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Abstract

Digital manipulatives such as robots are an opportunity for interactive and engaging

learning activities. The addition of haptic and specifically force feedback to digital

manipulatives can enrich the learning of science-related concepts by building physi-

cal intuition. As a result, learners can design experiments and physically explore

them to solve problems they have posed.

In my thesis, I present the evolution of the design and evaluation of a versatile

digital manipulative – called MagicPen – in a human-centered design context. First,

I investigate how force feedback can enable learners to fluidly express their ideas. I

identify three core interactions as bases for physically assisted sketching (phasking).

Then, I show how using these interactions improves the accuracy of users’ drawings

as well as their authority in creative works. In the next phase, I demonstrate the

potential benefits of using force feedback in a collaborative learning framework, in a

manner that is generalizable beyond the device we invented and lends insight on how

haptics can empower digital manipulatives to express advanced concept by means

of the behaviour of a virtual avatar and the respective feeling of force feedback.

This informs our device’s capability for learning advanced concepts in classroom

settings and further considerations for the next iterations of the MagicPen.

Based on the findings of how haptic feedback could assist with design and

exploration in learning, In the last phase of my thesis, I propose a framework for

physically assisted learning (PAL) which links the expression and exploration of an

idea. Furthermore, I explain how to instantiate the PAL framework using available

technologies and discuss a path forward to a larger vision of physically assisted

learning. PAL highlights the role of haptics in future "objects-to-think-with".
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Lay Summary

Educational haptic platforms exploit various modalities to create e�ective interactive

environments that can support embodied physical interactions. These platforms

have the potential to leverage a student’s physical intuition to make abstract topics in

physics, math, and other fields of science more concrete. This project aims to create

a versatile educational robot that serves as an object-to-think-with. It can provide

students with intuitive ways to experience various science, technology, engineering,

and mathematics (STEM) concepts by making them more accessible or helping

students approach these concepts in a more tangible way. We will explain the

evolution of the design and evaluation of our proposed device in a human-centered

design context.
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All the research outputs are the result of collaborative e�orts as no creative work

belongs to an individual. Here, I will clarify my contribution to the published works.

Chapter 3: Device Design

S. Kianzad and K. E. MacLean, “Harold’s purple crayon rendered

in haptics: Large-stroke, handheld ballpoint force feedback,” 2018

IEEE Haptics Symposium (HAPTICS), San Francisco, CA, 2018, pp.

106-111.

My supervisor (Dr. Karon MacLean) came up with the idea of drawing and then

feeling it, besides the initial approach of how to implement it. I built upon my

supervisor’s idea and came up with a di�erent and more realizable approach for im-

plementing the mechatronics system. I contributed all the engineering work, design

iterations, and mechanical tests with feedback and guidance from my supervisor.

I wrote the first draft of the paper which was fully edited and re-written by my

supervisor before the submission.

S. Kianzad and K. E. MacLean, “Ballpoint Drive Haptic Force-Feedback

Display”, provisional patent disclosure.

I made all the drawings to convey our invention with feedback and guidance from

my supervisor. My supervisor and I collaboratively shaped the framework, and I

added the technical details. She re-wrote and revised the final patent draft.
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Chapter 4: PHysically Assisted SKetching

Soheil Kianzad, Yuxiang Huang, Robert Xiao, and Karon E. MacLean.

2020. Phasking on Paper: Accessing a Continuum of PHysically

Assisted SKetchING. In Proceedings of the 2020 CHI Conference on

Human Factors in Computing Systems (CHI ’20). Association for

Computing Machinery, New York, NY, USA.

I designed the mechatronics system, wrote the state-model, and designed a closed-

loop controller. I supervised Yuxiang Huang, an undergrad volunteer who built a

lightweight CAD platform for the RPi computer. Our group collaborator, Dr. Xiao,

helped with implementing the hardware PWM to control motors and the integration

of a digital pen to achieve robust absolute tracking. I designed the user study with

the help of Dr. Xiao and conducted the user-tests. I designed the experimental setup

and ran mechanical tests on the device. My supervisor framed the paper and led the

writing.

Chapter 5: Benefits of Force Feedback for Grounding

Soheil Kianzad, Julia A. B. Lindsay, Wafa Johal, Unma Mayur De-

sai, Hala Khodr, Hsin Yun(Ti�any) Wu, Pierre Dillenbourg, Karon E.

MacLean “Dialectic Touch: Exploiting Force Feedback for Grounding

in Collaborative Learning Tasks”, IEEE Transaction on Haptics (in

preparation).

