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Abstract

It is important to consider not only functionality but also aesthetics when designing a

robot that is meant to imitate the way humans and animals are. However, this design

process is usually difficult even for experienced designers. In addition, this requires a lot

of trial and error, which is costly and time-consuming.

If we formulate the design process to achieve both functionality and aesthet-

ics as an optimization process, it can be expressed in the following three stages. First,

the parameters related to the design are set. Next, the objective function to evaluate the

functionality is set. Finally, if there is an objective function to evaluate the aesthetics, the

minimum value of the objective function of the aesthetics is searched under the constraint

that the objective function to evaluate the functionality is zero.

In each of the above three stages, there are problems that create design difficul-

ties and time costs. Depending on the parameter settings, it is not possible to guarantee

the solution, fine tuning is necessary after manufacturing, and trial-and-error is difficult

to be carried out while satisfying the constraint conditions.

Therefore, three concepts are proposed in this paper to design a mechanism to

achieve both aesthetics and functionality. The first concept is “Constructability”, which

enables us to reconfigure parameters without technical knowledge. The second concept

is “Explorability,” which makes it possible to interactively search for a solution to the

aesthetic objective function while satisfying the constraint that the objective function of

functionality is zero.The third concept is “Programmability”, which enables us to adjust

functions by simply replacing some parts after manufacture.
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Furthermore, an implementation method using the optimization calculation of

each concept has been devised for basic mechanisms such as a counterweight mechanism,

a cam mechanism and a spring-loaded self-weight compensation mechanism.
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Chapter 1

Introduction

1.1 Motivation

The word “Robot” was coined in Karel Čapek’s play “R.U.R.”, published in 1920, as a

term for an artificial person performing labor (robota in Czech). Later, the word robotics

was used by science fiction novelist Isaac Asimov for his own science fiction novels with

robots (e.g., I, Robot, published in 1950), combining robot with the word -ics for learn-

ing. Although it is still difficult to define the term robot, it is often used in two main

senses: first, a machine that performs tasks somewhat autonomously to contribute to the

secondary industry, so-called industrial robots, and second, a machine that operates some-

what autonomously, imitating the form of a living organism. In particular, the second, a

robot as a machine that imitates the form of a living organism, is designed so that the

mechanism can not only function with limited energy, but at the same time looks accept-

able to people.

The act of designing a mechanism that looks and functions in a way that is

acceptable to people has a history older than the term “Robot” was first used and has

fascinated people. For example, Leonardo da Vinci designed a machine called the “Au-

tomaton knight” around 1495 that acted like a human being; in 1739, inventor Jacques

de Vaucanson designed a duck that consisted of about 400 moving parts and behaved like

13
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a living thing. He presented the “Canard digérateur.” The watchmaker Pierre Jaquet-

Droz produced “The writer,” a 40-character programmable writing automaton consisting

of some 6,000 parts in 1772.

(a) (b) (c)
Leonardo's mechanical knight (1495) Digesting Duck (1739) The writer (1768-1774)

Figure 1.1: The history of automata. (a) is an automata said to have been designed by

Leonardo da Vinci. It is said to have been able to move in imitation of a knight. (b) is an

imaginary drawing of a duck automata by Jacques de Vaucanson. This automata is said

to have performed a series of movements from eating to excretion. (c) is a hand-drawn

automata “The writer” by Pierre Jaquet-Droz. This automata can be programmed with

text by changing the shape of the cams for each block.

With the development of electronics since the mid-20th century, the act of de-

signing a functioning mechanism while maintaining the aesthetic appeal of the above

has led to the use of electronics technology, and in 1949 Walt Disney’s introduction of a

singing, moving bird automaton led to the creation of The Walt With the help of Roger

E. Broggie and Ken Anderson of the Disney Company, he developed “dancing man,” a

machine that could replicate the tap dancing of Buddy Ebsen (see Fig. 1.2). In 1969,

Tetsuro Mori of Yaskawa Electric Co. The term “Mechatronics,” a combination of the

words “Mechanism” and “Electronics,” was applied for as a trademark. Furthermore, in

1973, Ichiro Kato and his colleagues at Waseda University developed the world’s first full-

fledged intelligent humanoid robot, WABOT, which was capable of bipedal locomotion

and grasping and moving objects with its tactile two hands (see Fig. 1.3).

14 Chapter 1 Takuto Takahashi
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(a) (b) (c)

Figure 1.2: History of Walt Disney’s audio-animatronics. (a) is a prototype of the audio

animatronics “Dancing Man” or “Project Little Man.” The animatronics are the size of

a 9-inch doll and mimic the movements of actor Buddy Ebsen. (b) is a full-size audio-

animatronic of President Lincoln. The audio-animatronics became popular when they

were displayed at the New York World’s Fair. (c) An interior view of President Lincoln’s

audio animatronics. The machines are cleverly designed to function properly while main-

taining a high level of aesthetics.

Chapter 1 Takuto Takahashi 15
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Figure 1.3: History of humanoid robots at Waseda University. The robot, called WABOT,

was not only shaped like a human, but also equipped with the necessary intelligence to

perform physical tasks, and it became the world’s first full-fledged humanoid robot.

Behind these creative activities, experienced designers often achieve these goals

through mindless trial and error. In other words, the designer incorporates the mechanism

into the blueprint, manufactures the actual product based on the blueprint, and then veri-

fies whether it meets the target requirements, and if it does not meet the target, the designer

goes back to the point of redesigning the blueprint. Even if the mechanism works well, if

it is determined that it does not look good, the designer has to redesign the design as well.

Not only is it difficult for a novice designer, but it is also a time-consuming and costly

process for even an experienced designer (see Fig. 1.4).

In order to solve such time-consuming design problems, there is a new field of

Computational Design, which makes use of the computational power of computers to sig-

nificantly reduce the time required for design. Specifically, the results of manufacturing

are simulated and evaluated in the virtual space of the computer before actual manufac-

turing, and the design is automatically remade until the results meet the requirements (see

Fig. 1.5). The computer’s ability to rapidly find the best parameters based on constraints

greatly reduces designer error and increases the probability of success for the final eval-

uation at the time of manufacture. This field is not only used in robotics manufacturing,

but also in all areas of design.

16 Chapter 1 Takuto Takahashi



Chapter 1

Figure 1.4: The process in machine design and the problems associated with it. The

designer decides on the geometry of the machine part by part, in order to achieve an

aesthetically pleasing overall structure, while dealing with too many constraints for a

human to consider. In addition, the actual manufacturing process requires a lot of trial

and error, which is time consuming and costly.

Chapter 1 Takuto Takahashi 17
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Figure 1.5: The general design flow in Computational Design. Machine manufacturing is

typically a time-consuming process, and time wasted due to trial and error can be critical

in projects with limited schedules and budgets. Computational Design pre-simulates and

evaluates prototypes in virtual space prior to manufacturing and automatically modifies

the design until the proper evaluation is achieved. This saves time during the entire design

process.

18 Chapter 1 Takuto Takahashi
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1.2 Problem Formulation

In order to utilize computational design in the field of robotics, it is essential to put the

design process of the mechanism into the context of numerical optimization to ensure that

it is aesthetically pleasing and functionally correct. If the problem of design is reduced to

a problem of determining numerical parameters, the design which has been dependent on

implicit and empirical aspects can be made explicit, and the numerical calculation using

computers can support the discovery of the optimal values. The method we have focused

on in this study is a design support method by numerical optimization. From here, we will

explain the process of designing a mechanism while maintaining its aesthetics, following

the context of design support by numerical optimization.

1.2.1 Design Parameters

First, in order to treat the design problem as a numerical optimization, the parameters

involved in that design must be properly set by the designer. There is an n-order parameter

space required to determine the design, and let the vector p be the parameter.

p = (p1, p2, · · · , pn)
T ∈ Rn (1.1)

This parameter has to be set appropriately so that it can be used as a variable in

the objective function described below.

1.2.2 Objective Functions

In order to determine the parameters described above, it is necessary to set up an objective

function. In this task, there are two kinds of objective functions: one to evaluate whether

the mechanism works well and the other to evaluate the aesthetics. We will now explain

the two types of objective functions.

First, let’s discuss the objective function for evaluating the performance of the

Chapter 1 Takuto Takahashi 19
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mechanism, which is necessary for the mechanism to operate properly. There is a objec-

tive function

f : Rn → R (1.2)

such that f (p) = 0 when the mechanism is energy efficient and operates normally. We

call it mechanical objective function f (·). Since this objective function can often be set

explicitly by appropriate modeling of the mechanism, there is already a large amount of

research supporting it using continuous optimization techniques.

Next, let’s discuss the objective function for evaluating aesthetics. The function

to evaluate aesthetics is expressed as a function

g : Rn → R (1.3)

that indicates the acceptability of the mechanism to people, that is, aesthetics [1]. We

call it aesthetic objective function g(·). This objective function for evaluating aesthetics

depends on the subjectivity of the designer and is more difficult to set explicitly than the

objective function for the mechanism.

In this case, the designer needs to determine the parameter p, where aesthetic

objective function g(·) is the smallest in that mechanical objective function f (p) is 0 (see

Fig. 1.6). Through these operations, the design of a mechanism that is both functional and

aesthetic is achieved.

min
p

g(p) s.t. f (p) = 0, (1.4)

1.3 Challenges

However, it is time consuming for an experienced designer to determine the parameter

p related to the structure of the mechanism and its shape with the appearance (aesthetic

objective function g(·)) and function (mechanism objective function f (·)) as design re-

quirements (see Fig. 1.18). There are three reasons for this.

20 Chapter 1 Takuto Takahashi
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𝑓(𝐩)

𝑔(𝐩) 𝐩

𝐩∗

min
𝐩
𝑔(𝐩) s. t. 𝑓 𝐩 = 0

A function to evaluate the design
requirements of a mechanism

A function to evaluate the
designer's aesthetics

Figure 1.6: Conceptual diagram of the design of a machine to improve aesthetics while

maintaining functionality. The process of searching for the optimal solution of the ob-

jective function for aesthetics in a space where the objective function for functionality is

constrained to be optimal, i.e., zero.

The first challenge is that it is not possible to guarantee that a suitable solution

that satisfies the equation can be found for the set design parameters. If the wrong design

parameters are found to have been set, the design parameters need to be re-set, which

requires a lot of skill and experience, and therefore costs the designer a lot of time and

money.

The second challenge is that the setting of the mechanism objective function

does not always match the actual performance of the manufactured mechanism and re-

quires fine tuning after manufacture. Repeated trial and error in the manufacturing process

itself requires a lot of time.

The third challenge is that the aesthetic function is difficult to set explicitly

and must be interactively tried and tested by the designer, and the constraint that the

mechanism objective function is zero must be met. Normally, the constraint that the

mechanism objective function is zero is not met when the designer freely specifies the

shape of the system.

Chapter 1 Takuto Takahashi 21
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We cannot guarantee that the desired
solution is in the specified parametersDefine a design parameter

𝑓(𝐩)

𝐩

Define an objective function

Find an optimal parameter 𝐩∗ by

min
𝐩
𝑔(𝐩) s. t. 𝑓 𝐩 = 0

Computational Mechanism Design Flow Our Approach

The designed objective function does not
always match the post -manufacturing
behavior and needs to be fine -tuned

Because the function for evaluating
aesthetics is subjective to the
designer, we must allow for design trial
and error while meeting the constraints

Figure 1.7: In computational mechanism design, the three main problems that prevent

you from achieving your design.

1.4 Our Approach

In order to effectively solve the three main problems listed above, this paper proposes

three new approaches: “Programmability,” “Explorability” and “Constructability.”

