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You must take this exam independently, without assistance from anyone else. You may bring
in a calculator and two 8.5”!11” sheets of notes for reference. Aside from these two pages of notes,
you may not consult any outside references, such as the textbook or the Internet. Any suspected
violations of Penn’s Code of Academic Integrity will be reported to the O!ce of Student Conduct
for investigation.

This exam consists of several problems. We recommend you look at all of the problems before
starting to work. If you need clarification on any question, please ask a member of the teaching
team. When you work out each problem, please show all steps and box your answer . On problems
involving actual numbers, please keep your solution symbolic for as long as possible; this will make
your work easier to follow and easier to grade. The exam is worth a total of 100 points, and partial
credit will be awarded for the correct approach even when you do not arrive at the correct answer.

Points Score

Problem 1 20

Problem 2 20

Problem 3 15

Problem 4 20

Problem 5 25

Total 100

I agree to abide by the University of Pennsylvania Code of Academic Integrity during

this exam. I pledge that all work is my own and has been completed without the use

of unauthorized aid or materials.
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Project 1 : PUMA Light Painting



















Very useful comments.  Please complete by Sunday.



Homework 5: Input/Output Calculations for a Real Robot

MEAM 520, University of Pennsylvania
Katherine J. Kuchenbecker, Ph.D.

November 13, 2012

This assignment is due on Tuesday, November 20, by 5:00 p.m. sharp. You should aim to turn the
paper part in during class that day. If you don’t finish until later in the day, you can turn it in to Professor
Kuchenbecker’s o!ce, Towne 224. Late submissions will be accepted until 5:00 p.m. onWednesday, November
21, but they will be penalized by 25%. After that deadline, no further assignments may be submitted.

You may talk with other students about this assignment, ask the teaching team questions, use a calculator
and other tools, and consult outside sources such as the Internet. To help you actually learn the material,
what you write down should be your own work, not copied from a peer or a solution manual.

SensAble Phantom Premium 1.0 (60 points)

This entire assignment is focused on a particular robot – the SensAble Phantom Premium 1.0. As shown
in the photo below left, the Phantom is an impedance-type haptic interface with three actuated rotational
joints. Designed to be lightweight, sti", smooth, and easily backdrivable, this type of haptic interface enables
a human user to interact with a virtual environment or control the movement of a remote robot through the
movement of their fingertip while simultaneously feeling force feedback.
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A thimble is attached to the tip of the robot via a passive non-encoded three-axis gimbal to allow the user
to move the robot around while freely rotating their fingertip. As shown in the diagram above right, the
Phantom haptic device looks similar to the standard RRR articulated manipulator base, but it uses a unique
four-bar mechanism to co-locate the shoulder and elbow joints while also keeping the upper arm and forearm
in the plane that intersects the axis of the waist joint.

Each of the four questions below includes both a written explanation and the programming of a specific
Matlab function. For the paper parts, write in pencil, show your work clearly, box your answers , and staple
your pages together. For the programming, download the starter code from this assignment’s page on the
class wiki, change all function and file names to include your PennKey, comment your code, and follow the
instructions at the end of this document to submit all of your Matlab files.
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Due today by 5pm.  -25% tomorrow.  (Some extensions.)
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Teleoperation

• Teleoperation has always been tightly intertwined 
with robotics, especially manipulators.

• Control system design is a primary concern:

• Stability

• Transparency



Teleoperation

Controller

How should we connect the sensors and actuators of the 
master and slave to make the system behave well?



Position-Forward Control



Position-Force Control



Position-Position Control



Position-Position Control

• With two impedance-type (backdrivable) devices, the most 
common controller is position-position, also known as 
position exchange.

• Each device has a desired state (position and velocity), which 
is computed from measured states.

• Separate controllers try to make each device achieve its 
desired state by using the motors to output forces.



Position-Position Control

• When there is no motion scaling and no derivative feedback, 
a position-position controller can be diagrammed as above.

• What happens when one or both of the k’s are zero?  

• If both k’s are positive, it’s a bilateral feedback controller.  
Does the designation of master/slave matter?

• Why not use an integral term in the controllers?



Position Scaling

• You can use a position scaling factor, μ, to scale how the 
master’s workspace maps into the slave workspace.

!xs,des = µ !xm

!xm,des =

ys

xs
xm

ym

• Usually use the same gain in all Cartesian directions.