I designed the experiments with three haptic/robotic platforms collaboratively with

my supervisor and Julia Lindsay– an undergrad student that I was supervising. I

programmed and implemented all these experiments. I ran pilot tests and iterated

on the design for each study. Julia designed the pre-test and post-tests for the

three studies. She also drafted an amendment for conducting our study during

the pandemic. Together we designed and ran the user evaluations for the two

studies. I conducted the quantitative analysis on our user study’s result. I led the

qualitative assessment while I received help from Unma Desai (master student) and

Ti�any Wu (volunteer) to avoid potential biases. Unma, Ti�any and I individually
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performed the qualitative coding, and collaboratively, we discussed the findings. I

received insightful feedback and comments from my supervisor, Dr. Wafa Johal,

and Dr. Pierre Dillenbourg through out the process, specifically on the design of the

experiments and running the analysis. I wrote the original draft and my supervisor

did the final edits.

S. Kianzad and K. E. MacLean, “Collaborating Through Magic Pens:

Grounded Forces in Large, Overlappable Workspaces.” International

AsiaHaptics conference. Springer, Singapore, 2018.

A single-user configuration with Virtual Electrostatic Lab was initially developed

by Lotus Hanzi Zhang in collaboration with Matthew Chun and myself for Student

Innovation Challenge – IEEE World Haptics 2017. Later, I extended this framework

to enable multi-user interaction and added more functionality to it. I made the haptic

devices, developed the virtual Jigsaw puzzle, and drafted the demo paper [114]

which was revised by my supervisor.

Chapter 6: The Physically Assisted Learning (PAL)

Soheil Kianzad, Guanxiong Chan, Karon E. MacLean “PAL: A Frame-

work for Physically Assisted Learning through Design and Exploration

with a Haptic Robot Buddy,” Frontiers in Robotics and AI, pp 228-250,

Vol 8, 2021[117].

Based on my supervisor’s initial vision and with her guidance, I proposed the

PAL framework. I implemented the idea, and I came up with two examples: (1)

handwriting and (2) mass-spring to demonstrate the concept. Further, I designed

the passivity controller, and I show how to expand the idea to other domains of

physics. I supervised Guanxiong Chan, an undergrad volunteer who helped with the

literature review and Wifi communication. My supervisor had a major contribution

to the writing of the paper.

All research including human participants were reviewed and approved by

UBC’s Behavioural Research Ethics Board, approval ID (H14-01763). This specifi-

cally includes the studies reported in Chapters 4 and 5.
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Chapter 1

Introduction

According to Papert [174], education should be more about exploring and engag-

ing, with less emphasis on explaining. As discussed in the pedagogical theory

of Constructionism, pupils should be involved in their process of learning, from

designing and constructing meaningful projects/artifacts to exploring them and

creating personal experiences. As one of the well-grounded theories in the do-

main of educational robotics, learners shape their knowledge based on what they

already know, the experiences they gain and the way they organize this to construct

knowledge [152]. In this chapter, we will propose an approach for making a useful

technology to promote experiential learning based on the Constructionism learning

theory, and outline how this dissertation will go about the design and validation of

it. Speci�cally, we focus on empowering digital manipulatives with the addition of

haptics and study their potential bene�ts.

Physical manipulatives are objects that aid learners in perceiving Physics and

Math concepts by manipulating them. Pattern blocks, coloured chips, and coins are

examples of physical manipulatives that are used in early childhood education to

engage learners in hands-on activities. Digital manipulatives are physical objects

with computational and communication capabilities that can promote di� erent types

of thinking in children by engaging them in playing and building. The history of

using Digital manipulatives for education dates backs to the early 1970s - 1980s

in several works from MIT, most notably from the Media Lab's Tangible Media

and Epistemology and Learning groups and the Arti�cial Intelligence Lab. Among
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them, projects such as Floor Turtle [4], Graphical Logo, LEGO Mindstorms [174],

Crickets, and Curlybot [64] introduced engaging environments to develop new

approaches to thinking about mathematical concepts with encouraging results.

Robots are a class of digital manipulatives that use motion along with other

visual or audio cues to express information. Children can program robots and

therefore observe and experience how de�ning a set of rules results in predictable

robot behaviours. This also gives them the freedom to decide what the robot is,

based on how the robot behaves. However, as children grow older, the lack of

versatility reduces the e� ectiveness of these robots in conveying advanced topics.

Consequently, as teaching shifts more towards using formal methods in later years,

they gradually disappear from classrooms.

We propose two exemplary di� culties of �tting this approach into conventional

classroom settings, each pointing to a class of considerations.