1. Constructability : A concept that allows a design novice to reconfigure design

parameters without expertise. They do not need to be set up in advance and can

specify the overall picture of the mechanism using only touch controls or pointing

devices such as a mouse, and then design using optimization. This thesis describes

a method for appropriately setting the parameters necessary for optimization by

providing the user with an interface to specify the geometry and decompose the

joints, using a mechanism called a counterweight to maintain the postural balance

of the mechanism as the subject.

2. Explorability : A concept that allows the user to interactively change parameters

while still satisfying the constraint that the objective function of the mechanism is

zero. This allows the user to design a mechanism that is both aesthetically pleasing

and functional. This thesis describes a design method for an interface that allows

22 Chapter 1 Takuto Takahashi
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the user to easily search for aesthetically appropriate parameters while holding on

to the objective function of 0, which has been difficult to achieve with a special

spring-assisted self-weight guarantee mechanism.

3. Programmability : A concept that allows the performance of a mechanism to be

changed by simply manufacturing or replacing some special parts after manufac-

ture. The parts in question are called programs, and the designer has the flexibility

to change the programs. In this thesis, we focus on a special mechanism called

a cam mechanism, which allows for programmability by changing the design of

some of its parts, and describe a method for creating a mechanism that allows the

function of the machine to be adjusted after it has been manufactured.
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Figure 1.8: Our approach

In order to establish a new mechanism design method using these three con-

cepts, we have developed a new method by treating the basic components of the mecha-

nism, i.e., a cam mechanism, a spring mechanism and a counterweight mechanism.
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1.5 Organization of the Thesis

The organization of this PhD thesis is shown in Fig. 1.9. The introductory chapter de-

scribes the background knowledge for designing aesthetically appropriate mechanisms,

and then introduces the software and research related to them.

In Chapter 2, on the subject of counterweight mechanisms and stability, a method

is proposed to design a counterweight mechanism in which the position of the joint is sta-

bilized and returned to the user’s sketching input only. This allows the designer to set

design parameters interactively without the need for expert knowledge, and approaches

the problem of re-setting parameters, which has been difficult.

In Chapter 3, an exploratory design method for a self-weight assurance mech-

anism is proposed, with the theme of spring mechanisms and balance. Null-space ex-

ploration” here allows the designer to interactively search for aesthetically pleasing pa-

rameters while still meeting the constraints of the mechanism’s objective function. This

approach addresses the problem of balancing aesthetics and functionality, which has been

difficult to achieve in the past.

In Chapter 4, we focus on cam mechanisms and trajectories, and proposes a

framework in which the motion of the mechanism can be programmed by designing the

cam geometry. These methods establish the basic concept of programmability in mecha-

nism design and enable us to approach issues that require fine tuning after manufacture.

Finally, the concluding chapter discusses the validity of the methods presented

so far and explains the direction of future research.

1.6 Related Work

In particular, there are studies that combine additive manufacturing of mechanisms: Lifeng

Zhu et al. have developed a technique to automatically manufacture automata from a spec-

ified motion[2]; Vittorio Megaro et al. [3] and Gen Nishida et al. [4] have developed a

24 Chapter 1 Takuto Takahashi
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Figure 1.9: Organization of this doctoral thesis. The proposed new approach is explained

in each chapter with the basic mechanism as the subject, and how to implement a specific

design support system. The results of manufacturing using the system are also presented.
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technique to manufacture an arbitrary two-dimensional. Stelian Coros et al. and Bern-

hard Thomaszewski et al. have developed design tools and optimization techniques for

character automata[5, 6], which specify the start and end states of a link to generate a

link mechanism to achieve this. However, most of them have focused on the mechanistic

aspects, and few of them effectively solve the energy efficiency as well as the appearance

problem.

1.6.1 Additive Manufacturing and Fabrication Oriented Design

The widespread use of additive manufacturing technologies, such as 3D printers, has

brought about a major change in the act of designing real-world objects [7]. In addition,

because complex three-dimensional mesh information can be directly materialized, it is

compatible with the materialization of optimization results in the CG field of research. For

this reason, research has been conducted on how to materialize three-dimensional charac-

ters that could only exist in a virtual space. For example, in the game ”Spore” developed

by Maxis [8], the game provides an interface that allows the player to easily design a

complex character, while at the same time ensuring that the character is animated without

fail. There are studies that realize this as This research uses optimization techniques to

estimate from mesh information with appropriate joints [9] shown in Fig. 1.10. There is

also research on outputting characters without disassembling the joints in a 3D printer by

appropriately combining soft and hard materials [10] shown in Fig. 1.11.

1.6.2 Computational Design of Mechanisms

One of the reasons for the widespread use of optimization techniques to support toys with

machines and mechanisms is the research on toy design at Microsoft Laboratories [2].

The study introduces a method for generating mechanisms that take cyclically animated

input information input by the designer and reproduce it as the motion of an automata

driven by a single rotating axis shown in Fig. 1.12. Collision avoidance between the

parts and the designer’s preferred layout can also be found, and the annealing method is

mainly used to optimize the parameters. In addition, technologies such as a 3D printer,
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Figure 1.10: The system automatically divides the mesh data of an arbitrary 3D character.

If the 3D printer outputs the results of the calculation, it will be possible to deform the

posture of the 3D character by moving the angles of each joint by hand.

Figure 1.11: In 3D printing of the shape of a 3D character, the system allows to change

the posture of a 3D character without articulation breakage by calculating the distribution

of materials of different softness to be printed.
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which can output the design results directly as a three-dimensional object, can be used to

easily materialize automata. This technique provides the first step toward realizing a toy

with the intended movement, even for beginners who have no knowledge or experience

in mechanical design.

Figure 1.12: The system generates a mechanism that reproduces the movements of the

recursive characters specified by the artist and fine-tunes their arrangement so that they

can be output to a 3D printer and be moved directly.

The research conducted by Disney research to support the design of a series

of character mechanisms has also had a significant impact. For example, it is difficult

to design a linkage mechanism that makes the entire machine come alive while rotating a

part of the mechanism because the motion of the linkage mechanism is difficult to predict.

For such a task, there is research to interactively adjust parameters such as the length

and position of the linkage mechanism by giving the desired trajectory to the designer

[5, 6]. This research has also been made possible by the development of optimization and

additive manufacturing technologies and interfaces shown in Fig. 1.12.

Some research has also been done to automatically generate a linking mecha-

nism that will convert from one desired posture to another desired posture for some shapes

drawn by the user’s hand [3, 4]. These are not cyclical motions and are therefore suitable
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Figure 1.13: The system calculates the parameters and gearing of the linkage mechanism

to achieve the trajectory to be followed by the user-specified linkage mechanism endpoint.

It simulates the complex motion of the link mechanism and solves the inverse problem.

for designing objects with bending structures, such as furniture or heavy machinery shown

in Fig. 1.14.

Methods have also been developed to divide meshes so that they move at joints

using 3D printing technology, and to generate mechanisms that contain elasticity [11]

shown in Fig. 1.15. There is also a technology that allows elastic objects to be connected

with strings and pulled by actuators to achieve animation [10, 12, 13].

1.6.3 Mechanism Design Interface

Computer-aided design (CAD) originated with Sketchpad, developed by Ivan Sutherland

in 1963, and is a design aid still used today for machine design shown in Fig. 1.16.

It enabled the creation of drawings. Nowadays, CATIA and Solidworks from Dassault

Systèmes and Autodesk Inventor and Fusion360 from Autodesk are widely used to fol-

low Sketchpad’s intent. Robert and McNeel Associates’ Rhinoceros 3D is particularly

focused on freeform NURBS modeling. OpenSCAD, which is developed and maintained
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Figure 1.14: A system that generates a linking mechanism capable of moving from a

user-specified two-dimensional sketch and multiple postures to interpolate between those

postures.

Figure 1.15: A system that generates a soft continuum, such as a linking mechanism,

that achieves a similar motion. Complex motion can be achieved in a single 3D printing

session without using components such as joints.
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by Marius Kintel et al. is a free source software with structural solid geometry (CSG)

modeling as its source code. Autodesk’s TinkerCAD is also an educational CAD tool that

makes it easy to create parts in the browser. Some of the software described here is used

to create a machine by creating a three-dimensional shape of each part, and then adding

constraints, called joints, to combine the parts into a mechanism.

Figure 1.16: An early computer-based design support system called Sketchpad. Illustra-

tions, figures and parts can be drawn with various constraints.

Although the design software called CAD is widely used, it does not aim to

solve the above design difficulties directly [14].

Looking beyond CAD, educational physics simulators can help create machines:

the Algodoo, developed by Emil Ernerfeldt, is a 2D physics simulator for education,

specifically allowing mechanisms to be created interactively in virtual space. So far,

many user works have been created and published on the Internet. Gazebo and PyBullet

are examples of simulations in three-dimensional space, but they do not make designing

machines as easy as Algodoo.

The development of mechanisms in games is also worth mentioning. Since the

hardware and PCs have been developed with specs that allow for 3D physics simula-

tion inside games, games that allow for the creation of machines in virtual space have

also been developed, such as RigidChips and Laputan Blueprints, Garry’s Mod devel-

oped by Facepunch Studios; LBP and Dreams by Media Molecule; Scrap Mchanic by
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Figure 1.17: An interactive 2D physics simulation called Algodoo is an educational

software that can be enjoyed like a game. It can also be used to simulate a mechanism

such as a linkage mechanism to verify its operation.
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Axolot Games AB; Besiege by Spiderling Studios; and See also Trailmakers from Flash-

bulb Games. Most of these consist of defining rigid bodies and joints and piecing them

together.

Figure 1.18: Little Big Planet, a PS3 game developed by Media Molecule, features a 2D

physics simulator that allows users to generate mechanisms using controllers. Users can

upload the items they create to a platform that is run on the Internet and share them with

other users.

There is no such thing as working backwards to create or modify each part

based on the final function or look of the game, which is all about putting the basic parts

together and trying to achieve the desired function through trial and error, while seeing

how they behave in the simulator. If we can establish a design method that achieves both

appearance and function, we will be able to contribute to the field of CAD and games.
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Computational Design of Balanced
Open Link Planar Mechanisms with
Counterweights from User Sketches

In this study, the design of a low-vibration multi-joint mechanism is investigated to main-

tain a stable static balance. Our method augments the user-supplied design with a coun-

terweight whose mass and mounting position are automatically calculated. The optimized

counterweight adjusts the center of gravity so that the mechanism returns to its original

shape for limited external perturbations. In this study, we present several examples that

show how a wide range of user-provided designs can be transformed into statically bal-

anced mechanisms using a sketch-based system. Additionally, validate the results with a

series of physical prototypes.

2.1 INTRODUCTION

Designing an articulated mechanism that is both functionally and aesthetically pleasing

is a challenging problem at the intersection of art and engineering. A prime example of
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this is the 18th-century Edo-era Japanese automata called “Karakuri Ningyo1.” One of

the most notable of these designs is the “Chahakobi Ningyo,” a mechanical character that

uses the weight of tea to balance itself. In addition, Tanaka Hisashige’s “Yumihiki Doji”

can shoot a bow by moving each joint; see [15].

When driving these articulated mechanisms with actuators, it is important to

consider the weight of the various mechanical components. If poorly designed, the torque

required to support the structure can cause the mechanism to vibrate or move incorrectly.

For this reason, dead weight compensation strategies to reduce the static loads that must

be supported by the actuators have been extensively researched [16, 17].