• Should we scale rotational motion?



Clutching (also called Indexing)

• You can use let the user disengage the master from the slave 
to change the offset between their respective workspaces.

ys

xs
xm

ym

• The offset starts at zero and accumulates during the interaction.

• Usually allow clutching in all Cartesian directions.

• Should we clutch rotational motion?

!xs,des = µ !xm + !xoffset

!xs,des = µ (!xm ! !xclutch)

!xm,des =



Rate Control

• If the slave workspace is very large or even infinite, you can 
use a different type of controller: rate control.

• Use a centering spring to push the user’s hand back to zero.

!vs,des = " !xm

vs,des

xm

• But ... the operator often wants to be able to stop the 
remote robot easily, so add a deadband.

if xm > !, vs,des = "(xm ! !)

else vs,des = 0

else if xm < !!, vs,des = "(xm + !)

!Fm = !k !xm

• Should we use rate 
control for rotational 
motion?



Hybrid Position and Rate Control

• Use a position-position controller in a zone that’s centered in 
the master’s workspace.

• When the user gets to the edge of this zone, transition to 
rate control, which moves the master’s workspace around in 
the remote environment.

• This approach avoids the distinct mode switching that comes 
with clutching.

• What should the user feel if the remote robot hits something 
under rate control?

xm

ym



Time Delay

• Time delays between master and slave will make position-
position control unstable; time delays are unavoidable when 
the master and slave are in separate locations.

• When delays are fixed and known, you can use alternative 
encoding methods, such as wave variables, to avoid instability.

• People then won’t notice delays of about 200 milliseconds, 
but the feel will be deteriorated.

• Can use a predictor to estimate where the user is moving the 
master, to improve responsiveness.

• Can build a model of the remote environment and use that to 
provide haptic feedback locally.

• When time delays become large, operators adopt a “move 
and wait” approach - give the slave more autonomy.



(Niemeyer and Slotine, 1998)

Teleoperation with Time Delay



Questions ?



A teleoperation assignment is 
being planned for homework 6...





Homework 6
(tentative plan)

Test out the Intuitive da Vinci robot in small groups.
(Dates and times will be announced).

Answer a series of questions about the da Vinci.
(Done individually).



A haptics assignment is 
being planned for project 2...





Project 2
(tentative plan)

Program a simple haptic virtual environment that 
can be touched with the Phantom. 

(Details will be announced).
(Done in teams of three).



Something like a box with a stationary ball...



Team Formation
You will work in a team of 3

(33 teams of 3, only one team of 4)

You may not keep the same team as for project 1.  
I strongly encourage you to work with all new people.

If you insist, you can stay with one other person, but beware 
the negative effects this may have on the dynamics of your 

subsequent team.

I encourage you to mix undergrad and grad, MEAM and 
non-MEAM, but this is not required.

Please pick your team soon.    Details out ASAP.   
We will randomly assign people who do not select a team.



Questions ?



Position-Force Control

How can you scale the slave tip force more?



in Force-Reflecting Teleoperation

Katherine J. Kuchenbecker
Günter Niemeyer

Telerobotics Lab

Stanford University

Canceling Induced Master Motion



Canceling Induced Master Motion 45

Telerobotics



Canceling Induced Master Motion 46

Controller Architecture



Canceling Induced Master Motion 47

Position-Force Testbed

Position-Force, lambda = 20Position-Force, lambda = 1Position-Force, lambda = 20Position-Force, lambda = 1



Canceling Induced Master Motion 48

Internal Controller Loop



Canceling Induced Master Motion 49

Induced Master Motion



Canceling Induced Master Motion 50

Canceling Induced Master Motion



Canceling Induced Master Motion 51

Master System Identification



Canceling Induced Master Motion 52

Master Model



Canceling Induced Master Motion 53

Master Model



Canceling Induced Master Motion 54

Master Model



Canceling Induced Master Motion 55

Cancellation Strategy



Canceling Induced Master Motion 56

Position-Force Control with CIMM

Position-Force with CIMM, lambda = 20Position-Force, lambda = 20Position-Force with CIMM, lambda = 20Position-Force, lambda = 20
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Fig. 12. The full model accurately predicts induced master motion during
open-loop display of a pre-recorded force profile, providing a smooth estimate
of user intention,

displayed to a user via open-loop output. During these tests,
the user held the handle of the master device, moving it
forward as though tapping on a remote environment. The
force profile was displayed when the user crossed a position
threshold, and the resulting master motion, , was recorded.
The model was subjected to the same feedback force, , and
its prediction of induced master motion, , was recorded.
The cancellation approach’s estimate of intended user motion
was formulated for each of the tests as

