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According to the cortical homunculus, our hand function requires over one quarter of the

brain power allocated for the whole body’s motor/sensory activities. The evolutionary role

of the human hand is more than just being the manipulation tool that allows us to physically

interact with the world. Recent study shows that our hands can also affect the mirror neuron

system that enables us to cognitively learn and imitate the actions of others. However the

state-of-art technologies only allow us to make cosmetically true-to-life prosthetic hands

with cadaver-like stiff joints made of mechanical substitutes. And very few research groups

know how to design robotic hands that can closely mimic the salient biological features of

the human hand. The goal of our project is to reduce cognitive and physical discrepancy,

in the cases where we need a pair of our hands interacting with a different environment

remotely. Our project will try to answer the following questions: With the great advance of

3D-printing technologies, and promising new materials for artificial muscles and ligaments,

can we design a personalized anthropomorphic robotic hand that possesses all the favorable

functions of our very own hand? With such a robotic hand, can we reduce the control space,

and establish a easy mapping for the human user to effectively control it? Is it possible to

teleoperate the robotic hand to perform amazingly dexterous tasks without force feedback as

those surgical robots demonstrated? To answer these questions, we are going to investigate



the design and control of our proposed anthropomorphic robotic hand.
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Chapter 1

INTRODUCTION

Human hands can perform many dexterous grasping and manipulation tasks. Hand

dexterity is the ability to precisely control movements and forces using all the hand’s degrees

of freedom to perform a variety of tasks. Examples include the ability to play musical

instruments, use chopsticks, gesture, and perform daily tasks such as cooking and writing.

Currently, we are far from replicating human hand dexterity in robotic hands.

A number of robotic hands have been designed to meet a variety of goals. Most existing

robotic hands meet specific task requirements using state-of-the-art technology; they were

not designed as a tool for scientific investigation. For example, since prosthetic hands must

be comfortably fitted to humans, they must be made of lightweight materials. In contrast,

weight is not a constraint for industrial grippers, which must conform to a specific object’s

shape to assure a stable and guaranteed uniform grasp. Two types of robotic hands will

be discussed in this chapter. First, we will describe prosthetic hands, which are designed

for comfort, lightweight and ease of control while accommodating societal norms of size

and hand appearance. Design goals for these prostheses often emphasize their functional

needs. Second, we will examine dexterous hands, which work in unstructured environments

for applications such as space exploration and personal assistance. These hands often mimic

the human hand form, degrees of freedom, and motion patterns. Neither type of robotic

hand currently exhibits the robust manipulation abilities of the human hand.

High levels of dexterity are achieved in the human hand due to a combination of hand

biomechanics (hardware) and neural controls (software). The benefits of investigating an-

thropomorphic robotic hands have been widely acknowledged. However, it is also widely

accepted that the cost of time and funding on developing a research-oriented, custom-

designed anthropomorphic robotic hand is often prohibitive. The control of a robotic hand

can be affected by many factors, such as the finger length, the range of motion (ROM) of



2

the joints, the weight of the robotic hand, or transmission types. Many researchers had

to shape their control goals due to the limits of commercially available anthropomorphic

robotic hands as even the slightest modification on those off-the-shelf robotic hands could

easily result in months of waiting.

For those researchers focusing on the hardware aspects of anthropomorphic robotic

hands, it is also challenging to modify the design or improve the functionality of an ex-

isting system in a short period of time. This is because each of the design iterations needs

to go through the validation of physical tests before any useful information can be collected

for planning any improvement. Therefore simulation as a promising tool to help evaluating

the performance of robotic hands has been adopted to speed up the design process [28].

Many anthropomorphic robotic hands were designed to be cable-driven [2, 5, 7, 29–33].

This approach has several appealing advantages. On the one hand, it is intuitive to mimic

the muscle-tendon mechanism of the human hand with cables and wires; on the other hand, a

carefully designed cable-driven system is back-drivable, backlash-free, light weight, and flex-

ible for the robotic hand to choose between being fully actuated and being under-actuated

depending on needs of different applications. So far numerous efforts have been put into

the development of anthropomorphic robotic hands with cable-driven system. Tremendous

progresses have been made, yet the ability of most of the existing robotic hands to perform

human-level manipulation tasks remains limited.

In this work, we intend to initiate an investigation of an alternative approach to designing

an anthropomorphic robotic hand that is anatomically personalizable with fast fabrication

process, low-cost for modification and maintenance, and feasible control through teleoper-

ation.

1.1 Related work

To position our proposed anthropomorphic hand in relation to other robotic hands, we now

review representative robotic hands that were designed over the past two decades (see Table

1.1).
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Table 1.1: Robotic/Prosthetic hands

Robotic hands # identical
fingers

# joints / DOF
(Total DOFs)1

Range of
motion

Speed of
motion

Activation /
transmission method

Types of grasps /
manipulation

Hosmer hook [34] 2 split hooks 1/1 (1 DOF) <human hand <human hand body-powered splitting hook pinch

Utah Arm / Liberating

/ OttoBock [35–37]

2 T-1/1, I-1/0, M-1/0 (1

DOF)

<human hand <human hand EMG signal driven, DC

motor, cable

three-finger pinch

USC/Belgrade [38] 4 T-3/2, I-3/0.5,

M-3/0.5, R-3/0.5,

P-3/0.5 (4 DOFs)

<human hand <human hand DC motor, cable, linkage grasp: power & finger

tip

Harvard SDM [39] 4 4×2/1 (1 DOF) >human hand <human hand DC motor, cable, elastic

joints

enveloping grasp

Gatech Dusty [40] 1 2/1 (1 DOF) <human hand – DC motor, cable, spring

hinge joints

nonprehensile grasp

Barrett [41] 3 T(Right)-2/1.5,

T(Left)-2/1.5, I-2/1 (4

DOFs)

>human hand ≈1.2×human

hand

DC motor, worm drives

integrated with cable drive

and breakaway clutch

grasp: power & finger

tip

i-Limb [42] 4 T-3/1, I-2/1, M-2/1,

R-2/1, P-2/1 (5 DOFs)

<human hand ≈human hand DC motors, belt

transmission

grip: key, hook, power

& precision;

grasp: spherical & pal-

mar

Southampton [43] 4 T-2/2, I-3/1, M-3/1,

R-3/1, P-3/1 (6 DOFs)

<human hand ≈0.22×human

hand

DC motor, worm-wheel,

lead screw

power grasp, lateral

pinch

Cyber [7] 5 T-4/2, I-3/1, M-3/1,

R-3/1, P-3/1 (6 DOFs)

≈0.22×human

hand

≈0.38×human

hand

geared DC motor, lead

screw, cable, exensor spring

lateral pinch;

grasp: cylindrical,

spherical & tripod

Univ. of Tokyo

Hand [44]

3 T(R)-3/3, I-2/2,

T(L)-3/3 (8 DOFs)

>human hand =15×human

hand

DC motor, harmonic and

bevel gear transmission

grasp: power & finger

tip;

dynamic manipulation

Stanford/JPL [45] 3 T-3/3, I-3/3, M-3/3 (9

DOFs)

>human hand — DC motor, cable finger tip grasp

DARPA hand [46] 4 T-3/3, I-3/2, M-3/2,

R-3/2, P-3/2 (11

DOFs)

<human hand <human hand DC motor, cable, gear

transmission

grasp: hook & power

Robonaut [2] 4 T-5/3, I-4/3, M-4/3,

R-3/3, P-3/1 (11

DOFs)