On the other hand, an under-actuation mechanism such as the “Roly-Poly Toy”

allows you to balance effortlessly, even if your posture changes due to external forces

[18]. This stable balance can be achieved by adjusting the center of gravity according

to the posture. One commonly used means for this purpose is a counterweight. While

there is a solution in the case of a single component [18], designing a counterweight for

balancing in the case of multiple components is a problem for which no effective solution

has been shown.

We propose a method to automatically determine the counterweight parameters

so that the corresponding underacting mechanism maintains its balance and returns to this

configuration during restricted perturbations by adding to the input design provided by the

user. To address this problem, we are guided by three main requirements.

• Multi-component mechanism: the mechanism is composed of multiple rigid bodies

and joints.

• Sketch-based input: the initial design is provided by the user through a sketch-based

interface.

• Stable balancing: the final mechanism maintains its balance in the target pose, and

automatically returns to this pose after bounded perturbation.

As a first step towards this goal, we develop a system that generates an open-
1“Karakuri Puppet” on Wikipedia
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linked planar balancing mechanism from a user-specified sketch and semi-automatically

discovers the counterweight shape using an evolutionary optimization strategy. We demon-

strate our method on a set of virtual designs created entirely interactively within our sys-

tem. To validate the feasibility of our design, we have further built several physical mech-

anisms.

Figure 2.1: Design System Overview. The user draws a sketch and specifies where

to divide it. The system then optimizes the parameters of the counterweight based on

physical simulations. The final design is converted into a set of 3D printable meshes,

ready for fabrication.
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2.2 RELATED WORK

Our method builds on previous research in three major research areas: design of me-

chanical properties, statically balanced mechanisms, and optimization-based design of

statically stable objects. These three research areas are described in the following subsec-

tions.

2.2.1 Mechanical Character Design

With the increasing availability of additive manufacturing technologies, the computer

graphics community is beginning to embrace the design of 3D printable objects that con-

tain functional mechanisms with desired aesthetics [3, 19]. Our work is particularly in-

spired by the work of Baecher et al. [20] who automatically converted digital letters into

components that, once printed, allowed the physical letters to be posed within a desired

range of motion. This work has implications for recent methods of creating mechanically

animated characters [21, 22], and we aim to extend it to the problem of static balance.

2.2.2 Statically Balanced Mechanism

In the field of robotics and mechanical engineering, there have been many studies on grav-

ity compensation using compliant elements such as counterweights and springs [16, 17].

For example, several studies have proposed methods to design counterweights for specific

mechanisms [23, 24, 25]. Takahashi et al. [26] proposed an interactive design system that

automatically suggests spring parameters to achieve static balance throughout the space

of user-specified configurations, but they did not consider the design of counterweights.

In this study, we aim to develop a system that automatically adjusts the parameters of the

counterweight to achieve static balance, even for a new articulated mechanism specified

in the user’s sketch.
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2.2.3 Optimization Based Stable Object Design

In the context of design for additive manufacturing, a recent stream of research has ad-

dressed the problem of optimizing the center of gravity for a given input shape [27, 28, 29]

(see Fig. 2.2). Similarly, Zhao et al. [18] have proposed a design tool for a so-called roly-

poly toy that returns to its correct posture by itself when pushed down. However, the

problem of adjusting the center of gravity to achieve static balance in articulated mecha-

nisms is, to the best of our knowledge, still an unsolved problem.

Figure 2.2: Optimizing the center of gravity of a given input shape.

2.3 METHOD

As shown in Fig. 4.2, the workflow of this system consists of eight steps. First, user-

supplied sketches are converted to two-dimensional polygons and the joint positions are

automatically determined from user-specified cutting lines. Then, we modify the link

shape and create a hierarchical structure as described in Section 2.3.4. The optimiza-

tion is then performed and the counterweight shape is computed. Physical simulations
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are performed using the optimized shapes to confirm that they are balanced. Once the

static balance is confirmed, the system generates a 3D shape by Boolean operations, as

described in section 2.3.5. Finally, the output shape is 3D printed and connected via a

shaft with an off-the-shelf bearing.

2.3.1 Mechanism

We represent an articulated mechanism using a hierarchical structure consisting of nl

links and n j joints (see Fig. 2.3). A link represents a rigid body and a joint represents a

constraint on the relative position of two links. One of the links in the mechanism must

be connected to a fixed root link, which represents the vertex of the hierarchical structure.

We only consider designs that can be described in this way, which excludes mechanisms

with closed loops.
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Figure 2.3: A diagram of the hierarchical structure used to represent the mechanism.

The mechanism consists of links and joints. A joint defines the positional relationship

between a given child link and its parent link.

The link constitutes an articulated mechanism and can change its position and
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angle in the planar state. In addition, a link has 2D shape information itself as a rigid

body; 2D shape information is a vector of vertices in local coordinates, which is called a

2D polygon. Therefore, a link can be written as

li =
(
pT ,θ , ŝT)T

, (2.1)

where p is the 2D position in global coordinates, theta is the angle, and ŝ is the vector

representing the 2D polygon.

Joints are responsible for limiting the positional relationship between two links.

Here, we focus only on the so-called pin joints and do not consider other joints, such as

sliding mechanisms. A joint is formulated as

ji =
(
p̂T

parent, p̂
T
child, θ̂range

)T
, (2.2)

where θ̂range represents the range of relative angular movement between a given child link

and its parent link, and p̂T
parent and p̂T

child represent the joint position in local coordinates

of the corresponding link.

2.3.2 Counterweights

The counterweight structure consists of nw weights, and each weight is fixed to a moving

link. In order to reduce the dimensionality of the parameters related to the shape of the

counterweight, to the annulus sector defined by two radii (rinner, router) and angles (θstart,

θwidth) The shape of the counterweight is restricted (see Fig. 2.4). The counterweight

connected to the i-th link can be defined as

wi = (rinner,rthickness,θstart,θwidth)
T , (2.3)

where rthickness is the difference between the inner radius rinner and the outer radius router

of the annulus sector.

2.3.3 Optimization

The goal of the optimization phase is to find all appropriate counterweight parameters so

that the articulated mechanism generated from the user’s sketch will be in static equilib-
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Figure 2.4: We use counterweights in the form of annulus sectors. These shapes are

defined by four parameters as indicated.

rium. Here, we summarize the parameters to be optimized x as in static equilibrium in the

target configuration. We summarize the parameters x to be optimized as

x = (w1,w2, ...,wnw)
T . (2.4)

When calculating the center of gravity of a given link in the mechanism, the

weights of all its children must be taken into account. For this reason, we recursively

compute the center of gravity of all links in the hierarchical structure as follows:

pCoG
i =

∑ j∈Ii

(
ρlA

(
l j
)

c
(
l j
)
+ρwA

(
w j

)
c
(
w j

))
∑ j∈Ii

(
ρlA

(
l j
)
+ρwA

(
w j

)) , (2.5)

where Ii represents the set of indices of the i-th link and its children, the function A

computes the area of a two-dimensional polygon, the function c calculates the centroid of

a two-dimensional polygon, and ρl and ρw are the mass densities of the link material and

the counterweight, respectively.

If the line connecting the joint position connected to the parent link and its

center of gravity (including the influence from all child elements) is not aligned with
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the direction of gravity, a non-zero moment will occur and the structure will no longer

be statically balanced. Therefore, in order to achieve balance, we define the objective

function for calculating the counter-load parameter as follows:

f (q) = ∑
i
∥pCoG

i −
(

pi,parent +α
g

∥g∥

)
∥2 , (2.6)

min
q

f (q) s.t. rthickness,i ≥ 0, θwidth,i ≥ 0 ∀i , (2.7)

where q is a vector that accumulates all mechanical information as in

q =
(
l1, l2, ..., lnl , j1, j2, ..., jn j ,w1,w2, ...,wnw

)T
, (2.8)

and pi,parent is the position of the parent joint, g is the acceleration of gravity in global

coordinates, and α is the target distance from the parent joint (we use α = 5 [mm]).

This nonlinear minimization problem is solved using CMA-ES [30, 31], a derivative-free

method for numerical optimization.

After this optimization calculation, 2D physics simulations are performed to

verify the counterweight results and rule out unstable designs. 2D physics simulations are

performed using an impulse-based solver [32], which is fast enough for all the examples

presented in this study.

2.3.4 2D Sketch Interface

Our system can easily create an open link mechanism from a sketch with a two-dimensional

GUI as in Fig. 2.5.

First, contour lines are extracted from a rasterized sketch, or image, drawn by

the user, and converted to 2D polygons. A simplification technique known as the Ramer–

Douglas–Peucker algorithm [33, 34] is used to convert the rasterized image into 2D poly-

gons.

To divide the 2D polygon converted from the sketch into an articulated mecha-

nism with links and joints, the user draws a line through the GUI to the shape to determine

the position of the division (the position of the joint is automatically set to the center of the
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divided part). The 2D polygon is then cut based on the desired angular range of motion

θ̂range.

Furthermore, in order to be able to place mechanical joint parts such as shafts

and bearings, a circular shape is added to each link with respect to the position where the

joint is to be placed, using boolean operations in 2D geometry. This time, we set its radius

to rjoint = 5mm.

After the user has performed the above partitioning process any number of times

and the link shapes have been determined, the hierarchical relationship is defined by de-

termining the joints corresponding to the parent and child links and their link IDs. Specif-

ically, when the user specifies the root link, the link ID of the joint is automatically set

according to the distance from the root link.
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Figure 2.5: Process diagram from 2D sketch to mechanism definition. A user-drawn

sketch (1) is polygonized and divided along the division line (2). The links are then cut

so that the joints allow for arbitrary angular changes (3) and the geometry for attaching

the joints is added (4). We then set up the link hierarchy with the root link selected by the

user (5).
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2.3.5 3D Mesh Generation

Our system translates optimized 2D shapes into 3D mesh data, as illustrated in Fig. 2.6,

using 3D Boolean operations. To avoid collisions between links and counterweights, we

design 3D meshes with two layers. The thickness for the inner layer is ainner and the outer

layer thickness on each side is aouter = ainner/2. Furthermore, the clearance between the

layers is aclearance (we use 1 [mm]).

(a) Extrusion

(c.1) Removal (c.2) Addition

(b.1) Removal (b.2) Removal

Final 3D mesh

Integration

To a 
child link

To a 
parent link

Bearing holder

Shaft holder Weight holder

Weight holder

3D output

2D polygon

3D mesh

2D articulated input

Figure 2.6: Process from mechanism definition to 3D mesh output. The system performs

3D Boolean operations.

First, we extrude the 2D polygons of the link with the thickness aextrude =

ainner + 2aouter + 2aclearance, as indicated in Fig. 2.6(a). Around the joint connected to

the child side (Fig. 2.6(b)), we cut the inner layer with a radius of rcut = rjoint +aclearance
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or the corresponding counterweight’s outer radius router + aclearance. To fit the bearings,

we also create a hole with diameter dbearing in the outer layer. However, around the joint

connected to the parent side (Fig. 2.6(c)), we cut the outer layer with a radius of rcut and

the inner layer with a diameter of dshaft. Thereafter, we add the counterweight fixtures

by adding an extruded polygon in the shape of the counterweight. By performing these

operations on every link, we obtain a 3D-printable mesh.

2.3.6 Implementation

For numerical optimization using CMA-ES, the linear algebra libraries Eigen2 and libc-

maes3 are used in C++. For GUI and mechanism visualization, OpenSiv3D4 is used.

For image contour extraction, the contour extraction function of OpenCV5 is utilized. In

addition, Boost geometry6 is used for simplification, Boolean operations, and center-of-

gravity calculation of two-dimensional polygons. In addition, Box2D footnotehttps://box2d.org

is used for 2D physics simulation. 3D mesh generation using Boolean operations on 3D

geometry is done using OpenSCAD7 is used to generate 3D meshes using Boolean oper-

ations on 3D geometries. All the algorithms used in this study are based on the processed

fast enough for interactive operation on a laptop (2.4 GHz, single-threaded).

