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Course Project Presentations

• I am working out logistical 
details for equipment, etc. 

• Hopefully I will have specific 
instructions for you by 
Wednesday’s class 

• Does anyone need me to 
provide a computer for you?



Electro-Mechanical Devices

• A haptic device is an electro-mechanical, or mechatronic, assembly



A ROBOT!



The Haptic Device

• We’ve treated this component 
as a black box through this 
course until now… 
- position in, 

- force out, 

- rest was “magic” 

• Let’s take a look inside!
Device 

Controller

position + 
orientation

force + 
torque



Force Output

Computer DAC Amplifier Motor



Digital-Analog Converter

Interfaces directly with computer

DAC

(Sensoray 826)
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Current Amplifier

Supplies desired current to motor

Amplifier



DC Motor

Converts current to torque

⌧ = kT I
Motor



Mechanical Assembly

Figure 3. The parts needed to be assembled by user: the base driving the body A, that in turn drives body B and, indirectly through C’, body C.

provided parts yield many designs (we only provide one ref-
erence design in the kit itself), and an untoolkit where none
of the modules from the kit goes into the final design. The
intended audiences for the kit are interaction design studios
and HCI researchers, especially for cases where applications
require different form factors (e.g. length of arms), and other
properties (e.g. maximum force) that off-the-shelf devices
won’t meet, something we in our own practice have seen a
need for. Our primary aim is to support professional design
exploration of the interaction qualities that follows from mod-
ifications of the reference design. A high-quality spatial hap-
tic interface requires careful attention to its computational and
physical materials, which can only be experienced as a whole
with a fully assembled device. Therefore, a designer who de-
cides to deepen her engagement beyond software will have to
set up a workbench for explorations. WoodenHaptics serves
as a complete kit for starting such explorations.

PART II: KIT DESCRIPTION AND USAGE
A pair of interaction design researchers without training in
mechanical engineering were provided with the kit consisting
of a complete set of hardware components that make up a full
spatial haptic device. This included all the pre-cut plywood
parts, screws, bearings and all other mechanical components
(Figure 4). The kit came with three motors (Maxon RE40)
with pre-mounted encoders, and an electronics box (Figure
5) that connects to a 48V lab power supply and a standard
PC equipped with a Data Acquisition interface (DAQ, Sen-
soray S826). The kit requires only a limited set of tools:
hex keys, a steel wire crimping tool and snippers, a torch
and an arbor press (Figure 8); a list of these tools and where
to purchase them are available online. Software required to
operate the device was included as well. Thus, the builder
can immediately run available demo programs and proceed
to application-specific development.

Assembly
The entire structural pieces are manufactured from a laser cut-
ter out of 6 mm (or approximately 1/4 inch) plywood. To
form stiff three-dimensional parts from the flat sheets, several
layers are stacked and held together with screws. All holes in
the plywood parts are adjusted with sub-millimeter precision
such that all screws can self-tap (self-thread) the holes, allow-
ing for quick assembly and disassembly. Stacked parts are
aligned by inserting dowel pins (precision cylindrical pins)
with an arbor press before adding screws. Bearings are press-
fit as well using the arbor press. In fact, there is no use of

Figure 4. The parts included in the kit. Not shown here are the three

motors, electrical cables and the electronics box (Figure 5), and config-

urable software that completes the kit.

bondants or adhesives, resulting in a visually and mechani-
cally clean, quickly disassemble-able and reconfigurable de-
vice. The kit comes with instructions on how to assemble the
main bodies, as well as video documentation.

The bodies A, B and C (figure 3) form the three links or de-

grees of freedom (DOF) that together enable the tip of the de-
vice (P in figure 6) to be moved left/right, up/down and in/out.
Each DOF is coupled independently to a motor through wire
rope. The angle of each DOF is a fixed ratio to the rotation of
the motor shaft, and therefore the angles are measured by the
encoders mounted on each motor (figure 5).