≈human hand <human hand DC motor, flex shaft, lead

screw, cable

grasp: power & finger

tip;

lateral pinch

Naist [6] 4 T-4/3, I-4/3, M-4/3,

R-4/3 (12 DOFs)

≈human hand ≈human hand geared DC motor, bevel

gear

power grasp

DLR II [47] 4 T-4/4, I-4/3, M-4/3,

R-4/3 (13 DOFs)

>human hand =3×human

hand

DC motor, belt, harmonic

drive, bevel gears

grasp: power & finger

tip;

lateral pinch

Utah/MIT [1] 4 T-4/4, I-4/4, M-4/4,

R-4/4 (16 DOFs)

<human hand ≈1.82×human

hand

pneumatic actuator, cable finger tip grasp

/manipulation

Gifu III [3] 4 T-4/4, I-4/3, M-4/3,

R-4/3, P-4/3 (16

DOFs)

≈human hand ≈1.35×human

hand

DC motor, gear

transmission, linkage

mechanism

power grasp

UB III [32] 4 T-3/4, I-4/4, M-4/3,

R-4/2, P-4/3 (16

DOFs)

<human hand ≈0.51×human

hand

DC motor, cable, helical

spring

grasp: power & finger

tip

Shadow [4] 4 T-5/5, I-4/3, M-4/3,

R-4/3, P-4/3 (17

DOFs)

≈human hand ≈0.5×human

hand

air muscle, cable and spring grasp: finger tip &

power

Keio [5] 4 T-4/4, I-4/4, M-4/4,

R-4/4, P-4/4 (20

DOFs)

≈human hand ≈2×human

hand

ultrasonic motors, elastic

elements, cable

grasp: power & finger

tip;

lateral pinch

1T, I, M, R, and P denote thumb, index, middle, ring and, pinky(little) finger, respectively.



4

1.1.1 Prosthetic Hands

The most frequently used prosthetic hand, a hook-and-cable device designed over a century

[43] ago, has only one body-powered degree of freedom. A cable is connected to another

part of the body to open/close the hook. Hospitals and insurance companies often provide

amputees with these prosthetics at little or no cost. Other prosthetic hands emphasize

aesthetics but lack a single degree of freedom [48]. Sophisticated prosthetic hands have

one degree of freedom that can be controlled by electromyographic (EMG) signals from the

stump [35–37].

The most recent research has focused on developing more functional hands [7, 42, 43,

46]. For example, the i-limb prosthetic hand contains more than 1 DOF and is widely

used by amputees. Its popularity shows that amputees desire to have more functional

robotic appendages even though they lack the control of human hands. Another critical

factor for improving control fidelity is sensory feedback capabilities. Liberating Technologies

and i-Limb Hand employ vibration-based sensory feedback that indicates when fingers are

experiencing a load [36,42].

An ideal prosthetic hand would be one that allows natural control through ”thoughts”

of moving the fingers. Recent studies enable monkeys to control the 3D movement of a

robotic arm to achieve self-feeding tasks [49, 50]. Over thirty human arm/hand amputees

have received nerve reinnervation surgery to rewire the peripheral nerves that used to go

into the hand/arm to the chest muscle instead [51]. The signals amplified by the natural

muscle can then be tapped into with surface EMG for prosthetic arm/hand control.

1.1.2 Dexterous/Anthropomorphic Hands

The need for robust and dexterous robotic hands extends to applications such as space

exploration and personal assistance. Space exploration entails constant repair of the space

station and exposure to environments often dangerous for humans and therefore benefits

from robotic help. Personal assistants, such as a robotic arm on a wheelchair or a domestic

robot, will soon fetch objects in the house for people with disabilities [40].

Most hand/prosthetics assume a human hand shape because it is so versatile (see
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Figure 1.1: The representative, anthropomorphic robotic hand systems developed in the
past [1–15].

Fig.1.1). Several important features have been achieved in these anthropomorphic hands,

including high degrees of modularity [47], build-in actuators [3,5,6,47], low weights [3,5,32],

extra palm DOFs [2, 4] and high speed finger motion [1, 3, 5, 47], and 3D-printed with low-

cost [13, 14].

It is difficult to design a useful, versatile, and robust anthropomorphic robotic hand.

When building one, decisions must be made about the number of fingers, joints, DOFs,

range of motion, speed, etc. These decisions are constrained by space and weight considera-

tions. Sophisticated controllers must then be able to handle the hand to produce dexterous

movements. Most anthropomorphic hands do not demonstrate human levels of dexterity

and dynamics even as a preprogrammed sequence. It is likely that hardware specifications,
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selected before the hand is built, make it difficult to implement dexterous behavior and

that it is inherently difficult to control high DOF systems in a meaningful way. There is

also a lack of understanding about how humans realize dexterity both biomechanically and

neurologically.

A current trend is to build simpler hands with only a few actuators, augmented by

smart mechanisms and passive compliance. For example, BarrettHand [52], one of the most

widely used robotic hands in research, attempts to produce robust grasps while providing

some versatility [41]. Harvard SDM hand [39] and Gatech Dusty manipulator [40] have only

1 DOF but can grasp a wide range of objects. RBO Hand 2 is made of low-cost compliant

materials, and can be pneumatically actuated [15]. The under-actuation in these hands

reduces their overall size, weight and complexity of usage. Their mechanical structures

and joint compliance allow for grasping objects of different size and shape in unstructured

environments without sophisticated controls. However, the ability of these hands to execute

human-level manipulation tasks remains limited.

1.2 Human Hand Taxonomy

The dimensionality of the grasp/manipulation space of the human hand could be very large.

Based on individual differences in compliance, biomechanics, kinematics, and neuromuscular

control strategies, numerous hand postures could be chosen for picking up the same object.

Therefore it is impractical to design a universal anthropomorphic robotic hand that can

duplicate all the possible hand functions. In fact, it has been found that our human hands

also use a small number of key synergies in most of grasps [53]. Hand synergy allows a

group of different hand muscles to be evoked at the same time and demonstrates biological

couplings resulted from the formation of branching tendons as shown in Fig.1.2.

Thus, before designing and prototyping any anthropomorphic robotic hand, it is crucial

to investigate the taxonomy of the human hand and make sure to take into consideration

of those essential hand postures. In this way, a reasonable set of design goals could be

determined. And this will not sacrifice the dexterity of the resulted robotic hand.

meanwhile this by no means suggests the resulting robotic hand would have limited
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Figure 1.2: Branching tenons of the human hand (dorsal side)

dexterity.

As shown in Fig.1.3, sixteen hand postures are summarized by Cutkosky [16] as the

basis for all the common human grasps. It is interesting to note that as the weight and

size of the object getting smaller, the grasping sites are gradually moving from the palm

to the fingertips. Regarding the common household objects, Kemp’s group statistically

generated a list of 43 items prioritized by 8 Amyotrophic lateral sclerosis (ALS) patients

for robotic retrieval [18]. This list could be used as a reference for answering the question

of what types of grasps are most important for people with impaired manipulation ability.

