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Abstract: An affordable, highly articulated, child-size humanoid robot could potentially be used
for various purposes, widening the design space of humanoids for further study. Several findings
indicated that normal children and children with autism interact well with humanoids. This paper
presents a child-sized humanoid robot (HBS-1) intended primarily for children’s education and
rehabilitation. The design approach is based on the design for manufacturing (DFM) and the design
for assembly (DFA) philosophies to realize the robot fully using additive manufacturing. Most
parts of the robot are fabricated with acrylonitrile butadiene styrene (ABS) using rapid prototyping
technology. Servomotors and shape memory alloy actuators are used as actuating mechanisms. The
mechanical design, analysis and characterization of the robot are presented in both theoretical and
experimental frameworks.

Keywords: humanoid; mechanical design; actuators; manufacturing; 3D printing

1. Introduction

Humanoid robots have great potential for use in our daily life by accompanying or working
together with people. Growing interest in humanoid robots has spurred a substantial increase in
their development over the past decade. Researchers have shown several prototypes in the literature
focusing on various aspects. This paper primarily focuses on the design of a child-size humanoid
robot named HBS-1. The overall form factor is an important parameter in the design of humanoids.
As shown in Figure 1, a small humanoid robot that matches children 3-10 years old could be used
for several application areas. These include teaching, training and therapeutic treatment for children
with autism spectral disorder (ASD). The majority of children in this age range enjoy interacting with
humanoids. The new idea presented in this paper is the design method of a humanoid, which is
based on a combination of design for assembly (DFA) and design for manufacturing (DFM) for the
full realization of humanoids in additive manufacturing. This paper tries to answer the fundamental
question, such as how to design humanoid robots or what is the best approach to designing humanoids.
The design requirements of the robot include: (1) being able to 3D print in an affordable 3D printer
that can be housed in academic institutes; (2) being proportional to the actual size of a child in the
age range of 6—12 years old; (3) being able to handle common objects of a load of 0.1kg in the hand;
(4) having a sufficient degree of freedom in the upper body to manipulate objects; (5) using the design
for assembly (DFA) and design for manufacturing (DFM) approaches; (6) being low cost in material;
and (7) and serving as a platform to study artificial muscles. It is extremely important to review the
existing humanoid robots in various categories and to describe their DOF, characteristics and cost
to give a wider perspective to readers or researchers in the area. The existing humanoids can be
categorized into three: humanoids with wheeled locomotion, humanoids with legged locomotion and
humanlike robots [1].
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3 years

Figure 1. HBS-1 compared to humans (the schematic drawing is redrawn following the scale from
Andrew Loomis [2]).

1.1. Humanoids with Legged Motion

Humanoids with legged motion are simply humanoid robots that have legs and can walk.
Extensive research to improve the performance of bipedal robots has been conducted, from which many
advanced and highly successful humanoids have emerged. In 1997, the design of a 35 DOF humanoid
was presented for a fundamental research tool, model-based programming, vision research, for sensor
integration and a testbed for adaptive behavior [3]. ASIMO (the most advanced humanoid) [4] is
designed for useful roles in offices or households by interacting with humans through recognition
of moving objects, postures and gestures. ASIMO is 130 cm tall, the size of an average nine-year-old
boy, with 34 DOEF, and costs around $1 million to buy and more than $100,000 to rent [5]. Robonaut 2
humanoid, designed by NASA and General Motors for use in space applications, can handle many
tools, repair aircraft and communicate with astronauts in space [5]. It is 190 cm (6’3”) tall, costs about
$2.5 million [5] and has 42 DOF. HRP-4C [6] is designed to work in human environments, uses tools
like a human to manipulate objects and is able to speak and sing as an entertainment robot. It has
42 DOF, is the size of a 14-year-old adolescent, with 158 cm in height, and costs about $200,000 [7].
Mahru and Ahra [8] were developed to operate as network-based machines that can walk at a speed
of 0.9 km/h (0.56 mph), talk and recognize gestures. They can both understand speech and learn
from their own experience. They are 150 cm tall, the average 13-year-old boy, with a 35 DOF, and cost
around $236,000 [9]. Pino [10] is developed by ZMP Inc. to accelerate the research and development
of humanoids by providing technical information to the general public. It has a height of 70 cm, the
average nine-month-old baby, 26 DOEF, and costs around $30,000 [11]. Sony’s QRIO [12] is designed to
perform voice and face recognition; it can remember people’s faces, as well as express its likes and
dislikes. The costs of QRIO have been compared to the price of a luxury car [13]. It has 38 DOF and is
58 cm tall, about the size of a four-month-old baby. Toyota’s Partner Robots [14] are being developed
with human characteristics, which include being agile, friendly and intelligent enough to operate
devices for personal assistance and care for the elderly. They are 83 cm tall, resembling a 1-6-year-old
child. Kotaro [15] has a human-like skeletal structure and a flexible spine that acts very similar to
human muscles. Kotaro is 133 cm tall, approximately the size of a nine-year-old child, with 91 DOF.
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Poppy is a humanoid, which is also mostly 3D printed, like the humanoid presented in this paper. It is
84 cm tall, weighs 3 kg, has 25 motors and an LCD screen, and it costs around $11,000 [16,17].

1.2. Humanlike Robots

Humanlike robots are designed to mimic the appearance and behavior of humans realistically [1],
such as facial movements (facial expressions). The robots may be legged, as in Albert HUBO [18]
and HRP-4C [6], or stationary, as in SAYA [1] and Repliee Q2 [19]. Several examples are given in
this section. EveR-4 [20] is an adult-sized entertainment robot that has a modular design for facial
expressions and an artificial tongue. It is 180 cm tall and has 64 DOFE. EveR-1, the first EveR model, costs
$321,000 [21]. Zeno (RoboKind) [22] is designed by Hanson Robotics Inc. to behave and resemble a
little boy. Zeno is 27-inches (67 cm) tall and has 37 DOF at a price of $ 16,750 [23]. Geminoid’s HI-1 [19]
is a life-sized humanlike robot that looks like its maker Hiroshi Ishiguro from Osaka University. While
HI-1 lacks the ability to walk, it has a lifelike appearance and uses its 50 DOF to perform humanlike
movements, including facial expressions. Repliee Q2 or Actroid [24] is a female humanlike robot that
can do lifelike expressions, such as blinking, speaking and breathing. It has 42 DOF, 13 of which are in
the head, and the rental cost is $3500 for five days [25]. A child size robot, iCUB (90 cm and <23 kg
mass), was developed for cognitive study and is an open platform based on a 2.5-year-old child [26].
KASPAR is a minimally-expressive robot suitable for human-robot interaction studies, such as the
treatment of autistic children. It is a low cost (around $2118 [27]) and effective product, as discussed in
Dautenhahn et al. [28]. Roboy is another unique bio-inspired humanoid robot. It is designed based on
musculoskeletal structures, which use tendon-driven actuation that provides soft and flexible motions.
Its cost is around $270,000 [29,30]. There are many other humanoids presented in the literature and
web resources, such as DARwIn [31], CHARLI [32], Hanson Robokind [33], Nao [34], Nimbro-OP [35]
and Kenshiro [36].