ˆ School logistic considerations:Teachers who are the major stakeholders of

education have needs which are not met. For example, what would be a

proper educative tool to help teachers deliver instructions and orchestrate the

classroom more e� ciently?

ˆ Tool versatility:As more advanced topics are introduced to learners, software

and hardware limitations make these robots less e� ective.We can name two

main reasons behind this incompetency: (a) the tool does not permit learners

to actively design, make, and change their learning environment based on

their hypothesis (user's expressivity), and (b) it imposes a complicated level

of interpretation to show the relation between the robot's motion and teaching

subjects (tool's expressivity).

Even if these robots could not �nd their way to schools, that does not make

them inferior digital manipulatives. In fact, there are clear pieces of evidence from

school camps and workshops to show children learn several advanced topics just

by playing with them [162]. One method that these robots use to improve the

learning process is to help learners imagine themselves as the robot and further

reason about the robot's motions based on the learners' commands. Accordingly,

if these commands are given to solve a mathematical problem, then learners are
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provided with an intuitive way of understanding the Math concept by observing

the robot's movements and reason about them [193]. Often, learners write code to

communicate with robots; thus learners naturally get involved in systematic thinking

and learn the key principles of computer science [229].

Despite the possible advantages of using robots to teach computer literacy, there

is little conclusive evidence to show transferable learning from practicing computer

programming with robots to learning other �elds of science such as Physics and

Math [73]. Moreover, there is a slight chance that using robot movements in some

learning scenarios could be misleading, more possibly, when there is no direct link

between the movements and information that needs to be delivered. Both cases

optimistically expect students to either be able to apply the learned skills with robots

to other scenarios (e.g., using problem-solving skills such as divide-and-conquer

in Math problems) or use their imagination to �nd the analogy between the robots'

movements and Physics or Math concepts. In reality, this gap is often so large that

learners cannot �nd the connection between the activity with robots and what they

are supposed to learn.

We posit that combining the visual and haptic (sense of touch) cues can poten-

tially address this de�cit. By using the visual cues we obtain a proper environment

that directly matches the learning concepts. With a haptically augmented manip-

ulative, haptic cues build on the visual input available from a robot's motion as

the user manipulates the virtual environment by moving and interacting with it

through the handheld robot. This can provide complementary information about a

represented concept, reduce cognitive load of unimodal input, and generally make

the manipulative more expressive than one which works through vision alone as it is

used to explore advanced STEM concepts. The combination of these two modalities

reduces the risk of misinterpretation.

In this dissertation, we make three observations, the joint addressing of which

provides a unique opportunity in this as well as some other �elds.

1. Assisted sketching can improve �uid expression of ideas. Proper assistive

force feedback to users' pens while sketching can help them to manifest and

communicate their ideas to other people and to a computer.

2. Exploring the role of force feedback in learning in a human centered design
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context could lead to understanding the best strategies for employing them in

learning advanced topics in Physics and Math.

3. The addition of haptic feedback to a digital manipulative (beyond, for ex-

ample, the ability to program motion alone) is potentially helpful to make

more compelling interpretations so that learners can predict and reason about

the outcome, based on what they see and what they feel. As a result, we can

exploit this design space to empower learners to actively design, make, and

change their learning environment based on the learners' hypothesis.

Countering these opportunities, we also observe the di� culties of incorporating

haptic feedback into a digital manipulative suitable for a classroom environment.

First, we could not �nd a mechanism to support low-cost untethered haptic feedback

for curricular activities, and thus it would be physically impossible. Secondly,

supposing it existed, such a device would be di� cult to adopt if it were special-

purpose; school logistics and resource limits constrain classroom technology to

those which can support many learning scenarios. Consideration of these practical

obstacles has informed many of the decisions in this dissertation.

Inspired in part by the vision portrayed inHarold and the Purple Crayon,

Crockett Johnson's magical 1950s book about a small boy who can draw objects

and scenes that come to life [103], we envision a tool that enables learners to, like

Harold, be able to diagram a physical system and then explore it (Figure 1.1).

1.1 Design Considerations

There exist multi-purpose commercial haptic displays such as Phantom (now Geo-

magic [1]), Novint Falcon (Novint Technologies, 2010; discontinued but currently

produced by a di� erent vendor, 2019 [87]), and Force Dimension Omega displays

(Force Dimension, 2017 [61]) that suit many applications; however, these devices

are often expensive and not accessible in educational settings even as educational

toys. Knowing the design considerations tailored towards a speci�c application

enables a more targeted design of haptic displays and consequently reduces the cost.

Here, we present a list of design considerations that we collected based on literature

and our group's previous experiences in designing an educational haptic device.
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