Surprisingly, most of the objects from the list could be picked up by using only four basic

grasps. That means the important hand postures can be further reduced from 16 to 4 when

the environment is bounded by the common household settings.
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Figure 1.3: Human hand taxonomy (adopted from [16,17])

Similarly, the anthropomorphic robotic hand we propose will be good at performing a

subset of grasp/manipulation tasks that are regarded as essential functions under certain

circumstances such as in health care, space exploration, and prosthetics. For different

applications, various subsets of the robotic hand motions can also be programmed. For

example, it can hold a key to unlock a door and pick up a single pill from the floor, both

functions crucial to a person who uses/controls a pair of prosthetic/robotic hands in various

scenarios. In addition to performing grasping tasks, we are also interested in testing our

proposed anthropomorphic robotic hand in the dexterous manipulation tasks. Particularly,

it is of our interest to investigate the fine manipulation of small and light objects during
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Figure 1.4: Prioritized list of household objects from [18]

which zero or very few wrist or arm motions are required. In those tasks, success often

relies on the execution of a series of highly repetitive hand motions. For instance, the finger

motions used to open the lid of a medicine bottle are collaboratively executed between the

three dexterous fingers (thumb, index, and middle fingers). In order to validate our design

efficacy, a subset of the grasps we are going to use for testing our proposed robotic hand will

be extracted from Fig.1.3 based on their priorities ranked by the object list (see Fig. 1.4).
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(a)

(b)

Figure 1.5: The classification process of four basic grasping postures. (a) Pictures of the
human hand grasping 39 objects from the prioritized list [18]. (b) Four basic grasping
postures are observed based on the relative positions between the thumb and fingers.

1.3 Inspiration from the Human Brain & Body

The cortical homunculus [54] is what a human being would look like if our bodies were

built in proportion to the percentage of our motor/sensory cortex mapped to control and

feel them. As shown in Fig.1.6, the disfigured human body has a pair of huge hands that

account for over 25% of the whole body. According to this homunculus, the functionality
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(a) Motor homunculus (b) Sensory homunculus

Figure 1.6: The models showing cortical homunculus (exhibition from the Natural History
Museum, London).

(including both the sensory and motor) of the human hand requires a significant amount of

the brain power.

In order to understand how the human brain can smoothly control our hands, many

research efforts have been devoted to decoding the electroencephalography(EEG) signals,

assuming that the corresponding brain signals for the motor skills can be reliably extracted

for controlling prosthetic hands. We argue that solving this problem is equally difficult as

investigating any sub-category of artificial intelligence. If we could successfully isolate the

grasp/manipulation problem from the rest of the cortical functions and eventually learned

everything about it. This would mean that over one quarter of the brain signals from the

motor/sensory region could be decoded. Then similarly we should be able to understand

the rest of the cortical functions by using divide and conquer method. However, even the

most advanced and accurate chronic electrode implants are constantly facing the scaring and

biocompatibility issues. Therefore, invasive methods though accurate, may not be suitable

solutions for any long-term investigation of brain signals.

While it is challenging to achieve human-level dexterity before we can fully understand

how human brains control our hands, it is reasonable to relax the problem and ask whether

we can first harness the brain power of human users to teleoperate a robotic hand. In
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(a) Prosthetic hand (late 1800s, exhibition from
the London Science Museum)

(b) The DLR hand (2011) [10]

Figure 1.7: Comparison of the mechanical design between the antique prosthetic hand and
the state-of-art robotic hand

this way, the critical problem becomes how to design the mapping between the user and

the anthropomorphic robotic hand so that the human user could easily and seamlessly

synchronize his/her control signals to the robotic hand. The key of the success lies in the

design of the mapping mechanism which involves both the hardware and software.

The software solution of the mapping could be as simple as the combination of a series

of temporally represented joint angles of the hand. If the ultimate goal is to control a pair

of anthropomorphic robotic hands remotely, the closer we can design such a robotic hand

to match the properties of the human operator’s hand, the better chance that the human

operator could easily control it. In other words, the proposed robotic hand also needs

to be personalized, because an easy mapping for one user to control an anthropomorphic

robotic hand could be extremely difficult for another person, even if both of them could

control their own biological hands effortlessly. The neuromuscular control strategies, the

compliance, and biomechanics of our own hands could all be very different among people,

therefore the previously established motor/sensory mappings are subject to any subtitle

changes.

For the hardware part, we have not seen fundamental paradigm shift in our ways to

physically duplicate the biological counterparts of the human hands. As shown in Fig.
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(a) A typical blacksmith workshop (by Alper Orus, 2013 ) [55]

(b) Rapid prototyping tools with affordable prices [56–58]

Figure 1.8: Comparison of the potential tools used for fabricating the antique prosthetic
hand and the state-of-art robotic hand

1.7, the mechanical complexity of the state-of-the-art robotic hand developed in 2011 is

very similar to that of the prosthetic hand manually fabricated in 1800s, except for the

great advance in the technology of electric motors. However, the tools used during the

fabrication process can be very different (see Fig. 1.8(a)). Yet the structure of these hands
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Figure 1.9: The capabilities of the 3D printing technologies [19–21]

are drastically different from our biological counterparts. Compared to the past, the modern

manufacturing methods enable us to fabricate parts in a more efficient and accurate way,

but won’t be able to help us achieve a prosthetic arm/hand system that both look and work

exactly like our lost one.

Our understanding of the biological structures has far exceeded our ability to replicate

them. Current bio-inspired approaches are still trying to mechanize the biological features

with conventional mechanical elements such as hinge and gimbal joints. As shown in Fig. 1.1,

The finger structure of these robotic hand were generically designed based on minimizing

the industrial robot. Although these standard designs can mimic the kinematic behavior

of a human joint, they do little to illuminate the salient features that make the human

hand irreplaceable for many dexterous tasks. Despite the advances in technology and our

seeming prowess in collecting and processing big data, the modern robots still could not

outperform nature’s solutions in terms of agility, adaptability, fault-tolerance, and energy-

efficiency, which are the essential goals of biomimetics. It is therefore necessary to develop

biomimetic robotic hand based on accurate physiology in order to quantitatively identify

these characteristics.

Hannaford’s group has pioneered the design of bio-robotic arm by developing a robotic

arm system that is both kinematically and dynamically accurate and can be controlled by

artificial muscles through neural network in real time [59].
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In recent year, a variety of rapid prototyping tools have been developed to make 3D-

printed parts personalizable, strong, durable, and accurate (see Fig. 1.8(b)). By using

3D printing, or direct metal laser sintering, we can now print various parts ranging from

prosthesis nose, an exhaust turbine, to a component for surgical robot as shown in Fig. 1.9.

The technology allows us to adopt a compelling alternative to conventional mechanical parts

by directly copying the unique shapes of human bones. Printed with suitable materials,

a resulting biomimetic design could reduce the total number of individual components,

achieving an elegant design.

1.4 Telemanipulation of the Anthropomorphic Robotic Hand

Due to the high dimensionality of the grasping space, the control of anthropomorphic robotic

hand has been always challenging. Various grasp planning algorithms were developed for

both force-closure grasp [28] and dexterous hand movements [60, 61]. However, most of

those algorithms were only valid in simulated environments.

In contrast to the development of fully autonomous robotic hand system, the control of

prosthetic hand/arm inherently requires the control from human operator. For instance,

the amputee patient who recovered after a targeted reinnervation surgery could naturally

control her prosthetic arm by using the Electromyogram (EMG) signals extracted from

her chest muscles [62]. More recently, researchers have successfully demonstrated that a

7-DOF prosthetic limb can be controlled by a paralyzed patient through two intracortical

microelectrode arrays that were directly implanted in the motor cortex of her brain [63].