There are differences between “humanoids with legged motion” and “humanlike robots”. For
the former, the focus is on the mobility of the robot, whereas, in the latter, the focus is on the skin
technology that makes the robot similar in appearance and behavior to humans. Some researchers
combined legged motion with a humanlike appearance for the robot. One example is the Albert
HUBO [18]. Albert HUBO robot is a legged robot and has 31 facial expressions.

1.3. Controllers Used in Humanoid Robots

Various processors are used in humanoid robots. The following are some examples from the
literature. ASIMO uses five Pentium III Processor-M processors inside [37]. HRP-4C employs a PCI-104
single board computer and peripheral boards for the whole body motion control and distributed
network motor drivers [6]. HUBO utilizes a laptop computer with wireless LAN [38]. DARwIn
uses an onboard PC, 1.6-GHz Intel Atom Z530 with 4 GB SSD [32,39]. iCUB operates using DSP
controllers, a PC104 relay station and a Pentium processor card [26]. CHARLI uses an Intel-based
PC running GNU/Linux and a Robotis CM-730 sub-controller [32]. GNU is a Unix-like operating
system. The processor’s architecture in CHARLI is the same as DARwIn. CB uses the Arbor PC-104
Plus Em104P-i7013/PM1400 1.4-GHz Intel Pentium-M processor [34]. Mahru III [8] employs two CPU
boards. QRIO [12] exploits three 64-bit MIPS processors [40]. NimbRo-OP [35] uses Zotac Zbox nano
XS PC, Dual-Core AMD E-450 1.65 GHz and a Robotis CM730 board. POPPY [17] utilizes a TinyDuino
processor board, Model ASM2001, consisting of an Atmel ATmega328P microcontroller.

For our humanoid HBS-1, we used a desktop computer (Intel i7(R) Core i7-4820k CPU@3.7 GHz
with 16 GB RAM and a 64-bit operating system). The computer controls the robot while tethered, but
we have purchased the PC-104 for future use for embedded computing and standalone operations.
The PC-104 is widely used, and both the peripherals and input/output ports are sufficient for all
intended applications.
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1.4. Sensors Used in Humanoid Robots

Almost all humanoids use cameras for perception of the environment and object recognition.
Additionally, force sensors are extensively used in various parts, either to interact with users or the
environments. Touch sensors are used particularly in the hands, feet and torso. Another sensor is
an inertial measurement unit (IMU), which includes an accelerometer, gyroscope and, sometimes, a
magnetometer in one combined system. Audio sensory systems are employed for voice interactions.
GPS and distance sensors (ultrasonic or laser based) facilitate navigation indoors and outdoors.

1.5. Comparison of Actuators Used in Humanoid Robots

Most humanoids employ electric motors. ASIMO utilizes a combination of brushless DC
servomotors and harmonic drives [41]. HRP-4C uses electric motors [6]. HUBO employs a combination
of a planetary gear and a harmonic gear with motors and belts or a pulley [38]. DARwIn and CHARLI
exploit Dynamixel servos [32,39]. iCUB is based on a combination of a harmonic drive system (CSG
series for major joints) and a brushless frameless motor (BLM) from Kollmorgen [26]. CB [34] uses
hydraulic actuators [42]. Kenta and Kenshiro use MAXON brushless DC motors [36]. Mahru III [8]
utilizes DC motors. QRIO [12,43] incorporates 38 motors. NimbRo-OP uses the Robotis Dynamixel
MX series [35], and POPPY [17] requires 25 Robotis motors (MX-28).

The actuation technique is a prime design factor for researchers in humanoid design and
development. The designs for a walking humanoid robot and lower limb orthosis that are actuated by
pneumatic artificial muscles are documented in [44,45]. In general, electromagnetic-based actuators
(electric motors) have greater than a 100-Hz bandwidth. If additional mechanical systems, such as
gears, are incorporated along with the motors, the bandwidth will reduce almost by half (~50 Hz).
Pneumatic and hydraulic actuators have limited bandwidth, usually below 10 Hz [46]. Among other
actuators, dielectric elastomers are capable of a very high bandwidth (100-1400 Hz), while shape
memory alloys work at a low bandwidth (<1 Hz) [47]. Concerning force or stress, shape memory
alloy (SMA) is the highest energy density actuator, which can generate stress greater than 200 MPa.
SMA wires of 25-510 um in diameter are available commercially from Dynalloy Inc., Irvine, CA,
USA; they can generate a force of 0.1-35 N. Pneumatic actuators, on the other hand, can provide high
force (2500 N) [47]. The stress/force and bandwidth of the motors vary depending on the size of the
motors. Nevertheless, the stress generated by these motors is much less than the SMA actuators. This
is due to the large overall form factor of the actuation technology. A detailed discussion of numerous
actuation technologies has been given in our prior works [47-50]. In all of the robots described above,
actuators are extremely important to determine the performance of the robot, and care must be taken
in selecting both the actuation systems and motion transmission accessories. Some additional design
elements are strain rate, energy density (power/volume), specific power (power/weight), efficiency,
electromechanical coupling, lifecycle, power consumption and sources, repeatability and response
time. The maturity of the technology, ease of control and accessories demand further consideration.
Detailed discussions are given in [47,48]

1.6. Goals of the Paper

This paper presents the design and manufacturing of a robot called HBS-1. The additive
manufacturing technique is employed for the fabrication of the robot by using the 3D printer. The
whole robot system is subdivided into several parts that can be independently created, modified,
manufactured and replaced. Each part in the HBS-1 robot is designed in such a way that it can be easily
3D printed from acrylonitrile butadiene styrene (ABS) plastic using a 3D printer. The actuators (shape
memory alloy for the hands and servomotors for all other joints) and mechatronic components are
commercially available, which enables others to replicate the robot easily to perform further research.
The overall material cost of the humanoid, including the mechanical and electrical system, is estimated
to be ~$10,000. The cost can further be broken down into subcomponents. Actuators, including servos
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and SMAs, cost $4923; the model and support materials (taking into account the rapid prototyping)
cost $1662; and other mechatronic components (controllers, sensors, cameras) cost $2775. We aim to
design a child-size robot that is cable of coexisting with humans, especially with children.

2. Design Approach of Humanoids

There are several approaches presented in the literature regarding humanoid design. These can be
described as a bioinspired musculoskeletal design approach, the minimization of actuators approach,
the concurrent design approach, the design for assembly and manufacturing, the modular design
approach and the specific functionality approach. These are explained in the following paragraphs.

2.1. Bioinspired Musculoskeletal Design Approach

In this method, unique design approaches were presented based on musculoskeletal systems [31].
Some example robots designed with this approach are the Kenta (123 cm, 80 DOF), Kotaro (130 cm,
69 DOF), Kenzoh (135 cm, 58 DOF) and Kenshiro (90 cm, 46 DOF) robots. The authors of these
robots have addressed the key question: how to design a complicated body structure and manage it.
Similarly, a unique, cable-driven and highly compliant biologically-inspired robot design, the so-called
ECCEROBOT, was presented in [51]. In another scenario, a neurobiological point of view of humanoid
design was presented based on the flexible structure and their motor control units in [33], such as a
50 DOF humanoid called CB [34] and a 46 DOF ETL humanoid design [52].