2.4 FABRICATION AND EVALUATION

In order to ensure that the system developed in this research works properly, several tests

were conducted. These tests included both simple and relatively complex examples of the

linkage mechanism. For further validation, we also tested several physical prototypes. For

this evaluation, a 3D printer (Prusa MK3S) and PLA filament were used to fabricate the

links, and stainless steel shafts (diameter dshaft = 3 [mm]) and bearings (dbearing = 6 [mm])

2http://eigen.tuxfamily.org
3https://github.com/beniz/libcmaes
4https://github.com/Siv3D/OpenSiv3D
5https://opencv.org/
6https://www.boost.org
7https://www.openscad.org
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were used for the joints. For the counterweight material, brass (thickness aextrude = 6

[mm]) cut on a CNC mill (KitMill RZ420) was used. To calculate the density, ρl = 0.6

[g/cm2] and ρc = 5.1 [g/cm2] were used. During optimization, the inner radius of the

counterweight, rinner, was fixed at 7[mm] for ease of assembly after manufacturing.

2.4.1 Simple mechanisms

For a simple test case, we used three different geometries: a single joint, two serial links,

and three branching links. as shown in Fig. 2.7, the proper division was successfully

achieved for the geometry drawn by the user. In addition, each mechanism was able to

maintain its balance at the specified posture after optimizing the counterweight.

2.4.2 Complex mechanisms

We then adopted three relatively complex shapes: the arm, the cat, and the monster. For

the simple shapes, we succeeded in stabilizing the target mechanism shape as shown

in Fig. 2.8. However, we also encountered several solutions involving collisions between

counterweights, a problem that made them unsuitable for manufacturing. If such collision

problems occur, the final results may be improved by adding the sum of the overlapping

counterweight shapes to the objective function during optimization.

2.4.3 Physical mechanisms

For experimental validation, we used the generated 3D mesh to create three physical pro-

totypes: a bird, a human, and an arm. The prototypes successfully balanced in the desired

shape and returned to their original posture when moderate fluctuations were applied, as

can be seen in the video (see Fig. 2.9).
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Figure 2.7: Results for simple examples. The counterweights attached the joints allowed

for stable balance in all cases.
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Figure 2.8: Results for complex shapes For simple shapes, the results show a stable

balance after parameter optimization of the counterweight. It can be seen that some of

the weights are relatively large. Depending on the application, it may be desirable to use

thicker or more dense materials.
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(1) Bird

(2) Human 

(3) Arm

Figure 2.9: Physical prototypes of articulated mechanisms designed using the proposed

system. These mechanisms each return to a stable target shape when subjected to moder-

ate perturbations.
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2.5 DISCUSSION AND FUTURE WORK

We presented an approach to create a statically balanced mechanism by optimizing the

counterweight parameters. Our sketch-based interface allows users to express their design

intent in a simple and efficient way. We have demonstrated our method in several virtual

designs and physical prototypes. As originally intended, we found that optimizing the

counterweight by focusing on the center of gravity was effective in creating a statically

stable mechanism. However, the method currently has various limitations and is described

below.

First, the system cannot guarantee that the optimization can find a solution

within the space defined by the user’s input. One solution would be to widen the search

space by allowing the optimization process to manage the division of the shape, similar

to traditional research [20].

Second, the optimization problem shows multiple optimal solutions, and a given

local solution is generally not globally optimal. In our system, the user cannot change

the parameters after optimization. However, an iterative process that allows the user to

fine-tune the parameters may help to guide the system to a particular solution. Interactive

solution space exploration, such as the null-space search scheme described in the previous

work [26], can also be useful.

Third, even if the mechanism is statically balanced, the links and joints may col-

lide and the articulated mechanism may not be assembled. For example, the mechanisms

in Figs. 2.8(2) and 2.8(3) are well balanced, but the links, joints, and counterweights are in

conflict. When designing printable layouts of articulated mechanisms, a constraint-aware

modeling approach can solve this problem [21, 35].

In this study, we focused only on the open link mechanism, which is a mech-

anism that can be expressed in a hierarchical structure. Closed link mechanisms are not

currently supported.

Finally, our system does not take into account the weight of the joints; the center

of gravity in 2D does not always match the 3D printed one. As a result, some manual
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modifications are required before manufacturing the physical prototype. In the future,

these aspects should be considered during the design process so that the system can adjust

the parameters of the counterweight accordingly.
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Computational Design of Statically
Balanced Spring Mechanisms

Statically balanced spring mechanisms are used in many applications that support our

daily lives. However, designing a new one is a challenging problem because the designer

has to simultaneously determine parameters such as the appropriate number of springs,

connectivity, and attachment points. We propose a new optimization-driven approach for

designing statically balanced mechanisms in an interactive and semi-automatic manner. In

particular, we describe an efficient method for design optimization based on the constant

potential energy principle, an automatic sparsification method for spring topology design,

and a null-space search scheme that allows the user to navigate the local space of design

choices. Simulation examples and several prototypes will be used to demonstrate our

design system.

3.1 INTRODUCTION

Pixar’s short film “Luxo Jr.” shown in Fig. 3.1 is a masterpiece of computer animation.

The centerpiece of the story is a lamp placed on a desk, which is animated with the ability

to easily switch and balance between any poses [36], and the real-world inspiration for
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Luxo Jr. is the well-known Anglepoise lamp [37]. Like angle-poise lamps, many types of

balancing mechanisms use counterweights or springs to maintain a static equilibrium in

various configurations.

Figure 3.1: Pixar short film “Luxo Jr.” Pixar applied the principles of Disney’s 2D

animation to 3DCG, allowing for realistic movement of characters that was considered

impossible in 3DCG at the time.

Many applications that support our daily lives employ statically balanced mech-

anisms. In consumer electronics, spring-loaded mechanisms make it easier to maneuver

heavy doors; in robotics, gravity-compensating mechanisms facilitate the movement of

robotic arms, making actuators smaller, lighter, and less expensive; and in medical engi-

neering, passively balanced braces make it possible for patients to stand and walk can be.

What these applications have in common is energy efficiency.

There are two ways to design a static equilibrium mechanism: using counter-

weights or using an elastic body such as a spring [16]. Although the use of counterweights

is relatively easy to implement, the use of counterweights increases the total inertia of the

mechanism and may reduce the dynamic performance of the mechanism and its resistance
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Figure 3.2: Template for a statically balanced spring mechanism. (a) Basic gravity

balance mechanism with one spring. (b) Anglepoise mechanism with two springs.

to external forces.

In this study, we focus on achieving static equilibrium using elastic bodies. A

well-known example of this class is the basic gravity equilibrium shown in Fig. 3.2(a).

The static equilibrium conditions for this single spring mechanism are given by

mgr2 = r1k1a1 . (3.1)

Similarly, the conditions for the double-spring Anglepoise mechanism shown in Fig. 3.2(b)

are as follows
mgrm = lmkmam ,

mgro = lokoao .
(3.2)

The equilibrium conditions in the above examples can be derived using simple

geometric reasoning. However, there are few mechanisms for which static equilibrium

conditions are explicitly known.

Instead of using explicit balancing conditions, an alternative approach is to re-

quire that the total potential energy must be constant across all acceptable configurations
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Figure 3.3: Overview of the proposed design system. The method accepts as input the

configuration of a rigid joint mechanism and the desired range of motion. Candidate

springs are automatically proposed and parameters are optimized for static balancing.

Navigating the desired null-space of the static balance allows the user to interactively

explore different design options.
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of the mechanism [38, 39]. Some studies have proposed design methods based on this

principle. For example, the stiffness of a torsional spring can be determined in a graphical

manner [40]. As an alternative to rigid joint mechanisms, previous research has examined

the shape of the links of compliant mechanisms to achieve static balance [41]. However,

a limitation of many of the existing methods of designing static-balance mechanisms is

that they assume that the topology of the mechanism (e.g., the number of elastic elements

and how they are connected between the links) is known in advance.

Our goal is to establish a computational approach to discover a new statically

balanced spring mechanism. Based on the steady-state energy principle, we have de-

veloped a fast, optimization-driven method that allows for an interactive search for the

spring topology and parameters. To achieve this goal, our method relies on the following

technical contributions.

• A formulation for automatically optimizing the design of statically balanced spring

mechanisms in the space of a user-defined configuration.

• The topology simplification method using a sparse regularizer can reduce the num-

ber of springs needed.

• A null-space exploration method for navigating the space of first-order feasible

design variations.

3.2 RELATED WORK

The design of statically balanced spring mechanisms is a fundamental challenge in many

fields. For example, in robotics, gravity compensation mechanisms play an important role

in improving efficiency [16, 42, 43, 44], and the development of a balanced exoskeleton is

another challenging research task [45, 46]. In addition, combining the concepts of static

balance and reconfigurability [47, 48] can open the door to many new applications.

With the widespread use of additive manufacturing equipment, there has been

a lot of research on optimization-driven tools to simplify the design of rigid joint mech-
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anisms [5, 6, 49], compliant mechanisms [11], and cable drive mechanisms [50]. Our

work falls into the category of interactive design tools that take a high-level, purpose-

guided, optimization-driven approach to simplify design tasks, instead of allowing users

to manually specify parameters.

Designing mechanisms optimized for peak torque, joint force and actuator re-

quirements, as well as pure kinematics, is an ongoing research topic [51, 52, 53, 54, 55].

In order to simplify the design of statically balanced compliant mechanisms, several stud-

ies have been conducted that focused on adding torsional springs [39, 40, 56, 57] to pin

joints in conventional mechanisms. Our approach differs from these studies in that we use

a linear spring whose free length and attachment points are interactive and optimized.

3.3 METHOD

We propose a computational method for designing semi-automated and balanced mech-

anisms. In this method, the input is a conventional mechanism consisting of rigid links

and joints. The user defines the desired range of static balance of the mechanism using

the set of postures Q. In interactive design, the user explores the space of a feasible, i.e.

statically balanced design, using high-level commands and objectives in the context of a

graphical user interface (GUI). For example, the user can receive suggestions from the

system for inserting springs between specific links or for which springs to remove. Our

system then interactively computes the optimized design parameters p to get as close as

possible to the user-defined objective while satisfying the static balance constraints.

3.3.1 Mechanical Model

We model a planar mechanism with rigid links, elastic springs, and mechanical joints.

The mechanism consists of nc links, where each link is a rigid body with three degrees of

freedom as

ai =
(
θ ,zT)T

, (3.3)
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where θ is an angle, and z is a two-dimensional center position in global coordinates. For

notational convenience, we concatenate the variables of all nc links into a single vector

q = (a1,a2, ...,anc)
T . (3.4)

We model elastic elements as linear Hookean springs defined by six parameters

bi = (l,k, x̂A, x̂B)
T , (3.5)

where k is the spring stiffness, l its initial length, and x̂A and x̂B are attachment locations

in local coordinates on the two links, A and B, that the spring connects; see Fig. 3.4. We

likewise concatenate the parameters of all ns springs into a single parameter vector

p = (b1,b2, ...,bns)
T . (3.6)

Joints are modeled as constraints on the geometric relation between a pair of

links. We restrict considerations to pin joints and sliding joints in this work and define

corresponding constraint functions as

cpin (q) = xA(q)−xB(q),

cslider (q) = (xA(q)−xB(q))T v(q) ,

where xA(q) is the position of the joint on link A in world space (and analogously for xB),

and v(q) is the world-space version of the unit vector v = (−sinφA,cosφA)
T , indicating

the sliding direction on link A through a local angle φA. We collect the constraint functions

of the n j joints into a global vector

C = (c1,c2, ...,cn j)
T . (3.7)

In order to eliminate global rigid-body motion, we introduce additional con-

straints to fix the degrees of freedom of individual links.