In spite of their promising results, challenging problems still exist to be resolved. It was

reported that the glial scar tissues progressively formed around the array of electrodes can

silent the signals only after six weeks of the implantation [64]. Because the chronically

implanted devices can cause the foreign body response in the surrounding brain issues that

eventually results in degrading performance of the electrode arrays [65]. In addition, the

expensive reinnervation surgeries could only extract a limited number of control signals

from the intact peripheral nerves. After all, those methods are restricted by the impaired

human limb and mainly developed for helping amputee patients to recover partial functions

of their lost limbs. In the case of finding a suitable approach to control an anthropomorphic
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Figure 1.10: Snapshots showing human operators executing dexterous tasks with different
master-slave systems [22,23]

robotic hand that is not intended for prosthesis, intact human hand can be a great resource

for extracting fine motor control signals.

It was reported that human operators are only capable of controlling a limited number

of degrees of freedom (DOFs) simultaneously (3 DOFs from [66]). However with a smaller

number of controllable DOFs and sufficient amount of training, human operators can often

establish reliable mappings for different teleoperated master-slave tasks and repetitively

execute various tasks with extraordinary precision and dexterity. As shown in Fig. 1.10

(snapshots from the top row), a skilled driver could operate an over-sized forklift to flip

a $0.25 coin from the ground and put the coin into a bottle in about one minute. Using

a detached console, a trained surgeon could easily fold a $ 0.01-size origami with a da

Vinci r surgical robot in a few minutes as well. Surprisingly, many of these successfully

demonstrated tasks do not rely on force feedback, but only depend on vision and previous

experiences of the human operators.

Although the above two applications are very different from each other, their working

processes can be clearly divided into a number of stages during which certain control patterns

are either repetitively or consecutively executed (see the snapshots in Fig. 1.10). This

observation suggests when it comes to teleoperating a manipulation (telemanipulation) task,

as long as the main task can be divided into a series of the consecutive sub-tasks(hand

postures/motions) which requires a smaller number of simultaneously controlled DOFs, we



17

should expect to receive comparable control results from trained human operator as well. In

addition, depending on the goal of the task, the separate sub-tasks could either be different

from or identical to one another. For instance, the repetitive hand motion used for opening

the cap of a bottled water can be divided into several identical hand twisting motions. In

other cases like grasping a pen and reorienting to the writing-ready position, the actions

require at least three different hand movements, namely prismatic power grasp, in-hand

transition grasp, and three-finger grasp. The sub-tasks could be determined according to

the definition of different grasps in the hand taxonomy. If the key grasps categorized from

hand taxonomy could be organically stitched into a fluid hand movement via a series of

transitional postures/motions, many useful tasks could be easily programmed into a robotic

hand system.

Therefore we propose to develop an anthropomorphic robotic hand aiming for better

compatibility between human cognition and the physical reality of the robotic hand. For

example in the two cases we mentioned earlier both the forklift driver and the surgeon

who sit behind the different control consoles need to mentally and physically map their

hands/bodies’ motor skills onto the machinery/instruments’ end-effectors that are very dif-

ferent from their biological counterparts. Our goal is to shorten this gap between metal

and physical patterns, in the cases where we need a pair of our hands interacting with a

different environment remotely. Our project will try to answer the following questions: Can

we personalize the end-effector so that it possess all the favorable functions of our very

own hand? With such a robotic hand, can we reduce the control space and establish an

easy mapping for the human operators to effectively control it? Is it possible to teleoperate

the robotic hand to perform dexterous tasks without force feedback as well? Solving these

problems will lead us to a paradigm shift in the design of anthropomorphic robotic hand.

We will have robotic hands just like the hands of our own with which we have been learning

to interact with the surrounding world since we were born, eliminating the hard process of

matching with mechanical substitutes.



18

Chapter 2

THE IMPORTANT ANATOMY OF THE HUMAN HAND

From anatomical point of view, the human hand is composed of bones, joints, ligaments,

tendons, muscles, nerves, blood vessels, and layered skin. With our current technologies,

we are not able to copy 100% of the human hand with self-healing materials. However we

should still be able to directly harvest the wisdom of nature with the help of 3D-scanning

and printing technologies, and replicate a subset of these important features in the design

of anthropomorphic robotic hands.

Instead of examining the structure of the hand directly from a hand surgeon’s per-

spective, important features of the human hand should be translated into an engineering

language so that roboticists can better understand what are the important things to mimic

when designing their robotic hands.

In the following sections, we are going to identify the important anatomical features

that shape the function of human hand from the following aspects: the bones, flexor and

extensor tendons, tendon sheath, biological joints, and joint ligaments,.

2.1 The bones

As shown in Fig. 2.1, the human hand is composed of 27 bones containing 8 tightly packed

small wrist bones. A joint is defined as the location where two bones meet. It is of our

interest to understand the joint mechanism that enables movement, so the wrist bones are

not in scope of our investigation at this stage. Each finger consists of three phalanges

and one metacarpal bones. The thumb is an exception, it only has two phalanges besides

the metacarpal bone. But the opposable thumb accounts for a big portion of the entire

hand function. The trapezium bone located at the base of the thumb has been found to

be the critical component that enables the thumb opposition (labeled in red in Fig. 2.1).

Together with the thumb’s metacarpal bone, they form the carpometacarpal (CMC) joint
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Figure 2.1: The definition of the joints and bones of the human left hand (adopted from [24]).
Note: The trapezium bone is shown in red.

of the thumb. The metacarpophalangeal (MCP) joints are formed by the connection of

phalanges to the metacarpals. The MCP joint works like a ball-joint when the finger bends,

straightens and wiggles from side to side. Depending on the distance to the MCP joint,

there exist two more types of joints, namely, the proximal interphalangeal(PIP) joint and

distal interphalangeal(DIP) joint. Based on this definition, the thumb only has one DIP

joint between the two thumb phalanges.
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2.2 Flexor and extensor tendons

There are two groups of tendons in the human hand. Named according to the function of

their contraction motion, the ones straightening the fingers are called extensor tendons, the

ones bending the fingers are called flexor tendons. The contraction motions of the tendons

originate from the corresponding muscle groups located in the forearm. If we treat the

muscles as the actuators that output contraction forces, the tendons of the hand serve as

the transmission system that smartly partitions the forces and smoothly delivers torques to

each finger joint. As shown in Fig. 2.2, starting from the wrist, the extensor tendons branch

out and have multiple insertion sites on the dorsal side of the finger bones. On the other

side, after passing through the carpal tunnel, the flexor tendons travel through a series of

pulley-like tendon sheaths grown onto the palmar side of the bones and eventually insert

at the base of the DIP and PIP joints. The collaborative motions of the two tendon groups

make fluent hand movement possible.

The large muscle groups that directly connect to the central branch of the flexor and

extensor tendons are called extrinsic muscles. Most of them originate from the elbow and

have muscle bellies located in the the forearm. Different groups of the muscles help to

realize a subset of hand movements ranging from twisting the wrist to bending the fingers.

However there also exist several smaller muscle groups called intrinsic muscles. The majority

of these small muscles start from the wrist of hand and connect to the thinner branches

of the extensor tendons of each finger near the MCP joint. Most of their muscle bellies

are slim enough to reside in the gap between the two adjacent metacarpal bones. One

important function of these intrinsic muscles is to stabilize the finger joints during various

hand activities.

