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Hapkit kinematics (1-DOF)



joint variables
Be careful how you define joint positions

Absolute Relative



forward kinematics for 
higher degrees of freedom

fwd kinematics: from joint angles, calculate endpoint position

joint variables Cartesian 
coordinates



serial structures



absolute forward kinematics

x = L1cos(θ1) + L2cos(θ2)

y = L1sin(θ1) + L2sin(θ2)



relative  forward kinematics

x = L1cos(θ1) + L2cos(θ1+θ2)

y = L1sin(θ1) + L2sin(θ1+ θ2)



Inverse Kinematics

• Using the end-effector position, calculate the joint 
angles necessary to achieve that position

• There can be:

– No solution (workspace issue)

– One solution

– More than one solution



example

• Two possible 
solutions

• Our devices will be 
simple enough that 
you can just use 
geometry for inverse 
kinematics



parallel structures



!

four-bar linkage

wikipedia.orgTypes of four-bar linkages, s = shortest link, l = longest link

• commonly used 1-DOF 
mechanism

• relationship between input 
link angle and output link 
angle can be computed from 
geometry



five-bar linkage

•commonly used 2-DOF mechanism
• relationship between input link angle and output link 
angle can be computed from geometry

example:



pantograph
Definition 1: a mechanical 
linkage connected in a manner 
based on parallelograms so that 
the movement of one pen, in 
tracing an image, produces 
identical movements in a second 
pen.

Definition 2: a kind of structure 
that can compress or extend like 
an accordion



pantograph example

Typically uses a pantograph mechanism: a five-bar 
linkage with parallel bars such that motion at one 

point is reproduced at another point

A Polygraph is a device 
that produces a copy of a 

piece of writing 
simultaneously with the 
creation of the original, 

using pens and ink. 
Famously used by 

Thomas Jefferson ~1805.



pantograph haptic device

Xiyang Yeh, ME 327 2012
http://charm.stanford.edu/ME327/Xiyang



pantograph haptic device

Sam Schorr and Jared Muirhead, ME 327 2012
http://charm.stanford.edu/ME327/JaredAndSam



pantograph haptic device

Melisa Orta Martinez et al., World Haptics Conference 2017
http://ieeexplore.ieee.org/document/7989891/

class. A Pantograph design, a kinematically well conditioned
device [23], was chosen because its planar workspace is
practical for drawing (Figure 2).

Graphkit takes advantage of Hapkit 3.0’s modular design
by reusing the capstan drive mechanisms, and allowing
students to expand the kinematics learned for 1-DOF to 2-
DOF. Graphkit is made from two original Hapkits 3.0 and
a few additional parts ( Figure 3), resulting in additional
cost of approximately $10 USD per kit. Because Graphkit’s
design requires mirrored components, the additional parts
kits are divided into “left kits” and “right kits”. Two students,
one with a “left kit” and one with a “right kit” who have
each previously made their own 1-DOF device, can work
together to make a Graphkit. Students first construct the
base by attaching its left and right sides together. Then the
two Hapkits are modified by replacing their handles with the
Handles for Graphkit, and laying them with the Sector Pulley
parallel to the table in order to attach them to the new bases.
Finally, the two remaining links are attached to the Hapkits’
new handles. In order to electrically connect the two Hapkits,
one Hapkit board is chosen to be the “Master” and the other
the “Slave”. The “Slave” board is powered but runs no code
in the microprocessor. (This powers the magnetoresistive
sensor whose output is read by the “Master” board in an
analog input.) The “Master” runs all the control software
and takes the input from both magnetoresistive sensors to
control both motors. The “Master” and “Slave” boards are
connected using alligator clips as shown in Figure 2(a).