(8)

Open-loop testing indicates that the model adeptly captures
the system’s transient response to force feedback; results from
a sample test are shown in Fig. 12. The induced motion
prediction matches the shape and magnitude of the master’s
observed deviations for a range of force profiles, feedback
gains, and incoming velocities. The resulting estimates of
intended motion are smooth, nearly devoid of evidence of
the applied force transient, supporting our assumption of
superposition. The model’s ability to estimate induced master
motion during open-loop force display bodes well for its use
in a closed-loop controller.

B. Canceling Induced Master Motion

The one-degree-of-freedom telerobotic system in Fig. 9
was used to test the cancellation approach with the identified
model. Position-force control was implemented on the system,
using proportional and derivative feedback on the slave. The
full nonlinear master model was simulated in real time using
forward Euler integration with a time step of 40 s. The
performance of this simple teleoperator was tested with and
without cancellation, setting the force-feedback gain, , to
various values, and keeping the position scale, , at unity.
In these tests, the user tapped repeatedly on the environment,
as though trying to explore its surface.
Fig. 13 shows a single representative contact for each of
the eight testing conditions, illustrating the saturated force
feedback signal, , and commanded slave position, . The

bottom row of figures, which include cancellation, also show
the measured master position, , and the model’s estimate
of induced master motion, . As seen in the first column
of Fig. 13, contact with the environment at produces
nearly identical behavior with and without cancellation. The
force transients decay in about 50 ms, inducing only a small
amount of high-frequencymaster motion. Although stable, this
configuration does not provide the user with significant force
cues.
When the feedback gain in increased to , as shown in
the second column of Fig. 13, the two controllers behave very
differently. Without cancellation, the master experiences sig-
nificant induced motion and the contact transient is prolonged
to over 100 ms. The user experiences this effect as a slight
buzzing on impact, which is completely removed by cancella-
tion. The compensated system accurately predicts the induced
master motion and prevents it from contaminating the slave’s
position command. By , contact without cancellation
creates highly oscillatory force feedback, as the slave makes
and breaks contact with the environment several times. Adding
cancellation provides a smooth estimate of the user’s intended
path for the slave, enabling stable contact under amplified
force feedback. Increasing the gain even further, to ,
brings about contact instability in the uncompensated system.
The violent shaking of the master mechanism is prevented by
including cancellation in the controller, keeping the force’s
settling time at approximately fifty milliseconds. As hoped,
cancellation enables the user to receive amplified environment
force feedback that is not distorted by the dynamics of the
telerobotic system’s internal control loop.

IX. CONCLUSIONS
Force-reflecting teleoperation has historically been plagued
by contact instability, preventing the use of high feedback
gains and leaving the user with faint haptic cues. This
phenomenon can be traced to the dynamics of the master
device, which must simultaneously measure the user’s posi-
tion command and apply force feedback. The position-force
architecture inadvertently creates an internal controller loop, as
force feedback induces motion of the master mechanism that
is not intended as a position command. Large forward and
feedback gains allow high-frequency oscillations to resonate
in this internal controller loop, prolonging contact transients
and ultimately causing system instability.
The controller’s destabilizing inner loop can be severed by
removing induced master motion from the slave’s position
command. The relationship between feedback force and master
motion can be characterized by careful examination of device
dynamics. The resulting model is simulated in real time during
telerobotic interactions, and its output is subtracted from the
measured master position to provide an estimate of user
intention. We demonstrated this strategy on a one-dof master,
building a nonlinear sixth-order model by isolating its suc-
cessive elements and applying standard system identification
techniques. The resulting model, which includes Coulomb and
viscous friction, a novel nonlinear hysteretic linkage stiffness,
and nonlinear skin stiffness, successfully captures the transient
response of the system as held by a user.

Canceling Induced Master Motion

Canceling Results

57
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Fig. 13. Force feedback, , and slave position command, , with and without cancellation for a range of values, keeping . Contacts are stabilized
by canceling induced master motion from the measured master position, , using the model’s real-time estimate, .