Most of our daily tasks involving hand motions require the contraction of strong muscles

connecting to the flexor tendons. However during this process, the extensor tendons also

work as a breaking system that constantly regulates the motion of fingers. The functionality

of the breaking system relies on a fibrous structure known as the extensor hood. The exten-

sor hood is a thin, complex, and collagen-based web structure that directly wraps around
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Figure 2.2: Schematic drawing showing the extensor and flexor tendons of the human right
hand.

the finger phalanges from the dorsal side. Its structure can be geometrically represented by

a two-layer web as shown in Fig. 2.3.

The first layer of the extensor hood is called lateral bands. It has an insertion site at the

base of the DIP joint, and split into two small tendons across the PIP joint. This splitting

mechanism smartly regulates the breaking forces at the PIP joint based on different status

of the finger during its bending process (see Fig. 2.3). As shown in the lateral view, when

the finger straightens, the two small tendons are above the rotation axis at the PIP joint
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Figure 2.3: Schematic drawing showing the important function of the extensor hood mech-
anism. Left: A simplified and geometric representation of the extensor hood. Right: The
two small tendons of the lateral bands glide off from the PIP joint during finger flexion.

serving as branches of the extensor tendons. When the flexor tendons keep pulling and

extensor tendons getting relaxed, the finger starts its bending process during which the

two small tendons continue to glide off from the PIP joint and eventually pass downwards

the rotation axis. Hereinafter, although the extensor tendons are still transmitting forces

into the two small branches via the web structure, the two small branches are no longer

behaving like extensor tendons at the PIP joint, but instead they begin to help flex the

finger by providing increasing flexion torques at the PIP joint. When the finger straightens,

the above process repeats in the reverse order.

The second layer of the extensor hood is known as the central slip with a insertion point

at the base of the PIP joint. Its function is to help extending/flexing the PIP joint. One of its
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tendon branches is often connected to a small intrinsic muscle, namely the lumbrical muscle.

It has been reported the lumbricals work as flexor tendons at the MCP joints, but can help

extend the PIP and DIP joints via the extensor hood mechanism. Due to its variations in

size and inserting locations, the function of the lumbricals are not unanimously agreed yet.

So we treat them as a part of the intrinsic muscles not emphasizing its uniqueness in Fig.

2.3.

In sum, the complex, web structure of the extensor hood smartly transmits muscle forces

to finger joints. This is an important biomechanical advantage that we would like to copy

from the human hand.

2.3 The tendon sheaths

As shown in Fig. 2.4, the tendon sheaths are fibrous tissues that wrap around the flexor

tendons and have multiple insertions on the dorsal side of finger bones. Although made of

tough collagen-based tissues, these pulleys could tear and rupture when they are contin-

uously subject to intense flexion forces during rock climbing. We have briefly mentioned

the function of tendon sheaths when introducing the flexor tendons in the previous section.

Based on the distance to the MCP joint, each section of the tendon sheaths has been named

after a numbered annular pulley in nomenclatures of hand anatomy due to their important

functions. Mechanical engineers design different pulley systems to apply forces and transmit

power through cables. The tendon sheaths in the human hand work as a series of elastic

pulleys to help transmit forces from the muscles to the joints. Since the tendon sheaths can

flatten down when the finger straightens and bulge out when the finger bends.

This is another important anatomical feature that we are interested in mimicking. As

illustrated in Fig. 2.4, when the finger straightens, no matter how hard the flexion muscles

contract, reduced flexion torque are transmitted to the finger due to the decreased moment

arms at the fingers. In our daily lives, this won’t happen to our hand frequently, unless co-

contraction of the hand (contracting both the extensor and flexor muscles simultaneously)

is really required. Therefore the elastic pulley system can effectively deliver large torques

to the finger joints when a firm grip of objects is needed, but keep the torques at the finger
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Figure 2.4: Schematic drawing showing the bulging process of the tendon sheaths (the
pulleys) during finger flexion. Left: Different insertion sites of the tendon sheaths. Right:
Mechanical analogy of the bending finger showing the increase in moment arms under the
effects of elastic pulleys.

joints small when the hand is at rest.

Together with the gliding mechanism of the extensor hood, the elastic pulleys of the

fingers are the essential building blocks that greatly affect the dexterity of the human

hand. It is of our interest to incorporate these salient features into the design of our

anthropomorphic robotic hand.

2.4 The biological joints

A joint is defined based on the contact of two adjacent bones. Their commonly shared

contact surfaces decide the possible motions of the joint. Different types of joints facilitate

a different set of finger motions, known as the range of motion (ROM). As shown in Fig.

2.5, during the bending motion, the three finger joints work as mechanical hinges. However,

the MCP joints have one extra set of active ROM that allows the finger to move from side

to side, which are known as the abduction and adduction (ad/b) motions. In addition, the
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Figure 2.5: Schematic drawing showing the regular range of motion of the fingers during
finger flexion.

MCP joints also have one passive ROM that permits twisting motion around the axis of the

finger phalanges. Thus, in our following discussion, we are only going to focus on explaining

the mechanism of the MCP joint since the 1-DOF hinge joint can be included as a special

case.

When it comes to replicating the MCP joint, robotics researchers often have the following

three options: a 3-DOF ball-socket joint, a 2-DOF universal joint, and a 3-DOF elastic joint.

The universal joint is good at transmitting rotary motion in shafts, but lacks the 1-DOF

that allows the finger to passively twist with respect to the axial direction at the MCP joint

(see Fig. 2.6). Although the elastic joint can realize all three DOFs, it can not support

large load along the axial direction due to the natural compliance of the elastic component.

Although not suitable for replacing the MCP joint, successful application of the elastic joints

to the design of hinge joints have been widely acknowledged. Compared to the above two

deigns, the mechanism of the ball-socket joint is simpler and only requires two components.

In addition, its structure naturally matches the anatomy of the MCP joint in the human
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Figure 2.6: Mechanical analogies of the MCP joint of the human fingers. Left: A ball-socket
that allows the closet replica of the MCP joint. Middle: A universal joint that supports
axial rotation. Right: An elastic joint that has rigid support in axial direction.

finger.

Different from the fingers, the varied thumb movements (see Fig. 2.7) are resulted

from the contact between the trapezium and first metacarpal bones at the CMC joint.

Due to the irregular shape of the trapezium bone (see Fig. 2.8), the CMC joint has been

commonly explained as a saddle joint that allows the thumb a wide ROM – up(adduction)

and down(abduction), bent(flexion) and straightened (extension), and the ability to move

across the palm (opposition).

When we model the kinematics of human hand with DenavitHartenberg (DH) conven-

tion, we could treat the CMC joint as a simplified saddle joint, and in turn all the rotating

axes can be nicely fixed (see Fig. 2.9). But in reality, the thumb motion could never

be achieved with such a mechanical substitute because the CMC joint requires not only

rotating surfaces but also other mechanisms that support sliding and tilting motions. In
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Figure 2.7: Schematic drawing showing the range of motion of the human thumb.

addition, the irregular shapes of articular surfaces are also responsible for stress transfer. It

was estimated that a tip pinch of 1 kg will generate 12 kg of joint compression at the CMC

joint. For a power grip, the load could become as high as 120 kg [67]

Previous studies on anthropomorphic robotic hand design focus on deriving the closest
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Figure 2.8: Complex bone shapes at the carpometacarpal joint of the thumb [24]. Top row:
The first metacarpal bone (shown in red) of the human left hand. Bottom row: The shape
and location of the important trapezium bone (shown in red).

human hand model to build true-to-life robotic hands. Many investigations have been

carried out on cadaver hands, but only limited information was extracted and implemented

into the robotic hand designs – in most cases just the number of fingers and the length

of phalanges. We haven’t utilized the geometry of the bone structure, which contains

important kinematic information that could be used to greatly simplify the design and

prototype of anthropomorphic robotic hand. The biological joints of the human hand have

already been proven to work through year of use in daily activities. It is of our interest to
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Figure 2.9: The mechanical analogy adopted for the explanation of the CMC joint. Top
row: The definition of the saddle joint. Bottom row: Different statuses of the saddle joint
at the corresponding thumb postures.

find out a way to effectively implement its functional features in robotic hand design.