B. Software and Control

In order to render virtual environments using Graphkit,
we implement a control loop on the “Master” Hapkit Board
using the Arduino programming language. We obtain the
position of the end-effector by reading the angles ✓1 and ✓2
using the magnetoresistive sensors on both Hapkit Boards
in the main software loop. Using the forward kinematics
illustrated in Figure 2(b) and following [23], the position
of the end-effector P3(x3, y3) is given by

x3 = xh +

kP3 � Phk
kP2 � P4k

(y4 � y2) (1)

y3 = yh +

kP3 � Phk
kP2 � P4k

(x4 � x2) (2)

where
P2(x2, y2) = [l2cos(✓1), l2sin(✓1)] (3)

P4(x4, y4) = [l5cos(✓2), l5sin(✓2)] (4)

kP2 � Phk =

(l

2
4 � l

2
3 + kP4 � P2k2)

2kP4 � P2k
(5)

Ph = P2 �
kP2 � Phk
kP2 � P4k

(P2 � P4) (6)

kP3 � Phk =

q
l

2
3 � kP2 � Phk2 (7)

We calculate a desired vector force, F , depending on the vir-
tual environment being rendered. The desired output torque
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Fig. 2. Graphkit: A 2-DOF kinesthetic haptic device based on the
Pantograph mechanism and made of 3-D printed structural components.
(a) Built Graphkit. (b) The Kinematic model of Graphkit. ✓1 corresponds to
the angle of rotation of the link on the side with the Master Hapkit Board,
and ✓2 corresponds to the angle of rotation of the link on the other side. Pi
is the position of joint i, where P3 is the position of the end effector and
Ph is the point of intersection between segments P2P4 and the height of
triangle P2P3P4.
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(b)
Fig. 3. Additional parts beyond Hapkit 3.0 required to construct Graphkit.
(a) The “left kit”. (b) The “right kit”.

of the motors is:

T =


T1
T2

�
= J

T
F (8)

where J is the Jacobian from [23].

C. Device Capabilities
Graphkit extends the capabilities of a single 1-DOF Hapkit

to a planar 2-DOF device. Detailed performance quantifica-
tion is left for future work, but we report here that the device
is capable of rendering various virtual environments within
its workspace illustrated in Figure 4(a) and it can close the
haptic control loop on the Hapkit Board at approximately
120 Hz while rendering a 2-DOF virtual environment. With
the current link lengths and the use of the same Mabuchi
motor as in the original Hapkit 3.0, Graphkit can output a
maximum force of 3 to 4 N depending on the position of the
end-effector in the workspace.

IV. HAPLINK

A. Design
Figures 5 and 6 show Haplink, another planar 2-DOF

haptic device created as a customization project for Hapkit
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Open Source, Modular, Customizable,
3-D Printed Kinesthetic Haptic Devices*

Melisa Orta Martinez1, Joseph Campion1, Tara Gholami1, Michal K. Rittikaidachar1,
Aaron C. Barron1, and Allison M. Okamura1

Abstract— Open Source Hardware allows users to share,
customize, and improve designs, thus enabling technological
advancement through communities of practice. We propose
open source hardware for educational haptics that permits
researchers, educators, and students to share designs arising
from their different perspectives, with the potential to expand
educational applications. In this paper we present a family
of open source kinesthetic haptic devices that build upon
the design of a previous educational haptic device, Hapkit
3.0. First, we discuss methods for Hapkit personalization and
customization that can be achieved by K-12 students and
educators. Next, we describe two kinesthetic haptic device
designs that evolved from the original Hapkit 3.0. One uses
two standard Hapkits with additional components to form a
Pantograph mechanism, and the other uses customized Hapkit
elements along with a novel kinematic design to form a serial
mechanism. These designs are modular; after building two
Hapkits, a user acquires a small number of additional parts
to transform them into a two-degree-of-freedom device. The
Pantograph mechanism was used in an undergraduate class
to teach robotics and haptics to both engineering and non-
engineering students. Open source designs for all devices as
well as tutorials for customization are available at
http://hapkit.stanford.edu.

I. INTRODUCTION

“Open Hardware is a thing – a physical artifact, either
electrical or mechanical – whose design information is
available to, and usable by, the public in a way that allows
anyone to make, modify, distribute and use that thing.” [1]

A. Motivation

The Open Source and Free (as in “Libre”) software move-
ments have aided in academic research, changed the way
technology companies do business, and resulted in products
like GNU/Linux, Apache and R [2]–[4]. Open source and
Free hardware designs have also had significant impact
on technology development. Recent examples include open
electronic platforms such as Arduino [5], open 3-D printing
solutions such as RepRap [6], and robotics projects [7].
However, with the increased development of proprietary
design tools and complex manufacturing processes, open
source hardware has not seen the same growth as open source
software [2], [4], [8]–[10]. Similarly, most haptic hardware
available outside the research community is proprietary.
Thus, users have limited freedom to obtain, modify, and learn

*This work was supported in part by National Science Foundation grant
1441358.