Cabling
The kit utilizes cable drive for all its transmissions: a strong
steel wire rope transmits the power from each motor to its
own respective link. Figure 5 shows a standard cable drive
transmission used in all degrees of freedom. The motor shaft
is attached to the capstan, which is a shaft for a cable to wrap
around and grip. The cable makes 5 wraps around the capstan
and is terminated at both ends. The cable needs to be taut to
grip the capstan, which is done at the termination by either
tightening or loosening a screw. For the last link, a turnbuckle
is used to maintain a taut cable. Now, for each body, when the
capstan is rotated with the cable gripped firmly to it, the body
is then rotated; alternately, when the body is rotated, the cap-
stan is subsequently rotated. This completes the transmission
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ABSTRACT
Spatial haptic interfaces have been around for 20 years. Yet,
few affordable devices have been produced, and the design
space in terms of physical workspace and haptic fidelity of
devices that have been produced are limited and discrete.
In this paper, an open-source, open-hardware module-based
kit is presented that allows an interaction designer with little
electro-mechanical experience to manufacture and assemble a
fully working spatial haptic interface. It also allows for mod-
ification in shape and size as well as tuning of parameters to
fit a particular task or application. Results from an evaluation
showed that the haptic quality of the WoodenHaptics device
was on par with a Phantom Desktop and that a novice could
assemble it with guidance in a normal office space. This open
source starting kit, uploaded free-to-download online, affords
sketching in hardware; it “unsticks” the hardware from being
a highly-specialized and esoteric craft to being an accessible
and user-friendly technology, while maintaining the feel of
high-fidelity haptics.
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PART I: INTRODUCTION
Spatial haptic interfaces are grounded human interface de-
vices that track a physical manipulandum (handle) in space,
and provides the means of reflecting a directional force on
that manipulandum and consequently the user. With the de-
vice and appropriate haptic rendering algorithms, an end-user
can explore a virtual environment through virtual coupling
between the manipulandum’s position and a representative
avatar [24]. As more applications have 3D user interfaces
[1], spatial haptics becomes increasingly useful for feeling
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Figure 1. The completed wooden haptics device.

the shapes of occluded objects, collisions, object stiffness and
inertias, surface textures, and so on [24]. While vibrotactile
haptics are ubiquitous in all cellular phones, the 3D force-
displaying counterparts, spatial haptics, are not as widely
present. Devices for spatial haptics have been used for sur-
gical simulation [3], physical rehabilitation [2] and for hand
tool guidance [9]. Applications in other domains could ben-
efit from including spatial haptics, but this requires finding a
good match between the qualities of the device employed and
the application. The common devices commercially available
(Figure 2) represent only a limited design space in terms of
fidelity, price and capabilities (e.g. workspace dimensions
and maximum force). Therefore, application specific devices
have sometimes been developed, such as for simulation of
micro-surgical bone drilling [22]. However, engineering a
haptic device is still a large commitment and only feasible
in highly specialized robotics labs that have the mathematical
and mechanical know-how to realize and achieve high quality
haptics in their design.

Research and advances in haptics tend to be focused on tech-
nological refinements and little attention is directed towards
holistic design and aestetics of the devices. As a response to
this, Moussette has proposed the intersection of Design and
Haptics as a new field of study [17]. This approach is cen-
tered around hands-on workshops [16], exploration, making
and sketching in hardware with simple haptics [18] in order
to get a heightened sensitivity to haptics. The benefits that
follow from this approach can be extended to spatial haptics.
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[From J. Forsslund et al., Proc. Tangible & Embedded Interfaces 2015.]

Figure 5. The first degree of freedom motor connected with power and

encoder wires to the electrical interface. The close-up view shows the

aluminum capstan and wire rope coupling.

assembly, allowing for the motors and the driven axis to not
require collocation. This allows for gearing up of the motor
torques for achieving larger forces without using gearboxes,
as well for easy replacement of motors. The reasons for these
design choices are further discussed in Part III.

Electrical system
The kit comes with three high-quality motors, each driving a
respective degree of freedom. The designer only has to con-
nect the encoder to the electronics box (that routes them to the
computer), and each motor power cable to respective output
of the electronics box (figure 5). Two ribbon cables connects
the electronics box with the Sensoray S826 board on the PC.

The motors chosen are more powerful than is common in the
devices pictured in figure 2. They are specified for allow-
ing a max continuous current of 3.16A safely, and we have
limited the maximum current to 3 ampere. This means that
the user will not have to worry about electrical heat, burning,
etc, which is the case when the motors are overdriven in short
periods of time, which is common practice otherwise.

Software Configuration
The kit is complete with a working open-source software
module for the mechanical design that comes with the kit.
If a dimension have been changed by the user or tuning of
the experience is desired, the user can easily modify a vari-
able in a text file to represent this change. The variables of
interest to change are: the diameter of each capstan and body,
the length of each link and the mass and mass center of each
body. This effectively is equivalent to changing the gearing
of the motor, and changing the size of the workspace, respec-
tively. The design also affords the easy replacement of motors
with different motors, but the user will then need to adjust
the torque/current ratio as defined by their motor datasheet.
The maximum stiffness and damping of the complete device
can be found retroactively by experimenting and adjusting the
values accordingly.

PART III: FUNDAMENTALS AND THEORY
This section describes how the kit was developed and the
design principles/considerations involved. We cover here
briefly, the mechanical structure, the kinematics and control
theory applied and why certain design decisions were made
to support easy user fabrication and modification in partic-
ular. We are knowingly only addressing one kind of me-
chanical structure (the serially linked) and one control type
(impedance control). Alternatives are parallel mechanical
structure like e.g. Novint Falcon, and admittance control [28]
that requires force sensing.