2.5 The joint ligaments

The range of motion at each finger joint is restricted by the length of ligaments. As shown

in Fig. 2.10, ligaments are tough bands of fibrous tissues inserted on both sides of the two

adjacent bones. Two important branches are called collateral ligaments. Similar structures

can be found in all the finger joints with variations in length. Their function is to stabilize

the joint, shape the ROM, and prevent abnormal sideways bending of each joint. For

example, at the MCP joint, the collateral ligaments originate from the dorsal side of the

metacarpal bone and end near the palmar side of the adjacent finger phalanx. In this way,

the collateral ligaments get taut when the finger bends, and become relaxed once the finger

straightens. This is why our index finger can easily move from side to side when it extends,

but has very limited side motions once it fully bends.
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Figure 2.10: Schematic drawing showing the function of collateral ligaments at the MCP
joint.

The thick ligament formed on the palmar side of the finger is called volar plate. Like

the collateral ligaments, the volar plate also has insertions on both sides of the bones. Its

function is to prevent the occurrence of the finger deformity from hyper-extension. The

unlabeled ligaments are called accessory collateral ligaments, their function are to help sta-

bilize the finger joint. Together with other ligaments and soft tissues, they form important

structure known as the joint capsule.
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Chapter 3

CROCHETED EXTENSOR HOOD

Biological tissues and skeletons of the mammals have been actively mimicked along with

the advance of material science, from soft skin, muscles to hard cartilage and bones. Re-

sulting innovation and technologies have been successfully applied to diverse fields, ranging

from prosthesis, biomimetic robot, and tactile sensing, to clinical transplant, plastic surgery,

and tissue engineering. However, important collagen-based tissues have not been studied

or replicated due to their complex shapes, layered branches, weaving patterns, and varying

positions with respective to bones during the body movement. Ligaments and tendons com-

posed of densely packed collagen fibers are ubiquitously found inside the joints of a wide

range of mammals, and biomechanically determine the characteristics of the joints during

mammals locomotion. These biological ligaments and tendons are soft and compliant, but

at the same time strong and stiff enough to resiliently transfer a large amount of forces

from muscle contraction to the body movement exhibiting unique biosolid characteristics.

However, the complex structure of the ligaments/tendons including the varying thickness,

the multiple branches, and the layering formation makes it extremely difficult to replicate

them.

The crochet technique may seem to be an realistic solution to the above problem. It has

been successfully adopted for materializing hyperbolic shapes in mathematical field, and

for visualizing composition of virus cells in biology. The compliance of textile is desirable

for fabricating the artificial ligaments/tendons, because it can withstand tensile forces while

retaining flexibility. Clinically proven, artificial anterior cruciate ligament (ACL) has a mesh

structure made of polyester fibers, and can provide the stiffness and durability similar to

those of natural ACL. To achieve the same result, the thin and web-like structure of the

extensor hood in the human hand could also be mimicked with a piece of polyester fabric

tailored into a similar shape. However the available weaving patterns could not mimic the



32

Figure 3.1: Schematic drawings of the crochet technique. Left: Basic crochet stitches used
in our study. Right: Standard crochet symbol chart showing different possible variations
of stitch types [25]. Note: The three stitches enclosed in the dashed box were adequate
enough to prototype the proposed bionic extensor hood.

variations of branching structures without the occurrence of seam fraying. In contrast, we

could use crochet technique to fabricate complex 3D shapes with just a hand handful of

basic stitches (as shown in Fig. 3.1).

3.1 Crocheting the extensor hood of the human hand

Based on what we learnt from the anatomy of the human hand, we crocheted an artificial

extensor hood by using the dimensions extracted from the index finger of the ACT hand.

The fabrication process can be divided into six steps as shown in Fig. 3.2.

As shown in Fig. 2.3 in Chapter 2, the extensor hood of the fingers could be divided into

two layers. The lateral bands were prepared in the first step since it forms the bottom layer

of the extensor hood. And then the top layer called central slip was gradually crocheted

onto the lateral bands. The two layers are first merged at the PIP joint insertion points(in

Step 2 and 3) and then connected with each other on the two sides of the lateral bands (in
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Figure 3.2: The prototyping process of the crocheted extensor hood for the index finger of
the ACT hand.

Step 4 and 5). The relative position of the extensor hood with respect to the finger bones

is crucial for the finger’s ROM (see Fig. 2.5), therefore it needs to be further adjusted after

attaching the extensor hood to finger skeleton via insertion points (in Step 6).

The same method was used to crochet the extensor hood of the middle finger. A simpli-

fied crocheted mechanism was also fabricated for the thumb to enable its extension move-

ment, but its geometry is not based on any reported anatomical findings. Fig. 3.3 shows
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Figure 3.3: Crocheted extensor hood implemented in the Anatomically Corrected Test-bed
Hand (ACT) Hand. Left: Manually positioned ACT hand holding a pen. Right: Snapshots
showing the extension motion of the thumb and index finger with the help of crocheted
extensor mechanisms.

the picture of the ACT hand equipped with two extensor hoods on its dexterous fingers.

3.2 Testing the mechanical properties of the crocheted branches

It has been demonstrated that the crochet technique can be used to generate complicated

3D shapes with variations of branches. The materials used to crochet the extensor hood

is soft and flexible, but also has superior mechanical property (200 N breaking strength).

However, several branching structures are used to connect two separate crocheted strings

together, the knots and stitches at the merge site may have different mechanical properties,

and therefore need to experimentally identified.

As shown in Fig. 3.4, the branching mechanism of the extensor hood can be mainly

categorized into five distinctive groups based on the variations of the ligament configurations

(e.g., between DC, TC, and SC) and branching types (e.g., between T1-B and T2-B). Since

the function of the extensor hood is to transmit forces from the muscle to the joints, it is of

our interest to quantitatively validate the efficacy of this novel approach. A series of tensile
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Figure 3.4: The complex shape of the extensor hood in the human hand (left index finger)
and the samples for testing mechanical properties at different branching locations. Top:
Crocheted samples for the tensile tests. Bottom: Variations of merging and branching
structures observed in the human hand. SS: String string; T1-B: Type1-branching; SC:
Single crochet; T2-B: Type2-branching; DC: Double crochet; TC: Triple crochet.

tests were conducted on samples listed in Fig. 3.4.

Before the start of each tensile test, each sample needs to be properly prepared. First,

clear epoxy was applied to both ends of the samples in order to increase friction and avoid

slip during the following tensile tests. Then each sample was sandwiched by two pieces of

paper tapes with the middle parts cut open to form a small window (see Fig. 3.5). In this

way, the samples can be better stabilized during the clamping process.