1Department of Mechanical Engineering, Stanford University,
Stanford CA 94305 USA. meliso@stanford.edu;

aokamura@stanford.edu

        (a)                              (b)                                 (c)(a)        (a)                              (b)                                 (c)(b)        (a)                              (b)                                 (c)(c)
Fig. 1. Three examples of open source, modular, customizable, 3-D printed
kinesthetic haptic devices. (a) Hapkit 3.0: A 1-DOF kinesthetic haptic device
[11]. (b) Graphkit: A 2-DOF kinesthetic haptic device comprising two
Hapkits connected by a Pantograph mechanism [12]. (c) Haplink: A 2-DOF
kinesthetic haptic device that connects two Hapkits in series to form a novel
mechanism.

form these devices. Hardware is more difficult to replicate
and modify than software, but increasing availability of
3-D printers, free online Computer Aided Design (CAD)
tools, and open electronics platforms enable haptic devices
(Figure 1) that are easily manufacturable and modifiable by
users inside and outside the research community.

B. Prior Work

One of the first open source kinesthetic haptic devices was
the Haptic Paddle [13], a one-degree-of-freedom (1-DOF)
haptic device designed at Stanford University for use in an
undergraduate course in dynamic systems. Since the release
of the Haptic Paddle in 1997, numerous other universities
have made their own version of the device [11], [14]–[22],
each one with specific improvements. The most recent design
from our group, Hapkit 3.0 [11], uses 3-D printed structural
components, a low-cost motor and an open source electronic
interface based on the Arduino Uno called the Hapkit Board.

Higher-degree-of-freedom kinesthetic devices, as well as
tactile devices, have also been made open source. In the
early 2000’s Campion et al. [23] redesigned the 1994 Pan-
tograph [12] and made it open-source in software and hard-
ware. In 2016 Gallacher et al. [24] made a more accessible
Pantograph device by designing an open architecture elec-
tronics board and releasing designs using different structural
materials. Other examples of open hardware haptic devices
include Wooden Haptics [25], the Box and iTouch [26], the
Twiddler [27], the Plank [28], and the Tpad Tablet [29].
These open source devices have advanced haptic technology
through the implementation of accessible haptic devices, and

142

Hapkit Graphkit Haplink



(a) (b)
Fig. 4. Workspace achieved by (a) Graphkit with l1 = 88.5 mm, l2 =
126 mm, l3 = 152.4 mm, l4 = 152.4 mm, and l5 = 126 mm and (b)
Haplink with la = 83 mm, lb = 100 mm, �✓a = 50 deg and �✓b =
�80 deg.

but not restricted to use unmodified parts. The device is com-
posed of two Hapkit Sector Pulleys with modified handles
connected in series using a novel mechanism that allows
both motors to be grounded (Figure 6) by a modified base
and suction-cup mounts. Unlike other two-degree-of-freedom
serial chain mechanisms that require pulleys or cables that
apply off-axis forces on the motors, Haplink allows direct
transmission from two grounded motors by capstan drives.

Haplink maintains major aspects of the 3-D printed struc-
tural components and the ability of users to design their own
end-effectors. Starting from a single Hapkit 3.0 device, the
additional hardware required includes 3-D printed compo-
nents, a motor ($3.50), a magnetoresistive sensor ($7.00),
screws, and a shaft collar. As with Hapkit, Haplink uses
magnetoresisitive sensors (KMA210) positioned under mag-
nets attached to the shaft of motors (Mabuchi) to measure
the rotation of the motors which drive the device. The
magnetoresistive sensors are connected to a single Hapkit
board, which drives both motors. Figure 5(b) shows a model
of the device. We refer to the first Hapkit Sector Pulley in
the series as Hapkit A and the second one as Hapkit B.
Hapkit A rotates about a pivot point fixed in space. The pivot
point of Hapkit B is located on the end-effector of Hapkit
A, such that the frame of Hapkit B rotates with Hapkit A.
The motor driving Hapkit B is grounded and coaxial with
the pivot point of Hapkit A, which eliminates any reaction
torques from motor B onto Hapkit A. This also ensures that
the pivot point of Hapkit B is always the same distance from
motor B even though Hapkit B’s frame moves with Hapkit A.
In order to control Haplink, we use our original Hapkit Board
located with Hapkit A and we added one magnetoresistive
sensor, grounded and located under the magnet attached to
the shaft of motor B.