2.2. Minimization of Actuators Approach

This case considers the minimization of the actuators, control and costs of the robots. Such robots
fill the gap between the most complicated and the most simplistic ones. Some example robots are an
8 DOF humanoid [53], a humanoid with four actuators [54], a 16 DOF RoboNova [55], RESOII (24 DOF,
80 cm high, 7 kg weight) [56] and The Korea Advanced Institute of Science and Technology (KAIST)
humanoid KHR-1 (12 DOF) [38]. These robots were designed based on low development cost, being
lightweight, simple kinematics, high rigidity and uncertainty compensation.

2.3. Concurrent Engineering Approach

In a concurrent engineering approach, various teams work together to produce effective humanoid
robots. Besides the multidisciplinary team involvement, a “role character” design process has been
described by Oh et al. [57]. The concurrent engineering method requires multiple teams consisting of
design engineers, manufacturing, mechatronics, sales and marketing, and many more. This is more
suitable to large research institutes, centers or big companies that have huge investments.

2.4. Specific Functionality Approach

In this case, a particular robot function is the principal consideration in the design phase. One
example is a humanoid with acrobatic motion capability (Morph3), as demonstrated in [58]. The robot
used a tactile sensing shell in order to get pressure feedback for highly articulated motion. Furthermore,
a jumping capability up to 4 cm in 110 ms required a unique rotatable joint, as discussed in [59]. HRP-2
walking patterns for dynamic stepping over a large obstacle are discussed in [60]. The HRP-2 main
focus is on walking rather than mechanical design and overall system integration. In another study,
the use of a psychological scale to evaluate the design of a humanoid based on a survey was described
as a vital tool. The scale factors were familiarity, repulsion, performance, utility, motion, sound, voice
and humanness [61].

2.5. Modular Behavior-Based Approach

This approach addresses the balance among hardware, software, mechanics, material and energy
use, to design a better humanoid [62]. Recently, walking stabilization for a humanoid based on gait
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analysis was studied. The relationship of foot landing, center of mass and leg stance was described
in detail in [63]. Another proposal was an open platform DARwIn-OP based on a network-based
modular structure and standard PC. The authors presented simulation software to study dynamic
performance [50,64]. Other researchers proposed a design based on facial features in skeletal form. Two
robots, BARTHOC and BARTHOC junior, were offered as a platform for multidisciplinary research in
mechanical design [65]. More recently, the design of the facial expression for humanoids was proposed
based on active drive points on the face of the robotic head [66].

2.6. Design for Assembly and Design for Manufacturing Approaches

The DFA method focuses mainly on the ease of assembling the robot in a short period. The
key success of the NASA's Valkyrie robot is the ability to assemble its modules quickly. For a space
mission, parts of the robot are packaged and assembled in space to reduce mission cost. DFM
primarily considers the facilities at a firm or institute and attempts to fabricate the robot using available
manufacturing methods.

In this paper, we considered both DFA and DFM principles to design HBS-1. The HBS-1 is not
designed to rely on one actuation technology. Rather, it is intended to uses new actuators, such as
coiled nylon that has been recently presented for finger actuation [67]. Therefore, the robot must
be designed for ease in modification and assembly. The relation of additive manufacturing with
DFM and DFA has been described in [68], where some of the guidelines (DFM and DFA) are not
applicable for humanoid design directly. Therefore, since not all parts can be manufactured through
rapid prototyping, custom-made designs were used to satisfy most of the guidelines. A summary of
DFA and DFM approaches that were used for the design of HBS-1 are shown in Table 1 [69].

Table 1. Guidelines for the design of HBS-1 robot for design for manufacturing (DFM) and design for
assembly (DFA).

Guidelines DFA Example

Minimize the number of parts

Minimize the number of assembly operations
Self-locating structures on part design
Modular design

Part design symmetry

HBS: the entire design.

HBS: arms assembly (complex in shape).

HBS: the entire torso design, pelvis and legs.

HBS: each part can be made separately and assembled.

HBS: most parts.

HBS: considering the manufacturing methods (8 x 8 x 11 in 3D

Standardize parts and minimum use of fasteners .
printer), the number of fasteners was ~60.

Ease of part handling and insertion

HBS: all parts can be assembled without requiring special tools.

Guidelines DFM

Example

Ease of manufacturing(form, material and size)
Use of standards parts

Easily-made custom parts

Capability of the manufacturing process

Part design symmetry

Separate parts

Compliance

HBS: almost 90% of the parts are 3D printed.

HBS: off the shelf fasteners, brackets and actuators.

HBS: the finger joints: metacarpophalangeal joints (MCP),
proximal interphalangeal joints( PIP) and distal interphalangeal
joint (DIP) used torsional springs made of music wire.

HBS: the gap between 3D printed moving parts was limited to
0.45 mm to minimize friction; the minimum feature size in a part is
>3 mm; the minimum resolution of layer printing is 0.178 mm.
HBS: most parts.

HBS: considering the manufacturing methods (8 x 8 x 11 in 3D
printer), two parts were made; for example, the torso.

HBS: holes were chamfered, tapered and tolerance and a moderate
radius were applied for the ease of insertion.

There are few papers that describe the design and manufacturing of humanoids. As noted earlier,
Oh et al. showed the concurrent engineering approach as one solution [57]. However, such an approach
is suitable to an institution with more manpower and may not be suitable for academic institutions
with limited resources. Other than that, there is no clear explanation as to which design philosophies
drive the humanoid robots” development. In our opinion, the most optimized approach would be that
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of concurrent engineering, but due to the lack of availability of resources to satisfy its implementation,
one can summarize that the preferred approach is ultimately dependent on the intended application of
the robot.

3. Design and Fabrication

The HBS-1 is a new humanoid robot (Figure 2) that will be used as a platform for further research
in humanoid robotics, educational and biomedical studies. Specific applications will be discussed
further in Section 6.2. As highlighted in the Introduction section, the design requirements for HBS-1
were defined as follows: to build a child-sized robot with anatomically-correct dimensions that
closely mimic human motion with sufficient DOF. The robot is to have the dimensions and features
of a seven-year-old child and needs to be made entirely of 3D printed ABS parts and off the shelf
components for maximum strength, simplicity and cost-effectiveness. Based on the DFM and DFA
principles [70], all of the structural components (thigh, torso, forearm, etc.) are modular for ease of
modification and maintenance. The number of parts is also minimized (DFA principle). The DOF,
range of motion and torque of each joint should be sufficient, such that HBS-1 can sit, stand and
perform articulated motion while stationary, as well as pick up and carry objects. It was desired
to select all of the mechatronic components, including the microcontrollers, batteries, sensors and
actuators, from commercially available products.

Figure 2. HBS-1: (a) Schematic layout; (b) CAD model; (c) Side view; (d) Front view of the prototype.
The wires attached at the shoulder support the robot during testing.