Haptic fidelity and transparency
The power transmission of a haptic device is a critical com-
ponent that needs to be designed carefully as it transmits the
forces and velocities from software to the hand of the user.
Haptic fidelity is achieved by having transparency in the sys-
tem – that is, desired forces and velocities defined in software
accurately match forces and velocities delivered to the user.
Three major contributions that reduce the transparency of a
system is friction (resulting in diminished haptic perception),
backlash (resulting in chatter in the motors and the device),
and physical compliance (resulting in a loss of ability to per-
ceive stiff environments).

Although motor and gearbox combinations are commercially
much more common, cable drive transmission is the stan-
dard for haptic devices because it provides a near friction-
less transmission and has no backlash, which no gearbox can
achieve. The choice of cable is also an important factor: a ca-
ble with high flexibility will provide greater transparency as
the users will not percieve the forces required to “bend” and
“unbend” the cable as the capstan rolls. Therefore, uncoated
stainless steel cables with high count of individual steel fibers
(we use a cable of 0.54 mm diameter, with fibers in a 7 ⇥ 7
configuration, more is recommended if available) present a
viable option. The grip of the cable on the capstan increases
exponentially as the cable wraps around, and therefore even
a few turns will immediately prevent the cable from slipping.
In practice, 5 turns is more than enough to prevent any slip-
ping between the capstan and the cable. This principle is also
how the final link’s cable transmission (using the cable loop
and turnbuckle) works without slipping.

Another major design choice for achieving high haptic fi-
delity was to mount the second and third axis motors on body
A (figure 6). This choice is highlighted by three intentional
benefits: the simplified and shorter cable routing affords bet-
ter transparency in the system, placement of the motors allow
for easy access, removal, and installation for other motors of
different sizes, and shorter cable routing reduces the chance
of the transmission de-cabling. Failure in the cable transmis-
sion (e.g. cable snap or comes loose) is thereby localized to
its own small section of the device, while allowing for the rest
of the device to remain in working order.

The third major contribution to achieving transparency in the
system is having a physically stiff device. Increasing stiffness
(ie. reducing compliance) in the device’s structure is done
by increasing the second moment of inertia of each link (e.g.
making link wider so they do not twist), improving the joint
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Position Input

Computer Counter Encoder Motor



Optical Quadrature Encoder

Counts rotational ticks in either direction

Encoder



Quadrature Counter

Communicates rotation back to computer

Counter

(Sensoray 826)

10110…



Components of an Impedance Haptic Device

Computer
Counter Encoder

Motor
DAC Amplifier

… plus a few mechanical links



Position / Orientation

• Encoders and counters tell us 
the rotational angles of our 
motors and joints 
- Great! But how do I know where my 

manipulandum (end-effector) is? 

• Determine spatial position using 
forward kinematics Device 

Controller

position + 
orientation

force + 
torque



Kinematics of a Serial Manipulator
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electro-mechanical experience to manufacture and assemble a
fully working spatial haptic interface. It also allows for mod-
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was on par with a Phantom Desktop and that a novice could
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Spatial haptic interfaces are grounded human interface de-
vices that track a physical manipulandum (handle) in space,
and provides the means of reflecting a directional force on
that manipulandum and consequently the user. With the de-
vice and appropriate haptic rendering algorithms, an end-user
can explore a virtual environment through virtual coupling
between the manipulandum’s position and a representative
avatar [24]. As more applications have 3D user interfaces
[1], spatial haptics becomes increasingly useful for feeling
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Figure 1. The completed wooden haptics device.

the shapes of occluded objects, collisions, object stiffness and
inertias, surface textures, and so on [24]. While vibrotactile
haptics are ubiquitous in all cellular phones, the 3D force-
displaying counterparts, spatial haptics, are not as widely
present. Devices for spatial haptics have been used for sur-
gical simulation [3], physical rehabilitation [2] and for hand
tool guidance [9]. Applications in other domains could ben-
efit from including spatial haptics, but this requires finding a
good match between the qualities of the device employed and
the application. The common devices commercially available
(Figure 2) represent only a limited design space in terms of
fidelity, price and capabilities (e.g. workspace dimensions
and maximum force). Therefore, application specific devices
have sometimes been developed, such as for simulation of
micro-surgical bone drilling [22]. However, engineering a
haptic device is still a large commitment and only feasible
in highly specialized robotics labs that have the mathematical
and mechanical know-how to realize and achieve high quality
haptics in their design.

