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Actuators

Video ©  Stanford University



Actuators :  Steam!

Video ©  Vanderbilt University
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AC

Magnetic Rotor
Coil Stator
Output speed is a sub-multiple of voltage supply frequency

DC Brushless

Magnetic Rotor
Coil Stator
Similar in construction to AC, but electrically commutated
Requires a position sensor (commonly built in)

Stepper

Toothed Magnetic Rotor
Multi-Coil Stator
Capable of open-loop positioning
Requires a controller

DC Brushed

Coil Rotor
Magnetic Stator
Brushes carry current to the rotor

Hobby Servo







DC Brushed Motors

S

N

b

i
F

F

F=   xi b



SHV Section 6.1

generated
torque
(N•m) physical

constant

magnetic
flux

(webers)

armature
current

(A)

torque
constant
(N•m/A)

armature
current

(A)

back
emf
(V)

physical
constant

magnetic
flux

(webers)

motor
velocity
(rad/s)

motor
velocity
(rad/s)

back-emf
constant

(V•s)
if using meters, kilograms and seconds



DC Brushed Motors - Governing Relationships
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The best brushed DC motors are made by Maxon.  
They are rather expensive, but they work quite well.

•Smooth torque output, independent of motor angle.  
In other words, very low cogging and torque ripple.

•Low friction, both at low and high speeds, due to high 
quality bearings and low eddy currents.

•Relatively high stall torque, which is the torque the 
motor can deliver when it is not rotating.

•Larger motors create higher torques, but they also 
have higher inertia and higher friction.

Motor

Some material adapted from slides by A. Okamura and W. Provancher
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•Takes an information signal (usually an analog voltage) 
from the computer and drives the requested amount 
of current through the actuator.

•Note that this is a current drive scenario, not a voltage 
drive.  Motor torque is proportional to current, 
regardless of speed, so we can essentially ignore the 
motor’s electrical dynamics.

•Two common types are Pulse Width Modulation 
(PWM) and Linear.  KJK prefers linear amplifiers for 
their high bandwidth and reduced electrical noise.

Current Amplifier

Some material adapted from slides by A. Okamura and W. Provancher
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Capstan Drive

Some material adapted from slides by A. Okamura and W. Provancher

Most haptic interfaces use a capstan drive, with thin 
stranded cables from a company like Sava Industries.

•The rotation of the motor shaft is coupled to the 
rotation of a larger drum or the motion of a linear 
stage by wrapping cables around a capstan. 

•When pre-tensioned, cables provide a very stiff 
connection with zero backlash.

•We don’t use belts or gears because we need motion 
to be smooth and efficient.  Users dislike vibration.



Virtual Fixture Control for Compliant Human-Machine Interfaces

Panadda Marayong, Hye Sun Na, and Allison M. Okamura

Abstract— In human-machine collaborative systems, robot
joint compliance and human-input dynamics lead to involuntary
tool motion into undesired regions. To correct this, a set
of methods, called Dynamically-Defined Virtual Fixtures, was
previously proposed to create a movable virtual fixture that
stops the user at a safe distance outside the forbidden region.
In this work, a new method, called the Force-Based Method,
was added. A vision system was introduced for real-time tool
tracking. Additionally, we implemented a closed-loop controller
with the virtual fixtures that allows the user to reach, but
not enter, the forbidden region. Two user experiments were
conducted on a 1-DOF testbed to evaluate the virtual fixture
methods. The first experiment showed the effectiveness of the
virtual fixtures in preventing the penetration. However, the
absence of haptic feedback in the closed-loop implementation
resulted in boundary penetration. In the second experiment,
visual feedback was used to compensate for the lack of haptic
feedback. User cognitive load was added as an inhibiting
factor in a human-machine cooperative setting. The experiment
showed a significant reduction in penetration with visual feed-
back, while the addition of cognitive load did not significantly
increase the penetration.

I. INTRODUCTION

Human-machine cooperative systems offer an ideal setting
in which the precision and repeatability of a robot are
combined with the intelligence and experience of a human
operator. Software-generated virtual fixtures can be added
to these systems to guide a tool along desired paths in the
workspace (Guidance virtual fixtures) or to prevent the tool
from entering undesired regions (Forbidden-Region virtual
fixtures) [1], [2], [10], [12], [13], [14]. During cooperative
manipulation with an admittance-controlled system, the hu-
man operator actively exerts force on the tool to generate
robot motion. The JHU Steady-Hand Robot [15] shown in
Figure 1(a) is an example of such a system. Despite its high
rigidity and non-backdrivability, previous experiments show
that even small joint and link compliance visibly degrade
virtual fixture performance [9]. Unmodeled deviations in
the mapping from robot joint space to the environment/task
space cause the virtual fixture location to be incorrectly de-
fined. The operator’s hand dynamics and cognitive delay that
occur at the time of virtual fixture contact result in additional
tool motion. With the robot compliance, this motion causes
the tool to move in an undesired direction/region.