3.1. Mechanical System

The overall dimension of robot HBS-1 is 120 cm x 33 cm x 14 cm in height, width and breadth,
respectively, to match an average seven-year-old boy closely [71]. HBS-1 weighs ~5 kg and consists of
two 4 DOF legs, a 2 DOF waist, two 4 DOF arms, two 15 DOF hands and a 3 DOF head (2 DOF neck +
1 DOF jaw), as seen in Figure 2. This gives HBS-1 a total of 51 DOF. The robot is powered by a DC
power supply connected through wires while tethered. In the following section, the design of each
part is described based on the design for manufacturing (DFM) and the design for assembling (DFA)
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methods. These design principles are superimposed on the other considerations, such as cost, strength,
architecture, autonomy and actuator performance. The design considerations and issues are common
to many systems; a good example is found in hexapod robots in [72].

3.1.1. Head and Neck Design

The head /neck mechanism was designed to have 3 DOF: one for neck tilting, one for neck
nodding and another for jaw movement. It was designed so that all parts are easily manufactured,
modified, assembled or disassembled while looking and functioning as a human’s head and neck.
Previously, we have shown that a 2 DOF and linkage mechanism can effectively mimic the nodding
and turning motion of the humanoid head [73]. The current head was divided into three parts, each
having a thickness of 3 mm: the head, back cover and jaw. The 3D model of the head was generated
from a 3D scan of a doll head and imported in SolidWorks™. The neck is made of two brackets for
mounting the servos, as can be seen in Figure 3a, connecting the head to the body and allowing the
head to pan and tilt.

Figure 3. Design elements of HBS-1; (a) Head; (b) Exposed torso; (c) Arm, hand and pelvis; (d) Legs
and feet.

3.1.2. Arm and Hand Design

The arm length of HBS-1 is 41 cm, matching the arm length of a seven-year-old boy [71]. Two
servos are placed at the shoulder to mimic the human shoulder’s ball joint, another at the elbow and at
the wrist. The hand has five fingers, each with 3 DOF. The fingers are actuated by shape memory alloy
(SMA) actuators, which are housed in the forearm. Torsional springs are installed at each finger joint
for extension motion. The diameter of the SMAs is 130 um (Dynalloy Inc., Irvine, CA, USA). According
to the manufacturer, the 130-pum wires require 24 V/m and a current of I = 0.32 A. The maximum
force of the actuator is 2.19 N, and the strain is 4%-5%. The hand design was presented at the ASME's
International Mechanical Engineering Congress and Exposition(IMECE) conference in 2014 [74].

3.1.3. Torso Design

The torso, shown in Figure 3b, is 32.7 cm tall, 17.4 cm wide, 13.5 cm deep and has a wall thickness
of 5 mm. It was designed to be 3D printed, house the majority of the electronics and have detachable
sections for quick access to components mounted inside the torso. The 2 DOF waist consists of a
roll and a pitch joint with the roll servo mounted at the bottom of the torso and the pitch servo
mounted to the top of the pelvis. The maximum part size the printer can handle is 8” x 8” x 8”
(19.6 x 19.6 x 19.6 cm3). With this in mind, the entire torso was split into four separate pieces for
manufacturing: a front section, back section, top section and bottom section. Standoffs were added to
the front and back sections of the torso to attach a solderless breadboard for mounting electronics.
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3.1.4. Pelvis Design

The function of the pelvis is to house the thigh-roll servos, as can be seen in Figure 3c. To mimic
the human form better, a picture of a human pelvis was used as a sketch picture for the sides of the
pelvis, shown in Figure 3c. The back face of the pelvis was made into a detachable cover for access
while mounting the thigh-roll servo. The assembled pelvis is 6 cm tall, 19 cm wide, 7.5 cm deep and
has a wall thickness of 3 mm.

3.1.5. Leg Design

Each part of the legs was designed to be very strong while simple enough to allow for easy
assembly and maintenance. The legs (4 DOF each) in Figure 3d are 53 cm long, and the shins and
thighs have a wall thickness of 4 mm. The crotch length of HBS-1 is 58 cm, measured from the top
of the thigh servo bracket to the floor, and its feet are 19 cm long and 7.5 cm wide, corresponding
to a seven-year-old boy [71]. Most biped humanoid robots have 6 DOF in their legs; for example,
HRP-4C [6], Mahru III [8], QRIO [12], NimbRo-OP [35] and HUBO [38]. However, iCUB [26] has
5 DOF, and other simple humanoids [53] have 2 DOF in their legs. Other humanoid designs based
on musculoskeletal systems have 8 DOF in their legs, such as Kotaro [15]. In our robot, 4 DOF were
chosen to minimize cost; the DOF are sufficient to perform the intended applications of our robot to
interact with kids while standing in a frame structure or to perform articulated actions while tethered
to the ground.

3.2. Fabrication

Except the mechatronic components, the HBS-1 was fabricated entirely by 3D printing using
the Stratasys Dimension Elite 3D printer using ABS material. Acrylonitrile butadiene styrene
(ABS) is a thermoplastic material with a yield strength of 31 MPa and a volume resistivity of
2.5 x 101°-5.0 x 10'® Q- cm [75]. There are several advantages in using 3D printers, such as the ability
to create complex shapes and for reducing manufacturing time, cost and the amount of wasted material.
In our case, manufacturing the humanoid’s complex and intricate parts, such as the head, arms and
fingers, would be very difficult without 3D printing. However, there are also several limitations of
3D printing using an FDM (fused deposition modeling) machine. One of the limiting features of the
Stratasys Dimension Elite 3D printer is the size of the minimum printable feature, which is around
0.178 mm (0.007”), the size for the thickness of one layer of ABS plastic. This restricted the amount
of detail in the model. The surface roughness of 3D printed parts also plays a significant role in
moving parts, causing friction and restricting motion. In the 3D printing process, if there is not enough
tolerance, the parts will fuse, rendering them useless. Several experiments were done to characterize
the effect of the gap between moving parts. It was found that leaving a distance of 0.45 mm between
moving parts would minimize the friction and allow the parts to move (for parts printed in assembly
mode). Another disadvantage of the manufacturing process in the current 3D printers is that ABS
plastic is significantly weakened when 3D printed. If those parts could be 3D printed with a much
stronger material, the problem would be eliminated. Replacing the maximally-loaded thermoplastic
ABS sections of HBS-1 with metal materials will maintain joint mobility and eliminate failures due
to weak plastic. The relative magnitude of build materials and printing time of HBS-1 are shown in
Figure 4. This figure shows the required model material, support materials (sacrificial materials that
are dissolved by solvents after the parts are fabricated) and the required time of fabrication for each
part of the robot. It can be seen that the total time of printing the robot is ~300 h. The figure is extremely
important, since it tell us the necessary information in 3D printing humanoid robots depending on the
size and the function of the robot. The 3D printer provides the exact amount of support and model
materials when a CAD file is loaded to its operating software. Therefore, the magnitudes in Figure 4
are exact values without an error bar.
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Figure 4. Manufacturing time, model material and support material for each part of HBS-1.

3.3. Mechatronic Systems

3.3.1. Actuators and Sensors for HBS-1

HBS-1 utilizes 14 Dynamixel servos, four Power HD servos and three Hitec Deluxe servos and
shape memory alloy (SMA) actuators as its actuation system. Servo motor selection will be discussed
further in Section 3.4. Dynamixel servos feature the ability to track the speed, temperature, shaft
position and load in real time. Depending on the model, they can be controlled by Transistor-transistor
logic (TTL), Serial communication (RS485) and controller area network (CAN) communication. The
Dynamixel servos adopted were Models MX-106, MX-64 and RX-28. Dynamixel actuators are used
in other robots [22,32,35], as well. Shape memory alloy actuators were selected in the current design,
since they can be installed in the limited volume of the forearm. Otherwise, it would be difficult to
actuate all five fingers.