Similarly to Graphkit, Haplink has low inertia because
both motors are grounded, preventing the highest mass
components from moving. Haplink also maintains low fric-
tion by using the capstan drive transmission from Hapkit
3.0’s design [11]. Additionally, we maximized the device’s
workspace (shown in Figure 4(b)) and minimized the length
of the handles (la and lb) by optimizing the handle’s an-
gles (�✓a and �✓b) and the rotation angle of the device
while constraining ourselves to the following: the workspace
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✓mb

rmb

rb
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✓b

ra

✓ma
rma

Hapkit A

Hapkit B 

(b)
Fig. 5. Haplink: A 2-DOF kinesthetic haptic device that uses a
coupled serial drive mechanism and 3-D printed structural components.
(a) Built Haplink. (b) Kinematic model of Haplink. la is the distance between
the center of rotation of Hapkit A and the center of rotation of Hapkit B. lb is
the distance between the center of rotation of Hapkit B and the end-effector.
ra and rb are the radii of Hapkits A and B respectively. rma and rmb are the
radii of motors A and B respectively. ✓ma and ✓mb are the angles of rotation
of motors A and B. ✓a and ✓b are the angles of rotation of Hapkits A and
B. �✓a and �✓b are the initial offset angles of the handles of Hapkits A
and B, respectively.

(a)
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Fig. 6. Diagram showing the components of Haplink: (a) User Handle,
(b) Motor B, (c) Motor A, (d) Hapkit Board, (e) Base, (f) Magnetoresistive
sensor A, (g) Magnetoresistive sensor B, (h) Hapkit A, (i) Hapkit B.

should be centered in front of the device’s footprint, the
radius of the Sector Pulleys should be consistent with Hapkit
3.0, and a square with an area of at least 100 cm2 should
fit in the workspace. Our final design increased the rotation
angle of the Sector Pulleys from 90 to 120 degrees compared
to previous Hapkit designs. The dimensions of the final
configuration are given in Figure 4(b).

B. Software and Control

Haplink is controlled with a single Hapkit Board
programmed using the Arduino programming language.
In order to render virtual environments, the control loop
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tion by using the capstan drive transmission from Hapkit
3.0’s design [11]. Additionally, we maximized the device’s
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Fig. 5. Haplink: A 2-DOF kinesthetic haptic device that uses a
coupled serial drive mechanism and 3-D printed structural components.
(a) Built Haplink. (b) Kinematic model of Haplink. la is the distance between
the center of rotation of Hapkit A and the center of rotation of Hapkit B. lb is
the distance between the center of rotation of Hapkit B and the end-effector.
ra and rb are the radii of Hapkits A and B respectively. rma and rmb are the
radii of motors A and B respectively. ✓ma and ✓mb are the angles of rotation
of motors A and B. ✓a and ✓b are the angles of rotation of Hapkits A and
B. �✓a and �✓b are the initial offset angles of the handles of Hapkits A
and B, respectively.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Fig. 6. Diagram showing the components of Haplink: (a) User Handle,
(b) Motor B, (c) Motor A, (d) Hapkit Board, (e) Base, (f) Magnetoresistive
sensor A, (g) Magnetoresistive sensor B, (h) Hapkit A, (i) Hapkit B.

should be centered in front of the device’s footprint, the
radius of the Sector Pulleys should be consistent with Hapkit
3.0, and a square with an area of at least 100 cm2 should
fit in the workspace. Our final design increased the rotation
angle of the Sector Pulleys from 90 to 120 degrees compared
to previous Hapkit designs. The dimensions of the final
configuration are given in Figure 4(b).

B. Software and Control

Haplink is controlled with a single Hapkit Board
programmed using the Arduino programming language.
In order to render virtual environments, the control loop
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2-DOF Workspace

Q: What does a 1-DOF Hapkit workspace look like?
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