Our work focuses on the evaluation of control methods de-
veloped for implementing Forbidden-Region virtual fixtures

This work was supported by NSF Grants ITR-0205318 and EEC-9731748
P. Marayong and A. Okamura are with the Engineering Research Center

for Computer-Integrated Surgical Systems and Technology, Johns Hop-
kins University, Baltimore, MD 21218, USA pmarayong@jhu.edu,
aokamura@jhu.edu

H. Na is with the Department of Biomedical Engineering, University of
Texas, Austin, TX 78712, USA hyesunna@mail.utexas.edu
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Fig. 1. (a) The Steady-Hand Robot [15] with locations of joint compliance
circled. (b) The 1-DOF testbed with four Nitinol strips connecting the tool
and the stage to simulate joint compliance.

on a system with joint compliance. With Forbidden-Region
virtual fixtures, the tool is prevented from entering into an
undesired region while giving the operator total freedom to
manipulate the tool outside of the region. In [11], we pre-
sented a set of methods, called Dynamically-Defined Virtual
Fixtures, to create a movable virtual fixture that stopped the
tool at a safe location in front of the forbidden region. The
two methods proposed were the Velocity-Based and Hand-
Dynamic Methods. Specifically, the methods predict the
amount of potential overshoot due to the system dynamics
and use the information to define the new virtual fixture
position. In the Hand-Dynamic Method, the user’s hand
dynamics were included in the model. The two methods were
implemented in an open-loop fashion, where the robot was
stopped once the algorithm determined the possibility of an
overshoot. The experimental results in [11] showed that the
methods effectively prevented forbidden-region penetration;
however, the tool was stopped at a conservative distance
outside the region. This deviation may not be desirable in
applications that require the tool to be manipulated closer
to or on the surface of the forbidden region. In this work,
we extend the virtual fixture methods to include a closed-
loop control that allows the user to reach the forbidden
region following an overdamped trajectory. In addition, a

Image from Marayong, Na, and Okamura (ICRA 2007)





•The gear ratio is the ratio of the diameters 
(or equivalently the ratio of the radii).

•The drum is almost always larger than the capstan, so 
rho is greater than one.

•The drum torque is greater than the motor torque.

•The motor speed is greater than the drum speed.

•A drawback - the user feels amplified versions of the 
motor’s inertia and friction.

Capstan Drive

Some material adapted from slides by A. Okamura and W. Provancher
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dd

dc
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Figure 5.1: The iTorqU 2.1.

Figure 5.2: The flywheel and flywheel drive motor of the iTorqU 2.1.

Chapter 5. Prototype Two 55

Figure 5.3: The drum-and-capstan cable drives for both gimbal axes.

were manufactured from 6061 aluminum. They were then cabled with Sava Industries 2032 stainless-steel

cable which has a diameter of 0.889 mm. The θ gimbal has a workspace of 630◦, while the ψ gimbal has

a workspace of 585◦. The drum-capstan gear ratio of the top θ gimbal is 14.572:1. The drum-capstan gear

ratio of the base ψ gimbal is 10.071:1.

The locations for the cable termination holes can be determined by analysis of the capstan pitch and the

gear ratio between the drum and capstan. Where nturns is the maximum number of turns the capstan can

do before the cable reaches the end of its workspace, nwraps is the number of wraps of the cable around the

capstan (greater surface area and thus higher cable-capstan friction can be acheived with a larger number of

wraps),

dwraps = nwraps · thread pitch

dparallel = (nturns + nwraps) · thread pitch

dperpendicular = nominal capstan diameter · π · nturns

mcable =
drise

drun
=

thread pitch

π · nominal capstan diameter

(5.2)

where dwraps is the distance taken up by the nwraps on the capstan, dparallel is the width distance on the

Images from the Masters thesis of Kyle Winfree, “An 
Ungrounded Haptic Torque Feedback Device: The iTorqU”
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Puma260 base-joint optical encoder
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The most common motion sensor in haptics is the 
incremental optical encoder, often by Agilent.

•A thin disk is attached to the rotating shaft whose 
angle you want to measure, usually the motor.

•The disk has slits cut into it in a regular pattern.

•A light shines on the disk on one side, and photo 
sensors are located on the opposite side.

•Produces a number of pulses per revolution, with 
higher resolution being more expensive.
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Ramifications of using incremental of optical encoders:

•The system has no knowledge of absolute position, 
because it’s always just counting pulses.