Once the samples were properly prepared, they were clamped vertically by the two grips

of the tensile testing machine (Instron 3345, Norwood, MA). Before applying tension to the
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Figure 3.5: The preparation process of the tensile experiments. Left: Applying Epoxy on
the two ends of the test samples. Right: In order to stabilize the flexible section, paper
tapes were applied to both sides of the test examples.

Figure 3.6: Example of the three stages of a typical tensile test. Left: The test sample was
first loosely clamped at both ends. Middle: The two paper legs were cut before the pulling
process started. Right: Pulling finished after the test sample reached its yield limit.

testing sample, necessary adjustment of the sample were made to make sure good alignment.

And then the middle section of the paper tapes were eventually cut off without disturbing

the crocheted string as shown in Fig. 3.6. The pulling speed was set at 0.5 mm/s. All the
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Figure 3.7: Typical Force-Displacement curves from crocheted samples. Note: Dashed
lines pass through the points of corresponding breaking strength.

samples were tested until they reached their yield point.

3.3 Experimental results and discussion

The Strain-Stress curve depends on the properties of the materials, and therefore won’t

be greatly affected by the structure. However, the stiffness calculated from the Force-

Displacement curve can be greatly affected by the variation of structures (see Fig. 3.7).Thus

we collected data from the 27 tensile tests in order to investigate effect of branching varia-

tions on mechanical properties of crocheted mechanisms.
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The cross-sectional area of the crocheted string is directly proportional to the number

of single crocheted chains that merged together. As shown in Table 3.1, we observed that

the breaking strength of string increases drastically after being crocheted into a chain – the

breaking strength of a single crochet string exceeds two times of the maximum strength of a

single string. And it is interesting to find that the crocheted string exhibits very consistent

linear behavior once it passes the pre-tension stage. Under high tension forces, pre-failures

were observed when some bundles of the polyester fibers yield firstly. However, the internal

tension forces estimated in the extensor hood of the human hand were reported less than

10 N [68].

Table 3.1: Comparison of mechanical properties between different crocheted conditions.

Samples (n = number of the
samples)

Breaking strength
(N) Mean ± SD

Linear stiffness (N/mm)1

Mean ± SD

Single string (n=3) 109.3 ± 4.2 17.6 ± 4.6

Single crocheted chain (n=3) 249.5 ± 9.5 57.7 ± 7.9

Double crocheted chain (n=3) 292.2 ± 14.8 62.3 ± 13.8

Triple crocheted chain (n=3) 440.7 ± 150.4 61.8 ± 20.1

Type 1-branching (n=6) 260.1 ± 20.0 59.2 ± 14.0

Type 2-branching-middle (n =3) 277.4 ± 22.2 60.5 ± 13.3

Type 2-branching-side (n=6) 277.6 ± 15.6 56.2 ± 10.6

1Linear stiffness values of the crocheted samples are calculated from the linear region of the curves.

Statistical analysis was performed according to the seven categories listed in Table 3.1.

It is interesting to find that the stiffness of the single crocheted string is independent of the

branching conditions. The averaged stiffness value is 58.4 (N/mm). However, the single

crocheted string located in the middle of the branching structure (Type 2-branching-middle)

seems to be stronger than the others. It is obvious that breaking strength increases with

the number of merged crochet chains. However, due to the nature of manually crafted tex-

tile, merged crochet chains (double and triple crocheted chains) often vary in their lengths

slightly (within 3 mm), and therefore contribute differently to the overall breaking strength.

Again, this won’t become a problem when it is used in fabrication of bionic tendon/ligament
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for the human hand, since the required forces during finger motion are much smaller com-

pared to the value of their breaking strength. In addition, it is interesting to observe that

once a certain length of the string is crocheted into a single crocheted chain, the total length

of the chain will be reduced to 60% of the original length but with only 20 % increase in its

thickness.

In summary, our crocheted extensor hood can closely resemble its human counterpart

by not only replicating important geometry , but also restoring the kinematic functions of

the fingers. Our experimental results also suggest that the crocheted chain is stronger than

the original string even if different branching methods are used.
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Chapter 4

DESIGN OF THE BIOMIMETIC FINGER

Anthropomorphic robotic hands are attracting growing interest of researchers because of

their inherent similarity with the human hand that can potentially bring beneficial impact

to many aspects of people’s lives. Areas such as space exploration, personal assistance, hand

prosthetics, and even industrial automation can all be better served with a highly biomimetic

artificial hand. Achieving a robotic hand with biomechanics closely resembling our own

will allow natural interaction while enabling a leap in prosthetic design. But significant

challenges must first be overcome. These challenges include matching the same degrees of

freedom (DOFs) of the human hand, possibly for restoring human-level dexterity, replicating

human finger compliance to allow safe operation in unstructured human environments, and

also designing the actuation system for mimicking the muscle behavior of the human hand.

Other large technical obstacles also exist in terms of tactile sensor implementation, weight

and size constraints. This chapter focuses on the intrinsic biomechanics required to replicate

a human hand.

The challenge of designing a whole robotic hand can be further broken down into in-

dividual finger design. The fingers of a human hand possess several salient features that

are hard to mimic simultaneously, including (1) the unique shape of the bones at different

joints, which determines the degrees of freedom at the joint; (2) a joint capsule formed by

fine ligaments, which set the range of motion for the joint and contribute to formation of

the finger compliance; (3) cartilage and synovial fluid, enabling low-friction contact between

two articulated surfaces [69]; and (4) extensors and flexors, which are originated from the

bone insertion points and control the posture and movement of the finger. Most of the

existing anthropomorphic robotic hands have not incorporated these biological features due

to various constraints [1–7,32,38,42,43,46,47,70–72].

The first three challenges belong to the domain of robotic hand’s joint design. In the
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past, two types of joint designs have been widely adopted in anthropomorphic robotic hand

research. The first type uses standard mechanical components such as hinges, gimbals,

linkages, or gears and belts [1–7,38,42,46,47,70,71]. Several important features have been

achieved in these anthropomorphic robotic hands, including high degrees of modularity [47],

built-in actuators [5, 6, 47, 73], low inertia [5, 32, 73], and extra palmar DOFs [2, 4]. While

this methodology promises excellent performance in achieving the right number of DOFs

and even mimicking kinematic characteristics of the human finger, it involves considerable

systems-level complexity and implementation costs. In addition few of these types of hands

possess built-in compliance which is necessary for a human hand to explore uncertainties

in the unstructured real world. The second type uses a simplified design with passive

compliance for adaptability. These types of hands are often under-actuated [32, 43, 72, 74],

with fewer actuators than degrees of freedom, and therefore reduce overall complexity of the

robotic hand’s mechanisms. Mechanical compliance is perhaps the simplest way to allow for

coupling between joints without enforcing the fixed-motion coupling relationship inherent

with gears or linkages. The hand/graspers made in this way often have superior robustness

properties and are able to withstand large impacts without damage [74]. But there is also a

trade-off between achieving the desired range of motion of the finger and having a compliant

finger joint since the elastic component cannot by itself limit the joint’s range of motion.