Firewire stereo cameras are housed in the head. The torso is equipped with an orientation sensor
(UM7-LT), which combines gyroscopes, accelerometers, magnetic sensors and an onboard 32-bit ARM
Cortex processor to compute sensor orientation. The wires for the servomotors, as well as the shape
memory alloy present some of the challenges of creating such robots. However, new sheath-core
fibers and cables recently reported in [76] might be a promising solution for the robotic arms” or
exoskeletons” wire connections. Since the mechatronic systems are obtained off the shelf, the use of
multiple Dynamixel servos helps, since they can be easily daisy chained, making them easier to wire
one another and reducing the time for wire assembly. This choice is in line with the DFA principles,
which are presented in this paper. Moreover, 3D printable conductive thermoplastics are the other
alternative to print directly on the 3D printed parts, as stated in [77], which would reduce the wiring
requirements of the robot.

3.3.2. Controllers for HBS-1

Two servo controllers (Mini Maestro 24-Channel USB Servo and CM-700 Robotis) mounted within
the torso were adopted for driving the 21 servomotors. The CM-700 Robotis Servo Controller, which
communicates with the computer (Intel i7(R) Core (TM) i7-4820k CPU@3.7 GHz with 16 GB RAM
and a 64-bit operating system) via the LN-101 USB Downloader, is responsible for the control of the
Dynamixel servos. The Mini Maestro 24-Channel USB Servo Controller is used to control the Power
HD servos and Hitec Deluxe servos. A custom-made controlling circuit, whose operating principles
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and actuation sequences have been described by Tadesse et al. [50], was adapted to actuate the fingers
using shape memory alloy actuators. The circuit is based on a PIC 8-bit microcontroller (16F874) that
provides a sequence to H-bridge amplifiers (L298), whose outputs are connected to each SMA. The
programing of the PIC microcontroller was done using the MPLAB IDE (Integrated Development
Environment) board PICDEM™ 2 PLUS. Currently, the humanoid can be easily programmed through
the microcontroller to perform a sequence of instructions to grasp an object in an open loop manner.
The closed loop position control of the fingers using SMAs will be our future work.

3.3.3. Software and Programming of HBS-1

The servo controllers are programmed in Visual Studio using C++. For the implementation of the
sequence of actuator movements, the controllers define the sequence using the robot motion controlling
code. This enables the robot to have a uniform interface to communicate with two separate servo
controllers. The sequence of the articulation of the robot while performing a particular task will be
presented later in the section along with the video of the robot’s motion. Some parts of the program
that drives the Dynamixel servos are provided in the Appendix as an example. The entire code is long
(~600 lines of code), since it has several cases that actuate various combinations of servos to perform
different tasks.

3.4. Servo Motor Selection of HBS-1

As stated in the previous sections, HBS-1 is actuated using 21 servomotors. To choose adequate
servos, the torque was determined at each joint with the robot in the pose that results in the maximum
torque about that joint. The actual dynamics of the robot can be described as a function of joint
variable g and its rate forms g and ¢ by the Lagrange equation [78]:

M@)i+Vu(99)4+G@)+F(q) +1g = 7 1)

where M (q) is the inertia matrix, Vy, (g, q) is the Coriolis/ centripetal matrix, G (g) is the gravitational
component, F (4) is the friction component, T, is the unknown disturbances or unmodeled dynamics
and T is the torque at the joint. The robot has several revolute joints; hence, the dynamics was simplified
by ignoring friction and Coriolis effects following the approach presented by Kanniah ef al. (uncoupled
links) [79]. The maximum torque that a servomotor has to overcome is a combination of static torque
and dynamic torque. The total maximum torque can then be defined as:

Trotar = ), (MiLi)+ > (Lyitti/g) v
— Y——
Static Dynamic

where M; is a force or weight acting on the moment arm at point i, L; is the distance normal to the
force, from i to the axis of rotation, I, is the mass moment of inertia about the axis of rotation, « is the
desired angular acceleration of the arm and g is gravity.

3.4.1. Arms

The dimensions of the upper body used for calculating the static torque in the arms and torso joints
are given in Table 2. Torque calculations for the wrist, elbow and shoulder servo motors were done with
the torso leaning forward 30° and the arms parallel to the ground holding a 0.1-kg object straight out in
front, as can be seen in Figure 5a. The moment of inertia I, for each joint was found using the parallel
axis theorem, and the maximum angular acceleration was assumed to be 860 deg/s? (15 rad/s?). Based
on the results of these calculations, listed in Table 3, the arm servomotors were selected. The Power
HD-1705MG Servo (0.196 N- m stall torque), the Power HD-6001HB Servo (0.657 N- m stall torque) and
the Dynamixel RX-28 Robot Servo (2.744 N- m stall torque) were selected for the wrist, the elbow and
the shoulder joints, respectively.
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Table 2. Upper body dimensions for torque calculations (for Figure 5a).

Link (Object) Lim W;(N) M;[N)

Hand (block,i=1)  0.105 0.196 0.98
Forearm (i = 2) 0.136 0.686 -

Bicep (i = 3) 0.146 147 -
Torso (i = 4) 0119  16.366 9.8
Head (i = 5) 0.210 - 19.6

L; = arm length, W; = arm weight, M; = load at the arm.
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Figure 5. Various poses of the HBS-1 for torque calculation (a)—(c) arm and torso,(d)—(i) hip, knee
and ankle.

3.4.2. Torso

The next two calculations are for the torso pitch and roll servos. As can be seen in Figure 5¢, the
torso pitch calculations were done with the robot holding a 0.1kg object and in the same position as
the arm servo calculations, while the torso roll calculations were done with the torso in the upright
position while holding a 0.1 kg object, shown in Figure 5b. The moment of inertia was found using
the SolidWorks mass properties. The dynamic torques of the torso roll and pitch joints were then
determined with an assumed maximum angular acceleration of 200 deg-s~2 (3.49 rad-s~2), and the
static torques were determined using the dimensions listed in Table 2. From the results listed in Table 3,
the Dynamixel MX-106 with a stall torque of 10.388 N- m and the MX-64 with a stall torque of 6.272
N-m were chosen for the torso pitch servo and torso roll servo due to the compatibility with the
MX-106 bracket, respectively.

Table 3. Upper body parameters and torque calculation results (for Figure 5a).