•How can you solve this?

•Calibration pose (SensAble)

•Secondary sensors with absolute readings (da Vinci)

•Sometimes problems occur at high velocities.

•No noise on position, but uncertainty due to 
resolution, and significant noise on velocity.

θm = ∆(Q − Qzero)
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Virtual Fixture Control for Compliant Human-Machine Interfaces

Panadda Marayong, Hye Sun Na, and Allison M. Okamura

Abstract— In human-machine collaborative systems, robot
joint compliance and human-input dynamics lead to involuntary
tool motion into undesired regions. To correct this, a set
of methods, called Dynamically-Defined Virtual Fixtures, was
previously proposed to create a movable virtual fixture that
stops the user at a safe distance outside the forbidden region.
In this work, a new method, called the Force-Based Method,
was added. A vision system was introduced for real-time tool
tracking. Additionally, we implemented a closed-loop controller
with the virtual fixtures that allows the user to reach, but
not enter, the forbidden region. Two user experiments were
conducted on a 1-DOF testbed to evaluate the virtual fixture
methods. The first experiment showed the effectiveness of the
virtual fixtures in preventing the penetration. However, the
absence of haptic feedback in the closed-loop implementation
resulted in boundary penetration. In the second experiment,
visual feedback was used to compensate for the lack of haptic
feedback. User cognitive load was added as an inhibiting
factor in a human-machine cooperative setting. The experiment
showed a significant reduction in penetration with visual feed-
back, while the addition of cognitive load did not significantly
increase the penetration.

I. INTRODUCTION

Human-machine cooperative systems offer an ideal setting
in which the precision and repeatability of a robot are
combined with the intelligence and experience of a human
operator. Software-generated virtual fixtures can be added
to these systems to guide a tool along desired paths in the
workspace (Guidance virtual fixtures) or to prevent the tool
from entering undesired regions (Forbidden-Region virtual
fixtures) [1], [2], [10], [12], [13], [14]. During cooperative
manipulation with an admittance-controlled system, the hu-
man operator actively exerts force on the tool to generate
robot motion. The JHU Steady-Hand Robot [15] shown in
Figure 1(a) is an example of such a system. Despite its high
rigidity and non-backdrivability, previous experiments show
that even small joint and link compliance visibly degrade
virtual fixture performance [9]. Unmodeled deviations in
the mapping from robot joint space to the environment/task
space cause the virtual fixture location to be incorrectly de-
fined. The operator’s hand dynamics and cognitive delay that
occur at the time of virtual fixture contact result in additional
tool motion. With the robot compliance, this motion causes
the tool to move in an undesired direction/region.

Our work focuses on the evaluation of control methods de-
veloped for implementing Forbidden-Region virtual fixtures

This work was supported by NSF Grants ITR-0205318 and EEC-9731748
P. Marayong and A. Okamura are with the Engineering Research Center

for Computer-Integrated Surgical Systems and Technology, Johns Hop-
kins University, Baltimore, MD 21218, USA pmarayong@jhu.edu,
aokamura@jhu.edu

H. Na is with the Department of Biomedical Engineering, University of
Texas, Austin, TX 78712, USA hyesunna@mail.utexas.edu
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Fig. 1. (a) The Steady-Hand Robot [15] with locations of joint compliance
circled. (b) The 1-DOF testbed with four Nitinol strips connecting the tool
and the stage to simulate joint compliance.

on a system with joint compliance. With Forbidden-Region
virtual fixtures, the tool is prevented from entering into an
undesired region while giving the operator total freedom to
manipulate the tool outside of the region. In [11], we pre-
sented a set of methods, called Dynamically-Defined Virtual
Fixtures, to create a movable virtual fixture that stopped the
tool at a safe location in front of the forbidden region. The
two methods proposed were the Velocity-Based and Hand-
Dynamic Methods. Specifically, the methods predict the
amount of potential overshoot due to the system dynamics
and use the information to define the new virtual fixture
position. In the Hand-Dynamic Method, the user’s hand
dynamics were included in the model. The two methods were
implemented in an open-loop fashion, where the robot was
stopped once the algorithm determined the possibility of an
overshoot. The experimental results in [11] showed that the
methods effectively prevented forbidden-region penetration;
however, the tool was stopped at a conservative distance
outside the region. This deviation may not be desirable in
applications that require the tool to be manipulated closer
to or on the surface of the forbidden region. In this work,
we extend the virtual fixture methods to include a closed-
loop control that allows the user to reach the forbidden
region following an overdamped trajectory. In addition, a

Image from Marayong, Na, and Okamura (ICRA 2007)
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