Model-based cancellation was found to stabilize contact
on the one-dof telerobotic testbed, preventing the violent
oscillations that traditionally occur at high force reflection
gains. Our approach attenuates the control loop’s induced
motion pathway and allows the system to provide stronger,
more authentic force feedback. The model need not be perfect
to provide these substantial benefits; its ability to describe
the behavior of the master in the high-frequency region of
the oscillations determines the performance improvements
achieved. Our system enabled stable tapping up to a feedback
gain of 15 with approximately constant transient decay time.
While anecdotal evidence suggests that these higher feed-
back gains provide a crisper feel to the user, we look forward
to testing the cancellation approach in real teleoperative tasks.
Future work will explore the importance of changes in the
user’s grip force, employing a grip force sensor to adjust the
user’s dynamic influence in real time. At present, our system
cannot determine how the user is holding the handle, and
a light grip can change the induced motion dynamics and
interfere with cancellation. User parameters could also be
characterized online, reducing the need for extensive offline
tests. Finally, this strategy will be added to each joint of
a multi-dof telerobotic system and tested during realistic
operation to determine its effect on user experience.
The perspective of induced master motion also informs the
process of master mechanism design. All impedance-type de-
vices will allow some level of induced motion, so care should
be taken to consider these dynamics. Generally, minimizing
compliance in the device transmission will limit the induced
motor motion pathway and provide better performance. Inter-
estingly, this treatment of the master system also highlights
the dynamic transmission of the force applied by the motor
to the force experienced by the user at the handle. Having
a full system model could enable the controller to adjust

the feedback signal and counteract intervening transmission
dynamics. We hope that this process of modeling and can-
celing induced master motion will enable future teleoperators
to portray haptic interactions more authentically, allowing the
user to telerobotically feel the full spectrum of forces that is
available during real interactions.

APPENDIX

+

+

+
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Human User

Master

Comm.

Slave

Environment

Fig. 14. Cancellation of induced master motion is implemented via in
the general architecture for teleoperation.

Cancellation of induced master motion can also be un-
derstood by formulating it in teleoperation’s four-channel
architecture, which was first presented by Lawrence [13]
and expanded by Hashtrudi-Zaad and Salcudean [33]. Such
formulation requires three additional assumptions. First, linear
models are used for the human, master, slave, and environ-
ment. Second, an impedance causality is assigned to both
the human and environment. And lastly, human forces and

Canceling Induced Master Motion

Additional Results

58



Canceling Induced Master Motion 59

Conclusions

Canceling induced master motion stabilizes contact

Enable strong, realistic force feedback

Controller’s inner loop limits stability



Canceling Induced Master Motion 60

Questions?



Teleoperation

Controller



Forward Path Alternatives

• Cancel induced master motion to keep the system stable for 
high gain force feedback.

• Use a virtual slave to impose constraints such as joint limits, 
maximum velocities, and singularity avoidance.

• Change the apparent dynamics of the slave through local 
force-feedback: pseudo-admittance.

• Measure and send the impedance of the user’s hand, so that 
the slave robot responds as the human hand would: stiff for 
precise position control and loose for imprecise movement.



Feedback Channel Alternatives

• Historically, there has been so much attention paid to 
position and force.

• It’s important to remember the capabilities and preferences 
of the human user.

• Tactile feedback is starting to be used more for teleoperation.
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Position-Position Control

How can you give the user a better feel for the environment?



Position-Force Control + Vibrotactile Feedback

Kontarinis and Howe, 1995.



Kontarinis and Howe’s System
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Kontarinis and Howe, 1995.



Position-Position Control + HFAM

Kuchenbecker and Niemeyer, 2006.



Comprehensive Evaluation
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Comprehensive Evaluation

• Characterizes the entire system at once.

• Elucidates the linearity and time invariance of the 
user-device system.

• Can yield a high-order linear model that captures the 
dynamics but lacks physical significance.



Position-Position Control + HFAM

Kuchenbecker and Niemeyer, 2006.



Real-Time Signal Processing
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Teleoperation Testbed



Teleoperation Results: Tapping

Position-PositionPosition-Position with HFAM



Teleoperation Results: Tapping

Position-Position Control With Acceleration Matching



Teleoperation Results: Texture

Position-PositionPosition-Position with HFAM



Teleoperation Results: Texture

Position-Position Control With Acceleration Matching

Interesting, except:
Not totally robust, easy to destabilize

Dynamic model changes a lot with configuration



Penn Research
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Penn Research

McMahan and Kuchenbecker, 2009.
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McMahan and Kuchenbecker, 2009.