Research and advances in haptics tend to be focused on tech-
nological refinements and little attention is directed towards
holistic design and aestetics of the devices. As a response to
this, Moussette has proposed the intersection of Design and
Haptics as a new field of study [17]. This approach is cen-
tered around hands-on workshops [16], exploration, making
and sketching in hardware with simple haptics [18] in order
to get a heightened sensitivity to haptics. The benefits that
follow from this approach can be extended to spatial haptics.
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Kinematics of a Parallel Manipulator
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Force / Torque

• Recall that we can command 
each of the motors to exert a 
desired torque 

• How do we translate motor 
torques into an output force 
vector? Device 

Controller

position + 
orientation

force + 
torque



The Kinematic Jacobian Matrix

• Relates derivates of generalized coordinates to cartesian coordinates:
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Summary

• Haptic devices are made of motors, encoders, data input/output electronics, 
and mechanical linkages 

• Forward kinematic analysis allows us to determine the end-effector position 
(and orientation) from measured joint angles 

• The kinematic Jacobian, along with the force/torque relationship equation, 
allows us to command a force (and torque) vector at the end-effector



Which one is a haptic device?



Human Factors What makes a good haptic device?



Tenets of Haptic Interfaces

• Free motion should feel free 

• Rigid objects should feel stiff, and not soft 

• The user should not be able to go through rigid objects 

• The user should not feel unintended vibrations 

• The interface should be comfortable and ergonomic to use

[From M. Srinivasan and C. Basdogan, Computers & Graphics 21(4), 1997.]

- friction, back-drivability 

- force output 

- rendering 

- stability 

- design



Motors & Gearing

• Larger motors can exert more 
force, but have more inertia 
- affects back-drivability 

• Gearing a motor can provide 
significantly more force 
- creates friction, backlash 

- often lose back-drivability



0 5 10 15

Encoders

• High-resolution encoders can be 
extremely expensive 

• Insufficient encoder resolution 
can be detrimental to stability 
- Why?



Bearings & Linkages

• High quality bearings on joints 
will reduce friction 

• Very rigid link materials can 
improve stability, but may add 
unwanted inertia 

• Long links may reduce force 
output capacity 
- mechanical lever-arm
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Motor Dynamic Range

• Measured as Fmax : Fmin 

• Human: 

• Good motor: 
- Maxon, $150 

• Motor: 
- Mabuchi, $3.99 

• Major design challenge!

>1000 : 1

80 : 1

10 : 1



Consequence: no single haptic interface can suit all tasks and needs

occupies a cylindrical sector, which corresponds to a
large subset of a full-scale 3D aircraft engine. An inter-
esting feature of LHIfAM is that we can relocate its work-
space to reproduce different maintenance operations
and check different situations from an ergonomic point
of view. Maintenance operations require different posi-
tions: Sometimes the user must simulate working below
the engine and sometimes above the engine.

The haptic device provides force feedback in 3 trans-
lational DOF, while a compact wrist structure measures,
but does not actuate, three additional orientations. The
mechanism can be broken into three subsystems: a lin-
ear guide, a 2-DOF mechanism, and a wrist attachment.

We designed and studied a variant of the parallelo-
gram mechanism to obtain the 2 DOF in a plane. This
system is mounted on a linear guide, obtaining the
required 3 translational DOF. A roll-pitch-roll wrist
attachment at the end point of the translational mech-
anism measures the orientations of the end effector. This
kinematic structure consists mainly of revolute joints,
commonly found in robotics. A cylindrical joint provides
the linear motion. Figure 2 shows a representation of
the whole system and a user handling the end effector.
The figure includes the cylindrical shape and the work-
space’s main dimensions.

Gravity compensation is an important challenge for
haptic devices that operate in large workspaces. We use
a passive (rather than an active) compensating method
based on mass distribution. Figure 4 (next page) shows
an exploded view of the manipulator without the trans-
lational guide. This figure displays the parallelogram’s
topology and how our design distributes the mass of each
link and subsystem to achieve the gravity compensation
goal. This means that the system is counterbalanced at
any position. The gravity compensation we achieved
with our design was a difficult challenge to overcome.

Table 1 (page 73) summarizes the system’s main char-
acteristics. Regarding the translations, the workspace
reached by the device presents a cylindrical geometry. Its
dimensions are as follows: 235-millimeter internal radius,
790-mm external radius, 1,500-mm length, and 120-
degree angle. Figure 2 shows a drawing of this volume.

Regarding the rotations, a roll-pitch-roll wrist pro-
vides the three orientations. Our design of the roll-pitch-
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1  LHIfAM in a
virtual main-
tainability
operation on a
CAD aircraft
engine model. 
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2  Mechanical design of LHIfAM.



And remember:

Be mindful of ergonomics!

Haptic Workstation - CyberGlove Systems


