) (-

F 1 . 2-cos(b,) T
F, ) Lsin(2-6,) 0

y

The resulting force can be measured along the x axis.

The distance d of the tip from the actuating base of the arm is given by:

d= \/(L -(cos(6,) +cos(8,))* +(L-(sin(6,) +sin(é,))* .

After reduction, it gives:
d=2-L-cos(6,) (4)
Now, we will modify the expression of F:

_ 2-cos(6,) .

" L-sin(2-6,)

_ 2-cos(6,) o
2-L-sin(d,)-cos(b,)

B T

" L-sin(6,)

3 T

_L-\/l—cosz(ﬁz)
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We can see how the force changes when the distance changes. The curve is plotted in
Figure A.2. We can see that the experimental result is quite close to the prediction. There
are therefore no significant losses in the transmission of forces due to the structure of the

arm or to the rotational joints between the links.

50 -
45 1
40 |
35 |
30 |
25 |
20 1
15 |
10

Predicted Force

——— Measured Force

Force (N)

Distance (cm)

Figure A.2: Force at the tip vs distance from center of rotation

Force-field simulation
The implementation of force-fields requires us to use the relation transforming the motor

torques in the force at the tip of the arm. This relation is given by

7, L —sin(,) cos(6,)) ( F.
r,)  \=sin(@,) cos(8,)) | F, )

So for a given force F, the USM torques 7,and 7, can be computed using the equation

above.
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