Penn Research

McMahan and Kuchenbecker, 2009.
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We have discovered and 
refined a practical way to add 
high-quality touch feedback to 

robotic surgery.











• Three-axis accelerometers are inexpensive and reusable
• Placement within the robot’s sterile drapes avoids sterilization
• Sensor mounts can be modified to attach to any rigid instrument







speaker

• Voice coil actuators are inexpensive and reusable
• Chosen placement on the control handles avoids interference
• Actuator mounts can be modified to attach to other hand controllers
• Auditory feedback through speakers is even simpler
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Fig. 5. Signal flow from measurement of tool contact accelerations to haptic and audio presentation of these vibrations.

The three filtered acceleration signals are summed on
the accelerometer board in order to capture vibrations
in all directions. As discussed in [39], the human hand
is not sensitive to vibration direction, and summing
multiple signals adequately preserves their temporal and
spectral features. The summed signals are amplified
with a gain of 10 V/V to increase the signal-to-noise
ratio during the wired analog transmission across the
operating room to VerroTouch’s main processing unit
located near the master console.

The main unit houses a power supply (± 15 V, 2.5 A)
and processing circuity to filter and amplify the accel-
eration signals coming from the left and right sensor
modules. For audio feedback, these signals are immedi-
ately routed to the stereo speakers, which feature their
own amplification control. For haptic feedback, the accel-
eration signals first pass through an adjustable voltage
amplification stage. The gain of this stage is controlled by
the surgeon via a knob mounted to the master console,
as shown in Figure 1. This knob is connected to a dual
potentiometer that adjusts the gain of this amplification
stage on both the left and right channels from 0 V/V
(which results in no haptic feedback) to 0.7 V/V. A
fourth-order Butterworth filter with a pass band from 10
to 1000 Hz shapes the frequency response of the system
to remove drift and noise. The final current amplification
stage has a transconductance of 1 A/V, converting the
voltage signal into a corresponding current output. The
current passes from the VerroTouch main unit to the
voice coil actuator, recreating the original tool acceler-
ations and completing the signal transmission line.

4 SURGEON USER STUDY DESIGN

We conducted a human subject study to experimentally
evaluate the effect of the audio and haptic feedback pro-
vided by the VerroTouch system on user response and
task performance. The study was designed for surgeon
participants to ensure the applicability of the results.
Subjects were compensated for their participation with a
$25 gift card. All study procedures were approved by the
University of Pennsylvania Institutional Review Board
(Protocol 811721).

4.1 Experimental Setup

The experiment took place at the University of Pennsyl-
vania’s Glenolden Education and Research Facility on a
da Vinci S surgical system. This system was augmented

Fig. 6. The operating room used for the surgeon user
study. The subject sits at the da Vinci master console,
while the experimenters modify the feedback conditions
and the manipulation tasks experienced by the subject.

with our VerroTouch contact acceleration feedback sys-
tem and was operated by participating surgeons, as
shown in Figure 6.

In order to evaluate the effects of adding audio and
haptic feedback, we utilized a within-subject experi-
mental design where subjects were presented with four
different sensory feedback conditions:

1) Visual O nly (V): Only the 3D stereoscopic video
feed natively available from the da Vinci master
console is provided to the subject.

2) Visual with A udio (VA): The stereoscopic video
feed plus audible tool contact acceleration feedback
through speakers.

3) Visual with H aptic (VH): The stereoscopic video feed
plus contact acceleration feedback that is displayed
haptically via voice coil actuators.

4) Visual with A udio and H aptic (VAH): The stereo-
scopic video feed plus contact acceleration feed-
back that is displayed both audibly and haptically.

Although the VerroTouch system allows users to inde-
pendently adjust the gains of the audio and vibrotactile
haptic feedback, we fixed both of these gain levels to
better control the study conditions. The audio speaker
volume control was set to 1.5 out of 6, and the hap-
tic gain knob was set to 5.5 out of 9. These settings
were chosen during pilot testing to provide noticeable
and natural-seeming contact acceleration feedback. Some
pilot subjects found much higher gain levels to be too
strong and distracting.

Under each of these four feedback conditions, subjects
used the da Vinci to perform the three manipulation

Signal Processing
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Sample Data - Right Tool

82% of actions cause measurable vibrations