JOil’ll’ Iyy [0 T Td Ti
(kg- m?) (rad/s?) (N-m) (N-m) (N-m)
Wrist (i = 1) 2x1073 15 0.14 0.03 0.17
Elbow (i = 2) 0.01 15 0.32 0.17 0.49
Shoulder (i = 3) 0.03 15 0.90 0.45 1.37
Torso-pitch (i = 4) 0.47 35 7.25 1.67 8.82
Torso-roll (i = 5) 0.04 35 1.27 0.16 1.47

Iyy = moment of inertia about the y-axis, & = joint angular acceleration, Ts = static torque, Tq = dynamic torque,
T; = total torque.
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3.4.3. Legs

The last servos to be selected were the hip/thigh, knee and ankle servos. Analyses were done for
three different poses, shown in Figure 5d—i, on each of the three joints. Along with being able to find
the moment of inertia, the mass properties tool in SolidWorks can also be used to approximate the
static torque. The static torque equation can be simplified to:

T = xcMc 3)

where x, is the distance normal to gravity from the joint to the center of mass and M. is the total mass
acting on the body. The torso pitch and roll torques were recalculated using this method to verify its
accuracy. The two methods (equivalent center of gravity and static component of Equation (2) correlate
very well, with a <1 N m difference between them. This center of gravity method was then used to
determine the static torque for the thigh, knee and ankle servos, shown in Table 4.

Table 4. Parameters of the legs and torque determination (for Figure 5b—i).

JOiIlt Xci Mi Iyy 42 TS Td Ti
(m) (N) (kg-m?)  (rad/s?) (N- m)

T-Pitch(i=2) 015 4998 0.47 3.5 7.50 1.65 9.15
T-Roll i=1) 0.025 49.98 0.04 3.5 1.25 0.14 1.39
First Pose: Leaning forward, one leg on ground

Thigh (i = 3) 012  62.72 0.9 1.6 7.52 1.44 8.96

Knee (i = 4) 0.17  66.64 2.1 1.6 1133 336  14.69
Ankle (i =5) 022 70.56 43 1.6 1552  6.88 2240
Second Pose: Squatting **

Knee (i = 6) 0.081  60.76 1.2 1.6 4.92 1.92 6.84
Ankle i=7) 0.031 66.64 2.8 1.6 206 448 6.55
Third Pose: Sitting **

Knee (i = 8) 020 59.78 15 1.6 11.96 2.4 14.36

**If the load is shared by both legs, the torque for each joint will be half the magnitude of the total. x,; = distance
to the center of mass, M; = center of mass at a pose.

The first pose (shown in Figure 5d—f) shows HBS-1 carrying a 0.1-kg object while leaning forward.
As can be seen, the joint being calculated for is fixed, while the front leg is at the end of a step just before
the front foot touches the ground. The second pose is HBS-1 squatting while holding the 0.1-kg object,
shown in Figure 5g,h, and the third pose is HBS-1 at the end of a sitting motion with its arms reaching
straight down, shown in Figure 5i. After analyzing each pose and using the variables in Table 4,
the torques at the joints were determined. The MX-106 is the largest torque Dynamixel servomotor
available on the market and is rated for 10.4 N- m, which is less than the maximum torque for the knee
and ankle. Thus, the MX-106 was chosen for the thigh, knee and ankle servos. In this paper, since
the dynamic walking is not analyzed, the operation of the robot can be maintained by limiting the
maximum forward leaning angle. Furthermore, the feet are grounded to the floor, and two cords are
attached to the shoulders and secured to a frame structure. Therefore, the current robot configuration
is stable to perform various actions. Dynamic walking is beyond the scope of this paper and left for
future work. Our focus in this paper is the upper body and the ability to perform articulated motion
while the robot is tethered.

3.5. Shape Memory Alloy Selection for the Fingers

Due to the stringent requirement of a small space and a large force in the hands, low profile
(small in size) and high energy density actuators are needed for the hands. SMAs can generate stress
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to >200 MPa; their size is small (~100 um diameter), and they provide strain up to 4% (cylindrical
cross-section) and 200% (coiled forms). SMAs are available commercially in large quantities, and
the operating frequencies of SMAs are less, 10 Hz (obtained by active cooling techniques), but in the
range of human skeletal muscle frequency [49,80]. Further, these actuators are suitable for using a
fuel-powered system, as demonstrated in [81]. The fuel cell systems have shown promise to power
humanoid robots, as shown in [82]. SMAs have shown excellent results in humanoid development
if the available space in the robot is a major concern; for instance, in the design of the head [50] and
hands [74,83,84]. Therefore, SMAs are suitable candidates for finger actuation. Even though SMAs have
hysteresis that makes them difficult to control, numerous papers have addressed the control challenges
of SMAs. Some examples are a PID controller [85], a neural network [86], a multi-level switching
controller [87], a nonlinear controller [88] and a neural network and sliding mode controllers [89].

4. Modeling and Analysis

4.1. Stress and Deformation Simulation

It is important to simulate the strength of the manufactured parts and to determine the capabilities.
First, we have fabricated a cantilever beam of 100 x 10 x 1 mm in length, width and thickness and
3D printed (ABS material) with two printing options (normal and sparse high-density). The normal
option fills the part completely with fully-dense raster tool paths, and the sparse high-density option
minimizes the amount of model material, leaving some gaps in the interior regions. We then performed
FEM simulation (static analysis) by loading the cantilever beam with a tip force corresponding 10-,
20-, 30- and 40 x 1073 kg loads. SolidWorks™ 2014 was used for the simulation using the ABS
material library. The model type was linear elastic isotropic. Static simulations were performed by
setting the default meshing option. We then performed experiments on the fabricated cantilever beam
(Figure 6a) with the same loads as in the simulation and determined the deflection using a camera. The
experimental and simulation results of the deflection are close to each other, as shown in Figure 6b. The
contour plots of displacement and the Von Mises stress of the cantilever beam are shown in Figure 6¢,d,
respectively. As the simulation and experimental results are comparable, one can conclude that similar
properties will be shown on other 3D printed parts.
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Figure 6. SolidWorks™ 2014 simulations of the displacement of a 3D printed cantilever beam
(acrylonitrile butadiene styrene (ABS) material) loaded with a tip mass. (a) Schematic diagram and
3D printed cantilever with normal and sparse high-density printing options; (b) Displacement of
the cantilever for tip mass load; experimental and simulation results; (c) Displacement contour plot
simulation; and (d) Stress along the cantilever beam simulation at 40 x 1073 kg tip load.
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4.2. Stress Simulation of Robotic Finger

Since the fingers are the smallest parts of the 3D printed robot, we performed analysis on the
fingers. First, we applied a 1-N force to various areas of the joints corresponding to the DIP, PIP and
MCP joints. Metallic pin connectors (1 mm in diameter) were used at each joint, but all of the other
parts were ABS material. Then, the deflection and stress were determined. It was found that the stress
generated and displacement due to a 1-N load were 5.3 MPa and 0.18 mm (for an applied load at the
tip of the DIP) observed on the ABS structures. The stress did not reach the maximum load carrying
capacity of the ABS materials (31 MPa). Hence, the safety factor for carrying a 1-N load for the finger
was about 5.8. The displacement and stress contour plots, as well as the loading conditions of the
index finger, are shown in Figure 7a—c.
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Figure 7. Simulations of the 3D printed index finger of ABS material with metallic pin connectors;
loaded with a 1-N normal force. (a) On the DIP, (b) The PIP and (c) The MCP; the subscripts are: (1) For
Von Mises stress in the finger; (2) Displacement in the finger; (3) Schematic diagram of the finger and
boundary conditions.