Given a fully-constrained mechanism, we find the configuration q that satisfies

all constraints by solving the unconstrained minimization problem

min
q

1
2

C(q)T C(q) (3.8)

using Newton’s method.
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Figure 3.4: The parameters of a spring are its initial length l, stiffness k, and attach-

ment locations x̂A and x̂B; the parameters of all springs are concatenated into the design

parameter vector p.

3.3.2 Target Space

The target space is the set of configurations in which the mechanism should be statically

balanced. In the discrete setting, we represent this space using na individual target con-

figurations qi that we stack as

Q = (q1,q2, ...,qna)
T . (3.9)

To facilitate the creation of Q, we allow the user to specify target angles for one or several

joints per target configuration and compute the remainder of qi automatically. To this end,

we introduce angular constraints

cangular (q) = (θB(q)−θA(q))− θ̂i , (3.10)

where θ̂i denotes the target angle specified by the user. We add these angular constraints

to the joint constraints C and compute the target configurations qi by minimizing (3.8)

as before. If the resulting minimum is nonzero, we notify the user that the target angles

are conflicting with mechanical constraints. Once the target configurations have been

computed, they remain fixed throughout the remainder of the design process.

3.3.3 Optimization

With the target configurations defined, the goal is now to find spring parameters p such

that the mechanism is statically balanced. To this end, we start by defining the total
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potential energy for a given pose as

U (p,qi) = Egravity (qi)+Espring (p,qi) . (3.11)

The gravitational and elastic components are defined as

Egravity (qi) =−
nc

∑
j

m jz j ·g , and (3.12)

Espring (p,qi) =
1
2

ns

∑
j

k j
(
∥xB, j −xA, j∥2 − l j

)2
, (3.13)

where g is the gravitational acceleration, m j is the total mass of link a j, and z j its position.

A direct approach to static balance would be to ask that the net generalized

forces vanish for every target pose, i.e.,

F(p,qi) =−∂U (p,qi)

∂qi
= 0 ∀i . (3.14)

Solving these nonlinear equations directly is, however, not an attractive option from an

algorithmic point of view: measuring progress is difficult in the absence of a proper objec-

tive function, and the over-determined nature of the system leads to additional overhead.

In order to avoid these problems, we leverage the observation that, if the total

potential energy is constant throughout target space, then its gradient must vanish at every

point; see also Gallego et al. [39]. Instead of requiring force equilibrium, we therefore

ask that the total potential energy be the same for all target poses, i.e.,

U (p,qi) = const. ∀i . (3.15)

We note that the conditions for force equilibrium and constant energy are only equivalent

if they hold point-wise, i.e., for every configuration in target space. While enforcing

constant energy for each target pose qi does not guarantee force balance in the strict

sense, we have never observed a case of constant potential with force imbalance during

our experiments.

To implement the constant-energy approach, we must know the value of the en-

ergy. However, since this value is not known a priori, we construct an objective function
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that attracts the potential of the individual poses U (p,qi) to their mean U (p) as

fbalance(p) =
1
2

na

∑
i

(
U (p,qi)−U (p)

)2
, (3.16)

U (p) =
1
na

na

∑
i

U (p,qi) . (3.17)

This leads to an unconstrained minimization problem for the unknown spring parameters

p—the configurations qi are fixed—that we solve using Newton’s method. A zero value

for the solution indicates a valid, statically balanced design. However, such a solution

does not necessarily exist as explained next.

3.3.4 Spring Reduction

The existence of the zero-balance objective fbalance(p) depends on the topology of the

selected springs, i.e., the number of springs and the links they connect. Finding a sparse

and effective topology that can reduce the balance energy to zero with a small number

of springs is, in general, not an easy task. To support users in this process, we start with

an exhaustive set of springs, including all paired link connections, and then introduce a

sparse objective to gradually remove unneeded springs. For this purpose, we define an

L1-norm sparsity objective

fsparsity (p) = ∥k∥1 =
ns

∑
i
|ki| , (3.18)

where k = (k1,k2, ...,kns)
T gathers per-spring stiffness coefficients ki. We then combine

sparsity and static balance into a single objective function

f (p) = α fbalance (p)+(1−α) fsparsity (p) , (3.19)

where α is a user-provided weight (we use α = 0.5).

The combined objective is augmented with a set of bound constraints that pre-

vent initial lengths and the stiffness values from becoming negative. We solve the corre-

sponding optimization problem

min
p

f (p) s.t. li ≥ 0, ki ≥ 0 ∀i , (3.20)
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using sequential quadratic programming (SQP). If we detect a sufficiently small ki when

f (p) = 0, we remove the corresponding spring and solve again. Once no further spring

can be removed, we compute the final design parameters by solving (3.20) again using

only the balance objective.

3.3.5 Null-Space Exploration

For a given spring topology, there is a space of parameters that generally satisfies the

static balance condition. Some solutions from this space may be preferable to others in

terms of functional or aesthetic goals. For example, a user may want to avoid a design in

which the spring attachment point is far from the link, as shown in Fig. 3.5. In such cases,

instead of introducing regularization to favor a particular solution, we allow the user to

interactively explore the space of feasible designs and choose the one they prefer. We

refer to this process as null-space exploration.

���������	�
���������

� �� � 0 � ���� � 0
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Figure 3.5: Null-space exploration. The user manipulates a specific spring parameter by

dragging the slider. All other parameters are automatically adjusted so that the mechanism

remains statically balanced.

To ensure the feasibility of the design during the null space search, the parameter

change ∆p requires that the balance objective and its gradient remain unchanged, i.e.

f (p+∆p) = 0 , and
∂

∂p
f (p+∆p) = 0 . (3.21)

Expanding the second equation around H yields the first-order condition for maintaining
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optimality,
∂ 2 f (p)

∂p2 ∆p = H∆p = 0 . (3.22)

The above condition is equivalent to requiring that any parameter change in ∆p must

reside in the null space of H. To enforce this condition, we use eigenvalue decomposition

to construct a null-space basis Z for H and require that ∆p = Zw exists for some w ∈ Rm

where m is the number of zero eigenvalues.

During the null-space exploration, the user interactively adjusts the spring pa-

rameters using a series of sliders as shown in Fig. 3.5. These adjustments produce the

target change ∆p̄i for a given parameter pi. Then, the desired change is projected into the

null-space of H by solving the minimization problem

min
w

β∥Zw∥2
2 +(1−β ) [(Zw)i −∆p̄i]

2 . (3.23)

In the above equation, β balances between the conflicting goals of achieving the desired

change in parameters and minimizing the change in the remaining parameters.

3.3.6 Implementation

It was implemented in C++ using Eigen 1 for linear algebra and OpenSiv3D 2 for visual-

ization. In all of the examples presented in this study, all of our algorithms are fast enough

to run at interactive speeds on a standard desktop PC (2.8 GHz, single thread).

3.4 RESULTS

In this study, we evaluated our method using a series of simulation examples and sev-

eral physical prototypes. The first experimental example was aimed at confirming the

basic properties, while the next example demonstrates the potential of our method for

constructing a new, statically balanced, complex mechanism. The design time for the ex-

amples presented here is a few minutes for the simplest mechanisms (e.g., Fig. 3.6) and
1https://eigen.tuxfamily.org
2https://github.com/Siv3D/OpenSiv3D
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less than 30 minutes for the most complex ones (Fig. 3.9, (b)). The largest proportion of

this time was spent exploring design variations of different spring topologies.

3.4.1 Validation

In order to verify that our method is capable of the designs known in the literature, we

applied it to the gravity equilibrator shown in Fig. 3.2(a). The parameters computed

using our method correspond to the analytical solution predicted in Eq. 3.1. The null

space search also allows the user to quickly create design variations with different spring

attachment positions, as shown in Fig. 3.6. Furthermore, the null-space exploration allows

us to numerically verify that the initial length of the spring is zero.

Figure 3.6: Two design variations (middle, right) for the gravity equilibrator (left) gener-

ated with our method.

To evaluate the effectiveness of sparsity, we revisit the well-known Anglepoise

mechanism presented in Fig. 3.7. We start with an exhaustive set of springs as a first guess

and run several iterations of the reduction process described in Sec. 3.3.5. The result is

a functional and statically balanced mechanism, as shown in Fig. 3.7 (b), which is an

alternative solution to the original design shown in Fig. 3.7 (a).

Fig. 3.8 shows a simple-example illustrating the null space exploration method

proposed in this study. In the first design, the springs are mounted far from the links,

which is not convenient for manufacturing. Therefore, the user was able to obtain a more

compact design by interactively adjusting the parameters of the spring using the null-
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Figure 3.7: Automatic spring topology design shown for an anglepoise mechanism (left).

Starting from an exhaustive set of springs, our method finds an alternative solution with

two springs by automatic sparsification.

Figure 3.8: Using null-space exploration, the user creates a more compact design through

a sequence of three parameter adjustment steps.

space exploration method.

3.4.2 Design Examples

While the method can rapidly generate variations of existing statically balanced mecha-

nisms, its real strength lies in its ability to be applied to mechanisms for which no stati-

cally balanced solution exists. To demonstrate the potential of our method for this task,

we have selected three relatively complex mechanism designs, as shown in Fig. 3.9.
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The links of the mechanism were 3D printed using PLA filament. For the joints,

industrial ball bearings and steel shafts were used to reduce friction. A load of 2.5 [N]

was applied to obtain the desired load capacity (Figure 3.13). Additionally, to facilitate

manufacturing, off-the-shelf springs were used in the manufactured prototype. A pulley

and a cable were used to adjust the effective free length of the spring [42].

(a) Excavator (b) Weightlifter (c) Symmetric five-bar linkage
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Figure 3.9: Three rigidly-articulated mechanisms that were used as input for our method

to create statically balanced versions.

You can see the one we made in Fig. 3.12. As you can see in the video, our

mechanism is easy to move and can maintain static equilibrium in a variety of shapes.

Please also see Fig. 3.13.

Figure 3.10: Optimized designs (left) and manufactured mechanisms (middle, right).
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Figure 3.11: Optimized designs (left) and manufactured mechanisms (middle, right).

Figure 3.12: Optimized designs (left) and manufactured mechanisms (middle, right).
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Figure 3.13: Snapshots of manufactured mechanisms showing static equilibrium for

different poses.
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3.5 DISCUSSION AND LIMITATIONS

In this study, we proposed an interactive optimization-driven approach to design a bal-

anced mechanism. Our method calculates the number of springs required, their attach-

ment points, and initial length in a semi-automated manner that integrates user input. Our

null space search method is an efficient and effective tool for navigating the local space of

design options. Our results suggest that our method is a flexible and powerful approach

for creating new statically balanced mechanisms, but it has some limitations, which are

described below.

Even with an exhaustive set of springs, there is no guarantee that a mechanism

will admit to a statically balanced design. Nor does our method formally guarantee that

the resulting number of springs is the minimum required to achieve static balance. Sim-

ilarly, although our system converges to a locally optimal design, there may be remote

solutions that cannot be reached during the null space search. While these limitations are

inherent in non-convex optimization, our interactive system mitigates these problems by

allowing the user to guide the optimization to new regions of the solution space as needed.