Next, we made the entire robotic fingers with ABS material by making the pin connector with
ABS material (1 mm in diameter) and performed stress simulations. It was found that when ABS pin
connectors are used at the joints (as opposed to the metallic pin), the stress generated and displacement
due to a 1-N load were 16.8 MPa and 0.12 mm (when the load is at the DIP section). The safety
factor in this case was about two. The displacement, stress and loading conditions of the index finger
results are shown in Figure 8a—c. The advantages of making the entire finger with 3D printable
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materials include minimizing the assembly time and manual operations. However, the strength is
somewhat compromised.
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Figure 8. Simulations of index finger entirely 3D printed with ABS material (including the pins);
loaded with a force of 1 N applied at: (a) The DIP, (b) The PIP and (c) The MCP. (1) Von Mises stress;
(2) Magnified view of the Von Mises stress in the pin; (3) Displacement; and (4) Schematic diagram.

One concept of design for assembly (DFA) is to minimize the number of parts and fabricate
entirely using a 3D printer. However, this notion is often challenged by the capabilities of the current
manufacturing paradigm and the strength of the fabricated parts. Nevertheless, we proceeded to make
the entire robotic finger with ABS material and to leave some gap (0.45 mm) between moving parts.
The current design uses pins of 1 mm in diameter. As shown in Figure 8, we found that the cylindrical
pin connectors made of ABS materials are susceptible to high stress for the intended load-carrying
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capacity (1 N) depending on the geometry of the index finger under consideration. Further, if the pins
were 3D printed, then they would be composed of around five layers of ABS plastic. This restricts the
amount of detail that can be produced and affects the roundness of the pins. The challenges of such a
manufacturing system will be overcome when new affordable 3D printers with composite materials
and high resolution are made available on the market. In conclusion, the use of DFA will be extremely
useful to advance humanoid research and bring robots to everyone in homecare for use in daily life.

4.3. DH Parameters and Workspace Analysis

In order to define the workspace for each arm of HBS-1, all of the possible end effector positions
need to be found. This was done using the Denavit-Hartenberg convention [90]. The DH convention
allows the position and orientation of the end effector to be represented in terms of rotations and
translations related to the base coordinate system by using homogeneous transform matrices to
transform a coordinate system from one joint of a robot arm to another. Each homogeneous joint
transformation is represented as a product of four basic transformations: a rotation of angle 8 around
the current z-axis, a translation of distance 4 along the current z-axis, a translation of distance a along
the new x-axis and, finally, a rotation of angle o around the new x-axis. The homogeneous joint
transformation matrix A; can be seen in Equation (4).

cos (0;) —cos(a;)sin(0;) sin(o;)sin(0;) a;cos (6;)
0

A — sin (0;) cos(oy)cos(0;) —sin(e;)cos(0;) a;sin(0;) @
t 0 sin () cos (o) d;
0 0 0 1

Aj; is a transformation matrix from one joint to another. Before determining the homogeneous
transformation matrices, the origin and axes for each joint were selected. The DH parameters and
axes for each joint are shown in Figure 9c. To make sure that HBS-1 was modeled correctly, we
used MATLAB to compute and plot each joint and axis. From the MATLAB model and each joint
transformation, we were able to find the location of the end effector with respect to the base frame.
The workspace of HBS-1 was then plotted in MATLAB, as shown in Figure 9a. Inspection of Figure 9a
shows that the arms can touch each other when they are located above the HBS-1’s shoulders. The
self-collisions of the robot arm can be avoided by controlling the joint angles through the visual C++
program that is used to actuate the robot. SolidWorks Macros were also used to display the workspace
of one arm, so that a scale can be established relative to the robot, shown in Figure 9b. In conclusion,
the DH simulation represents the workspace or the orientation capability of the humanoid without
colliding with itself. This is one of the important parameters that shows the ability of the humanoid
and can also be used to reverse engineer the humanoid joint variables for a particular application.

Y (mm) \‘\\

5 \/“/_;00 200 (mm)

Figure 9. (a) 3D plot of the workspace of both arms; (b) Workspace of one arm with respect to the
humanoid; (c¢) Schematic diagram of DH parameters.
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5. Experiments

5.1. Angular Position and Speed of the Arm

To evaluate the arm servo performance, we performed the following experiments, from which the
response time and the displacement of the servo were obtained. A black circular plate was attached to
HBS-1’s elbow for tracking with image processing software. A wooden ruler was placed in front of the
arms to define the scale of the experiment. First, the HBS-1 arm was aligned in the horizontal direction
as the initial position. Then, the arm’s shoulder servo was actuated up and down while holding a load
of 0.05 kg at the palm and without any load. The experimental video data were measured by recording
the full movement of the arm and then performing further analysis on the video to obtain the response
time. Both the total displacement and angular displacement of the tracked point on the right arm are
shown in Figure 10. The arm starts moving at time 1.4 s. From Figure 10a, it can be seen that due to the
extra load applied to the palm, the arm could not return to the original position. Figure 10b shows the
angular position of the arm with and without a 0.05-kg load, and the difference is around five degrees.
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Figure 10. The displacement of tracking point on right arm: (a) Total displacement;

(b) Angular displacement.

Other angular positions of the servo motors to mimic a child’s game (similar to Patty Cake,
popular among U.S. kids) are shown in Figure 11. The figure shows the sequence of the angles to
perform an articulated motion sequence mimicking a game. The angles are symmetrical (the right and
left shoulders in the X-direction) with respect to the direction of rotation and slight adjustments to
magnitudes in the return motion (the right and left shoulder in the Z-direction) that assure collision-free
motion of the robot hand. The waist (trunk X and Z) motion was actuated to mimic the gestures of the
humanoid in performing gymnastic or child’s games, as shown in Figure 11. A video of the actuation
is provided as Supplementary Material (HBS_Action.MP4).

5.2. Grasping Capabilities

Small, humanlike prosthetic hand designs were taken into consideration when creating and
evaluating the hand of HBS-1. The hand consists of five 3 DOF fingers. The challenge here is the
limited space and the 4%-5% strain of SMA wires to drive the rotation of the finger joints, as described
earlier. The wire (used as a tendon) is fixed at the end of the finger, while the SMA wire is attached to
the other end of the wire, creating a pivoting moment about the joints. To achieve the needed linear
displacement of the SMA wires, small pulleys with a wheel diameter of 6.35 mm were used. The
arrangements of SMA on the hand can be seen in Figure 12a, and the hand grasping several objects is
shown in Figure 12b—e. This test is a preliminary one that will be further explored infuture work.
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Figure 11. The sequence of motions of the servo motors of HBS-1 to mimic child games (a) servo arm

axis representation (b) two sequence of motions overlaid and (c) time domain angular positions of
the servos.

Figure 12. Shape memory alloy (SMA) hand. (a) Fingers actuated by SMA; and (b-e) The hand
grasping various objects.
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5.3. Various Poses

To observe the mobility and poses of the upper part of the HBS-1, a specific motion sequence
was provided to each joint (the sequence shown in Figure 11c earlier). A video camera was used to
record each pose, and the results are shown in snapshots in Figure 13. HBS-1's sequence of motion
was planned so that it can interact with children safely and in an appealing manner. Figure 13a shows
the arms at the initial position. Figure 13b,c shows the raised hand position from the horizontal. The
full vertical extension of HBS-1 is shown in Figure 13d. Figure 13e,f shows a gymnastics gesture in
which one arm is vertical and one arm is horizontal. Hugging gestures with (arms in front of its body)
are shown in Figure 13g,h. Side to side twisting of the waist and rolling of hands over each other are
shown from Figure 13h,p terminating in the robot’s return to its original pose. Several videos were
recorded to preserve its performance for further studies. The actuation video of HBS-1 is provided as a
supplementary document in this paper (HBS_Action.MP4).