Although this study considers only planar mechanisms, it will be interesting

to explore the design of statically balanced spatial mechanisms in the future. This set-

ting brings new challenges, especially in terms of mechanical singularities and collisions

between elements [58].

When manufacturing our example, we aimed to minimize friction at the joints.

Minimizing friction means minimizing effort during transitions between configurations,

but it may be interesting to allow a finite amount of friction in the design to increase the

area of static balance.

Finally, our method does not support changes in the underlying mechanisms

during optimization. Using changes such as degrees of freedom during optimization may

allow for more flexibility and ultimately better designs.
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Design and Implementation of
Programmable Drawing Automata
based on Cam Mechanisms for
Representing Spatial Trajectory

This paper presents the design and implementation of a preliminary version of a pro-

grammable drawing automaton (PDA-0) that draws user-specified three-dimensional tra-

jectories. The automaton is strongly influenced by Jaquet Droz’s 6,000 moving parts

automaton from the 1770s. The authors developed a system that achieves programma-

bility by encoding the trajectory specified by the user in the GUI as a shape on three

cams. The author’s automaton consists of a cam mechanism with a Revolute-Spherical-

S-R (RSSR) linkage and three interchangeable cams, and utilizes inverse kinematics for

the user-specified trajectory to calculate the geometry of the three cams. In this paper, we

show how simple trajectories such as letters and symbols are drawn using automata and

cams designed using our system.
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4.1 Introduction

The animation of articulated characters plays an essential role in enhancing the viewer’s

experience without relying on a specific language. Sophisticated commercial computer

graphics (CG) software has been advancing in movies and games for decades, allow-

ing casual users to create rich motion sets of articulated characters. Meanwhile, in the

physical world, Jaquet Droz invented a variety of automata in the 18th century, one of

which was “The writer,” which consisted of 6,000 parts; in the 19th century, a number

of craftsmen created musical automata featuring the “Singing bird box”; and in the 19th

century, a number of other musical automata were created by a number of craftsmen.

These automata influenced the audio-animatronics developed by Disney in the 20th cen-

tury. Although there is a long and rich history of experimenting with character animation

in real objects, such as automata, creating mechanisms and automata that work like CG

characters is still a difficult task today.

The problem is that it is difficult to predict the movement of an automaton

when it is designed. Manufacturing and assembly of an automaton is generally a time-

consuming process since it consists of many parts such as a linkage mechanism, and it

takes a lot of time and money to check and correct the results of the movement, i.e., to

repeat the trial and error process. This problem could be solved if the movement of the

automaton could be predicted before production and if fine tuning could be done easily

after production.

On the other hand, let’s look at how to program the motion of an automaton

using a cam mechanism like Jaquet Droz’s automata. The cam mechanism used in this

automata consists of two mechanical components called a disc cam and a cam follower.

By touching the tips of the followers to the contours of the rotating cam disk, the angle of

the followers can be moved periodically. This feature of the cam mechanism can be used

to encode, or program, three-dimensional motion into multiple disc cam shapes. Further-

more, Jaquet Droz’s automaton dynamically changes the motion of the automaton’s arm

for writing by introducing a mechanism that automatically changes a set of cam discs with

different shapes (see Fig. 4.1).
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Hardware

Execution (Drawing)

Program (Cams)

Figure 4.1: The concept of a drawing automaton based on cam and linkage mechanisms

with three interchangeable cams. The pose of the arm linkage is controlled by three cams

to trace a user-specified spatial trajectory.

Focusing on the programmability of the cam mechanism, the authors manufac-

tured a programmable drawing automaton (PDA-0) and developed a system to interac-

tively and automatically calculate the shape of the disc cams. PDA-0 consists of an RSSR

(Revolute-Spherical-S-R) link and an interchangeable cam mechanism. In this paper, we

present a method for calculating the geometry of the cam disk such that the automata

can follow a user-specified spatial trajectory. Furthermore, we verify the validity of our

method by actually manufacturing a cam disk using this system and verifying how PDA-0

reproduces the pre-defined motion.

4.2 Related work

For fabrication-oriented design, many studies have developed optimization-based meth-

ods which allow a user to design mechanical characters or automata [7]. Optimization

targets can be classified mainly into three approaches: trajectory, posture, and motion.

Continuous endpoint movements of an articulated character can be traced. In

fact, mechanical characters are fabricated by mechanical parts like gears and linkages.

Some examples include mechanical automata from motion capture sequences [59], link-

age based characters [5, 6, 49], compliant mechanism characters [11], and walking robots

[60]. Complex movements, however, need more degrees of freedom, that is, more gears
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Figure 4.2: The flow of programming, compilation, and execution of the programmable

drawing automaton, PDA-0.
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and linkages.

Character animation can be expressed by detailed joint angles. One standard

method is to use wires because the direction of wire tension can be bent to reduce the

number of actuators. Some examples include flexible materials [10, 61, 62] and pulleys

[50, 12]. Smooth movements, however, need more degrees of freedom, that is, more

actuators.

Motion can be specified symbolically like “rotating continuously,” “waving lin-

early,” and “waving rationally.” This approach is suitable for utilizing data structures to

build mechanisms into the small character body such as printable automata [2], wind-up

toys [63], and functional toys [64]. Non-predefined movements, however, may be difficult

to trace symbolically.

Some other studies adopt either an exploratory design method [65] or math-

ematical functions [66]. However, the mechanical design for realizing a user-specified

detailed three-dimensional (spatial) trajectory has not been implemented yet.

4.3 METHOD

As a research platform, we developed a programmable drawing automaton shown in

Fig. 4.2. Its drawing process has three phases: programming, compilation, and execu-

tion. In a compilation phase, since the mechanical linkage may contain a closed loop,

we used a constrained based simulation method like previous studies [5, 6] rather than a

forward kinematics method. For programming, we developed a GUI so that the user can

program a motion by specifying 2D trajectories via the GUI.

4.3.1 Cam Mechanism

A cam mechanism is one type of mechanism which can translate rotational motion to

repetitive motions. It is consists of two parts: a disc cam and a cam follower. Since the

endpoint of a cam follower always touches the curved surface of the opponent disc cam,

74 Chapter 4 Takuto Takahashi



Chapter 4

the angle of the cam follower oscillates according to the rotating curved surface of the

disc cam.
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Figure 4.3: The design of the shape of a cam and the geometric relationship of the cam

and cam mechanism in our system. L is the distance from the center of the disc, while l

is the radius of the cam follower.

We formulate the shape of a disc cam in Fig. 4.3. A shape of the disc cam R(φ)

is described by the radius function

R(φ) = r (φ)(Rmax −Rmin)+Rmin (4.1)

where r (φ) is a normalized radius function which is linear interpolated from a

n number of set R in the polar coordinate as

R = (r1,r2, ...,rn)
T (4.2)

ri = (ri,φi)
T . (4.3)

4.3.2 Trajectory and Motion Follower Program

To make the automaton draw desirable letters or symbols, we set a user-specified target

path as a three-dimensional trajectory. A cyclic trajectory is a discrete function X(θ)∈R3

represented by a set of spatial positions

X = (X1,X2, ...,XN)
T (4.4)

Xi = (xi,θi)
T . (4.5)

Chapter 4 Takuto Takahashi 75



Chapter 4

A motion description called a motion program can be encoded into the shape of

a disc cam as cyclic and continuous data [67]. A follower motion program is an angular

function S(θ) which is represented by a sequence of angular data

S = (s1,s2, ...,sn)
T (4.6)

si = (si,θi)
T (4.7)

The contact point of disc cam and cam follower makes a triangle with the axis

position of disc cam and cam follower. When we set ψ(θ) and ϕ(θ) as interior angles

of the triangle described in Fig. 4.3-b, we can derive the following equation about the

follower motion program as follows:

S(θ) = ϕ(θ)−ϕmin (4.8)

ϕ(θ) = arccos
(

l2 +L2 − (R(φ (θ))+Rf)
2

2lL

)
(4.9)

ϕmin = arccos
(

l2 +L2 − (Rmin +Rf)
2

2lL

)
(4.10)

φ (θ) = θ −ψ(θ) (4.11)

ψ (θ) = arcsin
(

l
R(φ(θ))+R f

sin(ϕ(θ))
)

(4.12)

where Rf is the roller radius on the cam follower tip. To get equations above, we used the

law of cosine (R(φ(θ))+R f )
2 = l2+L2−2lLcos(ϕ(θ)) and the law of sine (R(φ(θ))+

R f )sin(ψ(θ)) = l sin(ϕ(θ)).

4.3.3 Kinematics

In our system, linkages are mechanical structures composed of links l and joints j. Links

are rigid bodies that translate cam follower angular movements to the endpoint of the

automaton. We set a link l as

li = (p,R)T (4.13)

where p is a position ∈ R3 and R is an orientation matrix. Only one of the links, the root

link aroot, is provided to fix the position of the mechanism. The position and orientation

of the root link is a constant.
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The cam follower is a special link whose angle is defined by the shape of the cam

and its rotation. The rotation of the cam follower is connected to the root link by a joint in

the X-axis direction. In addition, because of the presence of three cam mechanisms, three

cams and a cam follower are arranged in parallel in the X-axis direction.

Joints j have a role in determining the geometrical relationship between two

links la and lb. There are two types of joints: revolute joints and distance joints. A

revolute joint is a joint which restricts both the joint position and the axis of rotation. A

distance joint is a joint which constrains the distance between the joint positions of a link.

The expression of this type of joint is as follows

jdistance =
(
p̂ia, ja, p̂ib, jb

)T (4.14)

jrevolute =
(
p̂ia, ja, p̂ib, jb, v̂ia, ja, v̂ib, jb

)T
. (4.15)

where p̂i, j and v̂i, j are j-th number of a position and rotation axis ∈ R3 of a i-th number

of link li in a local coordinate.

The functions of the each joint are represented by the following expressions:

Cdistance (jdistance) = ∥pa −pb∥−d (4.16)

Crevolute (jrevolute) =
(
(pa −pb)

T ,(va −vb)
T
)T

(4.17)

where d is a distance, pa and pb are positions, va and vb are axes in a global coordinate

calculated by

pk = Rp̂ik, jk +pik (4.18)

vk = Rv̂ik, jk. (4.19)

When distance joints are actually manufactured, they are treated as a component

“rod” or RSSR joint with both ends of the rod attached at the rod end. However, it should

be noted that there is an angular limitation on the rod end when it is connected with a rod.
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4.3.4 Disc Cam Shape Compilation

To get the disc cam shape functions R(θ) described as

R(φ(θ)) =
√

l2 +L2 −2lLcos(S(θ)+ϕmin)−R f , (4.20)

we need to compute the follower motion program S(θ) from a predefined trajectory X(θ)

using inverse kinematics. In the inverse kinematics calculation, we adopted constrained

non-linear optimization problem manner [68]. We get a global position and the orientation

of all links by minimizing the objective function:

f (θ) =
1
2 ∑

i
C(ji)

T C(ji)+
1
2
∥X(θ)−pendpoint∥2 (4.21)

where X(θ) is a target position at phase θ and pendpoint is a current endpoint position in

a global coordinate. For minimizing the function, we used the quasi-newton method with

L-BFGS or BFGS [69, 70].

After determining link states at θ , we get the follower motion program S(θ)

from the angular vector of the cam followers. By doing this calculation for all θi, we get

a set of cam radii R for all cams, that is, the disc cam shape function R(θ).

4.3.5 Synthesis

In order to track a specified three-dimensional trajectory, a structure corresponding to the

so-called arm is needed. The arm consists of three links: a shoulder link, an upper arm

link, and a forearm link. The shoulder link is connected to the root link by a rotational

joint on the x-axis rotation axis. The upper arm link is connected to the shoulder link

at a slightly displaced position by a rotational joint on the Y-axis (gravity) rotation axis.

The forearm link is connected to the upper arm link by a rotation joint on the X axis at a

downward position by the length of the upper arm. The point extending forward from the

forearm link is the point “end point” to be tracked.

However, the position cannot be determined because one free degree of freedom

is left in each link that makes up the arm. For that remaining degree of freedom, the

position is determined by connecting it to the links of the cam follower with a joint.
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First, set all links to the initial position with the joints connected to each other.

Next, select the corresponding cam follower links afollower and arm links aarm. For each

link, we focus on its position and axis of rotation in a previously defined rotational joints.

We define two planes Zf and Za based on this positions pf and pa, and axes vf and va of

rotations. These two planes can be classified as parallel or not parallel.

If the two planes are not parallel, focus on the line of intersection L(k) = pi +

kvi,∀k ∈ R between the two planes, which is determined by the following equation.

pi = ef⟨eft⊥⟩+pf (4.22)

vi =
vf ×va

∥vf ×va∥
(4.23)

where t, t⊥, t∥ are offsets between joints and ef, ea are normalized perpendicular directions

described as

t = pa −pf (4.24)

t⊥ = t− t∥ (4.25)

t∥ = vi⟨vi, t⟩ (4.26)

ef =
vf ×vi

∥vf ×vi∥
(4.27)

ea =
va ×vi

∥va ×vi∥
. (4.28)

After finding the intersection line, create two points perpendicular to the line

obtained from the above equation from the two joint positions. Set these two points as the

ends of the distance joint and the distance between the two points as the distance value of

the distance joint. If the joint is too long and causes collisions, it may be possible to solve

this problem by creating a new relay link connected to the root link by a rotational joint

on the intersection axis, and then repeating the above procedure.

If the two planes created are parallel to each other, the distance joint should be

created so that the distance joint is a four-joint linkage mechanism, since it is almost the

same as a two-dimensional linkage mechanism. If the linkage mechanism is in collision

or other inconvenience, create a new relay link at a free position that is connected to the

root link with a rotational joint and try the technique explained above.
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By performing these tasks on all arm link and cam follower link pairs, the mo-

tion of the cam follower can be converted to the motion of the arm’s endpoint.

4.3.6 Implementation

To get a desired spatial trajectory X(θ), we developed an interface for casual users shown

in Fig. 4.4. This interface reads multiple 2D trajectories W ∈ R2 as input and translates

them into a connected spatial trajectory as

W = (W1,W2, ...,Wn)
T , (4.29)

Wi = (wi,θi)
T . (4.30)

Drawing trajectories Interpolation of trajectories Positioning

Figure 4.4: Scheme of GUI for programming. This interface reads multiple 2D trajecto-

ries as input and estimates its connected spatial trajectory.

We connect and interpolate both ends of all strokes to translate to connected

spatial trajectory x using Bezier curves [71] that represent the motion of lifting the pen

and moving it to the start of the next stroke.

We developed software which implemented our method in C++ shown as is

shown in Fig. 4.5. This software has two areas: a preview area and a drawing input area.

Users can draw using a mouse in the drawing input area to calculate a target trajectory.

Once the trajectory is calculated, the optimal cam shapes are automatically estimated by

our inverse kinematics method.
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Drawing Input Area

Preview Area

Drawing by Users

Calculated Trajectory

Exported Cam Shape DataCam Shape Calculation

Figure 4.5: Cam shape generation software which inputs user drawings.

4.4 Fabrication

We fabricated the drawing automaton using a 3D printer, Keyence Agilista, with ABS

resin. In our initial experience in fabricating all parts by the 3D printer, we had many

problems. The three main problems in designing the mechanisms are summarized as

follows:

1. Reducing friction in joints. Ineligible material friction property of ABS resin may

cause high friction between 3D printed joints.

2. Enhancing accuracy in joints. An inaccurate 3D-printed joint may cause backlash

due to the insufficient accuracy of the 3D printer.

3. Suppressing deflection of structural objects. A high stressed point in a 3D-printed

object may cause deflection.

To cope with these three problems, we combined the 3D printer material with

metal joint parts for fabricating PDA-0, shown in Fig. 4.6. In each revolute joint and

spherical joint, we used 4 [mm] diameter metal shafts and bearings or spherical bearings.

We also use 3 [mm] diameter metal shafts as rods in RSSR linkages. The size of the

assembled automaton is 80 [mm] width, 80 [mm] depth, and 210 [mm] height. Our au-

tomaton consists of about 20 parts including three cams. Note that Jaquet Droz’s drawing

automata used 6,000 parts.
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Figure 4.6: Fabricated PDA-0 using 3D printed and metal parts. Metal parts were used

as bearings and spherical bearings.

4.5 Evaluation and Discussion

We conducted simple experiments shown in Fig. 4.7 to evaluate the performance of PDA-

0 by executing three kinds of trajectories: circle, square, and characters shown in Figs. 4.8,

4.9, 4.10 and 4.11. Fig. 4.9 illustrates circle and square trajectories, the corresponding

cams, and drawings. Each drawing is distorted inwards in the horizontal axis. Inaccuracy

and backlash in the mechanisms may cause this distortion. Fig. 4.11 demonstrates that

our automaton can draw user-specified trajectories in a sufficient accuracy to recognize a

hiragana and a smile.

First, despite its simple structure of 16 components and three cams, PDA-0

shows its potential as a programmable drawing automaton: the three cams encode user-

specified three-dimensional trajectories into cam shapes, the automaton executes the cam

shapes as code, and the and can draw a specified trajectory.

Second, from a programming perspective, we have achieved visual program-

ming for drawing trajectories. In this sense, our method surpasses Jaquet Droz’s drawing

automata, which used hard-encoded trajectories.

Of course, this method proved to have its limitations. The properties of the ma-

terial and the rotational speed have a significant effect on the accuracy of the automaton’s
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Figure 4.7: The situation of experiment with a programmable drawing automaton.

execution. Since many factors may affect the degree of effectiveness, it is necessary to

identify the causes and improve the accuracy in the future.

In addition, the construction of the linking mechanism is not fully automated

and still relies heavily on experience. The construction of a three-dimensional linking

mechanism needs to be addressed because it is an interesting subject of research, including

the singularity and collision problems.

4.6 Conclusion

In this study, we introduced a programmable drawing automaton, PDA-0, which consists

of about 20 parts, and a method for calculating the shape of a cam to make the automaton

trace a user-specified spatial trajectory. A simple experiment was performed to confirm

the feasibility of the method. The results show a feature, programmability, that allows

complex spatial motions to be changed by simply modifying or replacing the cam geom-

etry.
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Square

Circle

Figure 4.8: Results of letters and drawings. Top of the figure shows a letter of hiragana.

Bottom of the figure shows a picture of a”smile”. The left side of the graph shows the

original target spatial trajectory.
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10 [mm]

10
[m

m
]

Φ10 [mm]

Figure 4.9: Results of simple shape drawings. Top of the figure shows the square shape

and bottom of the figure shows circle shape.
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Hiragana

Smile

Figure 4.10: Results of letters and drawings. Top of the figure shows a letter of hiragana.

Bottom of the figure shows a picture of a”smile”. The left side of the graph shows the

original target spatial trajectory.
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Hiragana “ ” Smile face

Figure 4.11: Results of letters and drawings. Top of the figure shows a letter of hiragana.

Bottom of the figure shows a picture of a”smile”. The left side of the graph shows the

original target spatial trajectory.
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Conclusion

5.1 Summary

In this thesis proposes three concepts to solve three main problems that have caused dif-

ficulties in the design process of a machine that is both functional and aesthetic, and

introduces a concrete implementation. To address the first problem of selecting design

parameters, a concept called “Constructability” is proposed, which allows a designer to

move seamlessly from hand-drawn sketches to mechanism optimization. To deal with the

second problem of fine tuning after manufacture, we propose the concept of “Programma-

bility”, which allows us to adjust the function of the entire machine by replacing only

certain parts of the machine. For the third problem, which is difficult to explore aesthetics

while satisfying the constraints of the objective function, we propose “Explorability”, a

search interface that allows the designer to interactively adjust parameters while satisfying

the constraints of functionality.

In Chapter 2, we develop and propose a system to realize the concept of “Con-

structability”, which allows a designer to seamlessly transition from hand-drawn sketches

to the optimization of a mechanism by dealing with counterweights. In this system, the

shape of the counterweight and the linkage mechanism are generated by the designer who

draws a picture and specifies the joints. After the designer enters the picture through the
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interface, the picture is transformed into a polygonal shape. In addition, the designer

draws a line on the polygons to specify the joint positions, which are then divided and

generated into multiple links and joints. In addition, if the designer selects the link that

corresponds to the root, the link mechanism is defined as information in a hierarchical

structure. After setting the counterweight as a parameter, the objective function to adjust

the position of the center of gravity around the joint is set considering the information of

the hierarchical structure. The solution can be found using CMA-ES. The final mecha-

nism is manufactured and assembled using a 3D printer and CNC. As a result, we have

successfully manufactured several mechanisms that are stable and return to the original

posture based on the geometry and joint structure freely specified by the designer.

In Chapter 3, we develop and propose a system to realize Explorability, a search

interface that allows the designer to interactively adjust parameters while satisfying the

constraints of functionality. We identify how many, where, and how much elasticity a

spring should have to be attached to a complex linkage mechanism in order to establish

a self-weight compensation mechanism. In addition, we propose a method of Null-Space

Exploration, which allows the designer to interactively adjust the parameters of the self-

weight compensation mechanism while keeping the mechanism as a constraint. First,

the linkage mechanism is added to a collection of links and joints, and the parameters of

the springs are defined. After specifying and calculating the link’s range of motion, the

potential energy (the sum of potential energy and elastic energy) of the entire link mecha-

nism is calculated to determine how much it is distributed within the range of motion. By

including the dispersion of the potential energy in the objective function of the optimiza-

tion, the potential energy of the entire mechanism does not fluctuate within the range of

motion, that is, the potential energy of the entire mechanism moves toward the state of the

self-weight compensation mechanism. In addition, a GUI slider is presented on the screen

that allows various parameters to be manipulated to adjust the designer’s preference with

the dead weight compensation mechanism as a constraint. When the designer specifies

the direction of the parameter to be moved by the slider, the slider selects the one that is

as close as possible to the direction the designer wants to go in the space composed of

eigenvectors corresponding to the eigenvalue of the Hesse matrix of the objective function

that is zero. By doing this on the interface, which is updated at 60 fps, we can pursue the

aesthetics of the designer while keeping the value of the objective function at zero. As
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a result, it was confirmed that we were able to design the system in accordance with the

designer’s aesthetics by using this method. In addition, it was confirmed that the number

of springs to achieve the self-weight compensation mechanism and their connection re-

lationships, which had been difficult to find, could be identified. In addition, some new

self-weight compensating mechanisms were found by using this method, which had been

difficult to find before.