Figure 13. Various poses of the humanoid (a)-(p); sequentially actuated.

Currently, the HBS-1 robot is powered by a DC power supply (Topward Model 6306D). When all
of the servomotors are actuated as shown in the video or the pictures in the characterization sections,
the Dynamixel servos consume 14 V and 0.7 A. Similarly, the RC servomotors (Power HD Servos
and Hitec Deluxe servos) consume 6 V and 0.6 A. The shape memory alloy (SMA) actuators used for
actuation of fingers consume a voltage of 24 V/m and 0.32 A. The length of each SMA is about 240 mm,
and we have five actuators in each hand. The power consumption for each SMA actuator is then
1.84 W. We can see that the total power consumption of the robot, when all actuators are simultaneously
actuated, would be 31.8 W (ideal case). This is a high power requirement, but all actuators are not
activated at the same time. The robot can be actuated with a Li-polymer battery, but the issue will be
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the duration of the battery power. Therefore, further efforts are required to either reduce the power
consumption or to get a higher power density rechargeable battery. These aspects will be investigated
in the future.

6. Discussions and Applications

6.1. Discussion

The child-sized biped humanoid robot HBS-1 is a low-cost research platform for a wide range of
robotics and related applications. It has a modular design and 51 DOF, designed for the ease of control
and modification, and is made entirely of 3D printed parts and off the shelf components, which keeps
the cost low while also having very anatomically-correct dimensions and features. Simulations and
experiments were done to test its movement and grasping capabilities. The results showed that HBS-1
can closely mimic a human and can manipulate a variety of objects, shown in Figure 11, giving it the
ability to perform a variety of tasks. In the future, several versions can be developed from HBS-1, each
designed for specific applications. These possible applications are discussed in the following section.

6.2. Applications

There are four main areas of research and applications for HBS-1. The first is related to humanoid
research: HBS-1 will be used to develop actuators and sensors that enable humanoids to more closely
mimic humans using artificial muscles and artificial skin that senses touch, as well as manufacturing
of humanoids and control theory. The second is education. HBS-1 in its current version would be an
extremely useful teaching tool that can be used in university-level robotics courses. Its modular design
allows for all types of sensors to be implemented, and its DOF (without considering the hands) makes
control much simpler, both making HBS-1 excellent for use as an educational tool. Students would
be able to learn the basics of robotics/humanoid control, modeling, manufacturing and design while
working with a real humanoid. The third is medical. Future versions could be tailored to be used as a
therapy tool for children with autism and other related disabilities. Research is currently being done
using the HBS-1 to develop a muscle rehabilitation device that would otherwise be unsafe to test on a
human first. The fourth is to use HBS-1 for a task that is difficult or dangerous for human beings. For
example, handling and manipulating toxic or explosive substances. Since the robot is low cost, it can
be made again (if it is destroyed during handling explosives) with the same architecture, design and
manufacturing process.

The HBS-1 robot’s modular design makes it very flexible, and it can be used in wide range of
applications beyond the ones listed. Future works include integrating flesh-like elastomeric skin on
the face and artificial muscles that actuate control points. Investigating a biped mountable robotic
head following the approach presented in our earlier work [47,50], the robotic head that has 12 DOF
in the face could be integrated with HBS-1 to create a very high degree of freedom humanoid robot.
Moreover, a new approach that was demonstrated in [91] will be employed to design and analyze a
facially-expressive robot, to integrate it with HBS-1 and, hence, to create a full humanoid with facial
expression capability, for use in many application areas, such as healthcare [92].

7. Conclusions

We presented a low-cost, child-size, humanoid robot design, which was fabricated using 3D
printing. The mechanical design of the humanoid, the modeling and stress simulations were
performed to evaluate the design considerations to realize almost all of the structures using FDM, while
maintaining the intended functionality of the robot and the anatomically correct child-size dimensions.
The humanoid size is 120 x 33 x 14 cm?, and the total 3D printing time took 300 h. The overall material
cost of the humanoid is ~$10,000. The workspace of its arms, determined using the DH method, is
a 100 x 120 x 46 cm? ellipsoid positioned at the midpoint between the left and right shoulder. The
articulations of the joints enable the robot to demonstrate various children’s games, which can further
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be programmed to interact with children. The humanoid platform widens the design space of the
existing humanoid intended for autism therapy, educational purpose or the general well-being of
children through interactions. It can also be used for the research of artificial muscles to address most
of the issues of control, the performance of artificial muscles and structural integrity concurrently.
Shape memory alloy (SMA) was used to actuate the fingers of the humanoid, which are small and
suitable for implementation. The hand can grasp and hold objects of various sizes and forms. The
next step will be to partially cover the robot’s parts with skin for safe human-robot interactions and to
evaluate the effectiveness of the robot.
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Appendix

Some examples of the code utilized for the HBS-1 robot actuation:
Dyn_eval(int *servPos)
{
for(int i=0;i<NUM_DYN_SERVOS;i++)
{
if(i<2) continue; // Servos 0 and 1 are not present
else if(*(servPos+i)<*(dynPosMin+i))
{
printf("Dynamixel Servo %d 's positions is less than the min position allowed for that
servo!n',i);
return FALSE;
}
else if(*(servPos+i)>*(dynPosMax+i))
{
printf("Dynamixel Servo %d 's positions is more than the max position allowed for
that servon",i);
return FALSE;
}

else continue;

}

return true;

void Dyn_moveTo(int *servPos)

{
if(Dyn_eval(servPos))

{
for(int i=0;i<NUM_DYN_SERVOS;i++)
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if(i<2) continue; // Servos 0 and 1 are not present
if(servPos[i]==0)
continue; // Skips if the servo position is zero
dxl_write_word(i, P_MOVING_SPEED_L, 56); // dxI_write_word( id, address, value);
dxl_write_word( i, P_GOAL_POSITION_L, servPosli]);
int PresPos, CommStatus;
PresPos = dxl_read_word(i, P_PRESENT_POSITION_L );
CommStatus = dxl_get_result();
if( CommStatus == COMM_RXSUCCESS )
{
printf("The Current Pos of Dynamixel Servo %d is: %dn" i, PresPos);
}
else
{
printf("Dynamixel Servo %d ERROR:",i);
PrintCommStatus(CommStatus);
printf('n");

}
/ /Dyn_wait();

}

else printf("Position value entered exceeds the limit'n");

void Dyn_wait()
{
int Moving;
for(int i=0;i<NUM_DYN_SERVOS;i++)
{
if(i<2) continue; // Servos 0 and 1 are not present
printf("%d" i);
do
{
Moving = dxl_read_byte(i, P MOVING );
printf(">"); / /std::this_thread::sleep_for(std::chrono::milliseconds(x));
fwhile(Moving==1);
printf('n");
}

return;
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