In Chapter 4, we develop and propose a system to realize the concept of “Pro-

grammability”, in which the function of the entire machine can be adjusted by replacing

only specific parts of the machine, using a cam mechanism as the subject matter. The

system converts the three-dimensional trajectory specified by the designer into a cam disk

shape that can be tracked by the movement of the cam mechanism and linkage mech-

anism. In other words, it is possible to produce a programmable automaton that can

draw programmable character changes. The programmable automata consists of a set

of links and joints and a cam mechanism. A cam mechanism consists of two parts, a

cam disk and a cam follower, and is characterized by the fact that the periodic motion of

the cam follower, which moves in contact with it, can be programmed by changing the

shape of the cam disk. Three cam mechanisms are arranged in parallel in the automata,

and are connected to the three cam followers through a link mechanism that can be con-

verted to a three-dimensional motion of the automata’s arms. The designer inputs the

three-dimensional trajectory that the automata should follow via the GUI’s handwriting

interface. The geometries of the three cam discs were determined by continuously cal-

culating the angles that the cam followers should be at, using a joint that specifies the

constraint on the positional relationship of the links as a cost function. The calculated

results are manufactured by a 3D printer and assembled as an automaton. As a result, we

have successfully manufactured an automaton that can follow any trajectory specified by

the designer in real space. Furthermore, by replacing only the cam discs, we were able

to see how the behavior was changed to track the trajectory specified separately by the

designer.

The problems of parameter setting, fine adjustment after manufacturing, and

difficulty in finding aesthetic properties were mitigated through the development of a

design support method using the optimization technique, which took three approaches:

90 Chapter 5 Takuto Takahashi



Chapter 5

Constructability, Programmability, and Explorability. Research on technologies to sup-

port the design of aesthetically pleasing machines while ensuring functionality is new and

there are still many issues that need to be solved.

5.2 Discussions and Limitations

In order to establish a new design method that balances the functionality and aesthetics

of the machine, we have introduced the concrete implementation of the three concepts we

have proposed and the manufactured prototypes, but of course there are some limitations

and issues that need to be addressed.

5.2.1 Quantitative Evaluation Issues

We have not been able to quantitatively evaluate how well we have solved the time-

consuming problem of designing a machine that is both functional and aesthetically pleas-

ing. Specifically, we should evaluate how much better the design time and success rate is

compared to existing software.

In order to make a quantitative evaluation of the proposed method, it would be

necessary to build a new evaluation system. The system should be crowdsourced and

ready to be distributed and experimented with by a large number of people. Participating

subjects or users will be given a design task, and the design system will be able to measure

the time spent on the design, the success rate, and the number of trials and errors. In

addition, the system should be able to collect questionnaires to allow users to make a

subjective assessment of the aesthetics of their designs. When we have achieved the

development of a platform where these are possible, we will be able to make quantitative

evaluations of the design interface.
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5.2.2 Limited Scope of Application

In order to establish new methods to support the design of machines that are both func-

tional and aesthetically pleasing, there is a need to move from a limited scope of applica-

tion to a greater variety of situations. Typical examples are three-dimensional situations,

collision problems, many mechanisms, material mechanical constraints, and designs that

take into account existing components. In order to be able to deal with those situations,

it will be necessary to adopt new approaches in addition to the optimization techniques

presented in this paper.

Design Support Methods Using Machine Learning

Depending on the physical and mechanical properties of the design of a mechanism, there

may be a tendency for inappropriate parameters. In order to avoid such inappropriate solu-

tions, we can sample the space in advance and utilize the results during interactive design.

It will be important to estimate the space of solutions in advance by machine learning to

avoid falling into an incorrect value. For example, the walking automata design support

method by Gaurav et al. achieves efficient search by changing the probability distribution

in the space used for probability optimization using the EM algorithm.

The Problem of Collisions in Three Dimensional Space

The issue of collisions becomes a problem. In order to account for collisions of moving

objects, all possible postures must be assumed to determine collisions (see Fig. 5.2). If

collision is a problem, it will be necessary to re-calculate the geometry and reconfigure

the configuration itself. In particular, solving the problem of collisions in three dimen-

sions will be difficult due to the increase in the computational cost of mesh iterations and

collisions, as well as the increase in solution space due to the increase in movement and

rotation.
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Figure 5.1: A study to find the parameters of the link mechanism that allows the automata

to walk correctly. In this study, the parameters are pre-sampled to avoid using incorrect

values, allowing for efficient parameter searching.

Figure 5.2: Research to generate a three-dimensional linking mechanism that can be

folded into a user-specified shape. Addresses the problem of collisions between three-

dimensional linking mechanisms.
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Figure 5.3: A study to generate a blueprint of the parts of a robot, such as the actuators

and sensors that make up the robot, taking into account the possibility of assembly. The

constraint of assemblability was one of the major factors that took time to design.

Designed for Use with Off-The-Shelf Products

A machine is basically composed of existing parts. It would be of help to the design

novice if a system could be developed to determine which components are appropriate to

use and take them into account in the design. Combinatorial optimization and machine

learning are likely to support this technology.

Machine Movement Design

Another interesting topic is how to design an aesthetically correct motion for a motor or

other actuator. There have been several studies on modifying a robot’s movement to re-

produce as much as possible the user-specified animation (see Fig. 5.4 and Fig. 5.5). An-

imators’ pre-specified animations do not fundamentally follow physical laws, but rather

have deformed movements to the extent that viewers can enjoy them. It is a challenging

task to design movements that satisfy the animators within the physical and mechani-

cal constraints of a robot. For example, it will be necessary to iteratively optimize the
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mechanism itself in accordance with the expected animation.

From the point of view of stability, methods that can be adapted to more general

mechanisms may also be necessary. The stability problem is considered to be that the en-

ergy function must be convex where it is stable. This can be traced back to the discussion

of Hessian positive definiteness. This problem could be exploited in the future in an area

called SDP.

Figure 5.4: Research to achieve a robotic gait that would reproduce as closely as possible

the gait animation and gait of the character specified by the artist.

Design that takes into account the Characteristics of the Material

It should also be noted that although in many cases objects have been treated as rigid

bodies, in practice there is a risk of deformation and failure when the object is loaded.

From the viewpoint of material mechanics and continuum mechanics, it will be necessary

to predict the load beforehand by using the finite element method, etc. to maintain an

appropriate shape of the design (see Fig. 5.6).

Chapter 5 Takuto Takahashi 95



Chapter 5

Figure 5.5: Research to control vibration problems caused by physical and material

factors when trying to recreate character animation on a robot by pre-simulating and con-

trolling the vibration.

Figure 5.6: Kinetic wire mechanism
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5.2.3 Aesthetic Predictability Issues

When questioning the aesthetics of a design, it will also be important to determine whether

the aesthetics are universal or personal to a person. If the function of aesthetics has some

universal tendency, the tendency can be learned beforehand and used as an initial value

when searching for parameters based on personal aesthetics. Machine learning using

neural networks could also be used to predict the initial values of aesthetically desirable

parameters.

Another problem in using machine learning to predict aesthetic objective func-

tions will be how to efficiently gather enough data for training; a study conducted by

Yuki et al. successfully used crowdsourcing to efficiently find aesthetic functions (see

Fig. 5.7). In addition, the reinforcement learning platform operated by OpenAI provides

users with a python interface and a virtual environment to standardize evaluation methods

for efficient development. The future challenge will be how to develop a platform used

by a large number of users to adequately estimate the function on aesthetics.

Figure 5.7: A study that uses Bayesian inference to estimate the aesthetics commonly

preferred by humans by having crowdsourced workers search for aesthetically pleasing

parameters, allowing for an efficient search for parameters.

5.3 Future Directions

In this thesis, we have conducted research to help people design robots and machines

in an aesthetically pleasing way, but there is still work to be done. As the number of
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people working on these studies increases and the technology matures, it will be possible

for the software to be made available to the general public. If this software becomes

widespread, tasks that were previously only possible for people with special skills will

become creative activities that anyone who wants to express themselves can participate in.

This corresponds to the so-called “democratization” activities of special skills that have

brought about new innovations in the past. (e.g. computer graphics and PCs, electronics

and Arduino, manufacturing and 3D printing technology, 3D games and Unity, etc.) If

this democratization is achieved even in the production of beautiful robots and machines,

a new creative culture never seen before will emerge. It is hoped that the research in this

thesis on supporting design with optimization techniques will help us to move towards

such a creative future.

98 Chapter 5 Takuto Takahashi



Bibliography

[1] Y. Koyama, “Computational design driven by aesthetic preference,” in Proceedings

of the 29th Annual Symposium on User Interface Software and Technology, UIST

’16 Adjunct, (New York, NY, USA), p. 1–4, Association for Computing Machinery,

2016.

[2] L. Zhu, W. Xu, J. Snyder, Y. Liu, G. Wang, and B. Guo, “Motion-Guided Mechanical

Toy Modeling,” ACM Trans. Graph., vol. 31, no. 6, pp. 127–1, 2012.

[3] V. Megaro, B. Thomaszewski, D. Gauge, E. Grinspun, S. Coros, and M. Gross,

“ChaCra: An Interactive Design System for Rapid Character Crafting,” in Proceed-

ings of the ACM SIGGRAPH/Eurographics Symposium on Computer Animation,

SCA ’14, (Goslar, DEU), p. 123–130, Eurographics Association, 2015.

[4] G. Nishida, A. Bousseau, and D. G. Aliaga, “Multi-Pose Interactive Linkage De-

sign,” Computer Graphics Forum, vol. 38, no. 2, pp. 277–289, 2019.

[5] S. Coros, B. Thomaszewski, G. Noris, S. Sueda, M. Forberg, R. W. Sumner, W. Ma-

tusik, and B. Bickel, “Computational Design of Mechanical Characters,” ACM

Trans. Graph., vol. 32, no. 4.

[6] B. Thomaszewski, S. Coros, D. Gauge, V. Megaro, E. Grinspun, and M. Gross,

“Computational Design of Linkage-based Characters,” ACM Trans. Graph., vol. 33,

pp. 64:1–64:9, July 2014.

[7] A. H. Bermano, T. Funkhouser, and S. Rusinkiewicz, “State of the Art in Meth-

ods and Representations for Fabrication-Aware Design,” Comput. Graph. Forum,

vol. 36, pp. 509–535, May 2017.

99



Chapter 5

[8] C. Hecker, B. Raabe, R. W. Enslow, J. DeWeese, J. Maynard, and K. van Prooijen,

“Real-time Motion Retargeting to Highly Varied User-created Morphologies,” ACM

Trans. Graph., vol. 27, pp. 27:1–27:11, Aug. 2008.
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[13] H. Xu, E. Knoop, S. Coros, and M. Bächer, “Bend-It: Design and Fabrication of

Kinetic Wire Characters,” ACM Trans. Graph., vol. 37, Dec. 2018.

[14] D. Wu, J. Terpenny, and D. Schaefer, “Digital design and manufacturing on the

cloud: A review of software and services,” AI EDAM, vol. 31, no. 1, pp. 104–118,

2017.

[15] Y. Yokota, “A Historical Overview of Japanese Clocks and Karakuri,” in Interna-

tional Symposium on History of Machines and Mechanisms, pp. 175–188, Springer,

2009.

[16] Y. R. Chheta, R. M. Joshi, K. K. Gotewal, and M. ManoahStephen, “A review on

passive gravity compensation,” in Proc. of ICECA 2017, pp. 184–189, April 2017.

[17] C. Yu, Z. Li, and H. Liu, “Research on Gravity Compensation of Robot Arm Based

on Model Learning*,” in 2019 IEEE/ASME International Conference on Advanced

Intelligent Mechatronics (AIM), pp. 635–641, July 2019.

100 Chapter 5 Takuto Takahashi



Chapter 5

[18] H. Zhao, C. Hong, J. Lin, X. Jin, and W. Xu, “Make it swing: Fabricating person-

alized roly-poly toys,” Computer Aided Geometric Design, vol. 43, pp. 226 – 236,

2016. Geometric Modeling and Processing 2016.

[19] Y. Mori and T. Igarashi, “Plushie: An Interactive Design System for Plush Toys,”

ACM Trans. Graph., vol. 26, p. 45–es, July 2007.
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