As for the last challenge of mimicking the extensors/flexors of the human hand, cables,

gears, and linkages have been widely used to transmit the motion from the actuators to

finger joints. However, researchers have typically considered it as a part of the joint/finger

design rather than emphasize it as an independent component. There are many salient

features of the human hand that can only be revealed through dynamic interaction with

the different objects. For instance, in order to understand the variable moment arms,

which play a significant role in the movement control of the human finger, researchers rely

on constantly modifying the cable routing and improving the design of the extensor hood

according to the data collected from physical experiments. Once the complicated, and often

expensive anthropomorphic robotic hands are prototyped, researchers are reluctant (when

using cables) or won’t be able to (when using gears or linkages) modify the transmission
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Figure 4.1: Comparison of the MCP joint design between the previous and new version of
the ACT Hand. (a) Structure of the MCP joint in the previous version of the ACT Hand.
(b) Our proposed design of the MCP joint. (c) Location and anatomy of the MCP joint in
the human hand.

pathways without affecting the rest of the components of the robotic hands, resulting in a

limited experimental scope.

Although standard design methodology, such as above, can mimic the kinematic behav-

ior of a finger it does little to illuminate the salient features that make the human hand

irreplaceable for many dexterous tasks. There is a need for biomimetic artificial fingers,

based on accurate physiology, in order to quantitatively identify these characteristics thus

providing insight into anthropomorphic robotic hand design.

A compelling alternative to standard mechanical components is to develop mechanisms

which directly utilize the unique articulated shapes of human joints, as well as a tendon

hood structure to actuate the finger. Following a biologically inspired design also reduces

the total number of individual components, resulting in an elegant design.

The artificial finger described in this chapter is inspired by the combination of the above

approaches and are used as an essential component for the next generation of the Anatom-

ically Correct Testbed (ACT) Hand [8, 75–77]. This chapter focuses on the design and
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control of a biomimetic artificial finger composed of three joint capsules whose mechanical

structures and dynamic behaviors is similar to that of the human finger [78]. In the follow-

ing sections the innovative mechanical design methods are detailed, the dynamic behaviors

of the artificial joint are analyzed and compared with the human counterpart, the modeling

of the pneumatic actuation system is described, then the simulation of the robotic finger is

validated through the experimental results [78].

4.1 Design of the artificial finger

The artificial finger discussed in this chapter is inspired by the previous version of the

ACT Hand. Due to a common ancestor from a cadaver hand both fingers share many

biomechanical features such as the length of the bone sections, shape of the joint surfaces,

and insertion points of the tendons. However, key differences between the two position our

proposed artificial finger into a unique category.

As shown in Figure 4.1(c), there are three joints in the index finger: namely, the metacar-

pophalangeal (MCP), proximal interphalangeal (PIP), and distal interphalangeal (DIP).

The PIP joint is located at the distal end of the proximal phalangeal bone, and the DIP

joint is located at the distal end of the middle phalangeal bone. The MCP joint has two

DOFs: one to achieve flexion-extension and another to realize abduction/adduction finger

motion.

The MCP joint of the ACT Hand’s index finger for both the previous and our proposed

design are compared with the human counterpart. The anatomical drawing of Figure 4.1(c)

shows the MCP joint capsule with the extensor hood removed. The previous version of the

ACT Hand uses a gimbal joint to realize 2-DOF at the MCP joint. The artificial joint uses

a solid sphere which is close to that of a human finger to realize the 2-DOF finger motion

(with one extra under-actuated DOF from the 3-DOF spherical joint).

As shown in Figure 4.1(a), the range of motion of the index finger in the previous design

of the ACT Hand is prescribed by the shape of the MCP bone shell. The new design uses

crocheted joint ligaments to limit the range of motion of the MCP joint with an elastic

sleeve to replicate passive biomechanics of the musculo-skeletal structure. Although the

kinematics of the MCP joint in the previous version of the ACT hand matches the human
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Figure 4.2: 3D model of the laser-scanned human index finger.

hand very well, a complex motor control strategy must be used in order to simulate the

passive biomechanics. Shifting the load of simulating passive biomechanics into physical

elastic elements at the joints will allow the ACT Hand to reduce its control complexity.

This not only saves power but also lowers the chance of saturating the actuators with non

task-specific commands.

In the following subsections, each of the components of the artificial finger will be intro-

duced according to its assembly sequence.

4.1.1 Modular design of the bone segments

In order to anatomically match the size and shape of the human finger bones, we used

the index finger from a Stratasys Corporation’s laser-scan model of human left hand bones

supplied in STL format, imported the tesselate facets into Pro/Engineer, and created solid

models for each bone by fitting new surfaces to the scanned geometry [76](As shown in

Figure 4.2). Detailed parameters of the artificial finger are listed in Table 4.1 and 4.2.

The adoption of an anatomically correct bone structure would seem to imply a cost
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Table 4.1: Physical parameters of the artificial finger skeleton

Phalange Length (mm) Weight (g)

MCP to PIP 53.4 5.5

PIP to DIP 32.0 2.0

Distal phalange 23.7 1.2

Table 4.2: Approximate joint motion limits of the artificial finger

Joint Minimum Maximum

MCP 30◦ extension 90◦ flexion

35◦ abduction 35◦ adduction

PIP 0◦ extension 110◦ flexion

DIP 0◦ extension 70◦ flexion

intensive and complex manufacturing process. However this cost can be avoided through

the innovation of rapid prototyping machines. Each section of the artificial finger joint is 3D

printed by the Dimension BST 768 (Stratasys Corp., Eden Prairie, MN). The resolution of

the 3D printed parts is 0.025 mm, and it takes only three hours to print all the components

of the entire index finger. Additionally the strength of the ABS plastic is sufficient to resist

the induced stress of the extensor hood.

Each distal section of the finger joint is designed to be detachable from its base as shown

in Figure 4.3 (a). This design serves two functions. The first is for easily mounting a steel

ring (0.8 mm in diameter) whose shape conforms to the contour of the cross section of the

ABS bone. The rim of the crocheted joint capsule is sewn onto this steel ring (Figure 4.3

(b)) so that the latter forms a continuous attachment zone for the former part along the

contour of the cross section near the finger joint. A partially assembled MCP joint section

is shown in Figure 4.3 (c).

The second function of this modular design is to provide a platform for future improve-

ment. For instance, the surface of the ABS parts can be further plated with a 0.003 inch
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(a) Separate bone segments (b) The steel ring

(c) Steel rings mounted grooves (d) Articulated surfaces

Figure 4.3: Components of the artificial index finger. (a) Modular design of the index
finger. (b) & (c)Steel rings used to anchor the rim of the crocheted finger capsule. (d)
Thermoplastic coated articulated surface providing low-friction surface at the finger joint.

thickness of chrome to provide a better approach to frictionless contact at the finger joint

(RePliForm Corp., Baltimore, MD). An instant benefit of this design is also demonstrated

in the experiments where different weights of the distal finger are tested for dynamic iden-

tification.

In order to mimic the frictionless surface of the articulated cartilage of the human joint a

thermoplastic (Shapelock Corp., Sunnyvale, CA) was used to coat the surface of the socket

side of the MCP joint as shown in Figure 4.3 (d). This combination of the joint coupling

decreases the friction between the two articulated surfaces. Although, when encountered

with the long term tear and wear, commonly engineered materials cannot regenerate like bi-

ological tissues, we believe that through low-cost, rapid prototyping technology the modular
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(a) Chain stitch (b) Single crochet formed column

(c) Crocheted joint ligaments (d) Assembled joint ligaments

Figure 4.4: Crocheted ligaments of the artificial MCP joint. (a) Basic crochet type I – chain
stitch. (b) Basic crochet type II – single crochet. (c) Hyperbolic shape of crocheted joint
ligaments limits the range of motion of the MCP joint of the index finger. (d) Partially
assembled index finger with crocheted ligaments attached.

design can make maintenance of our proposed artificial finger/hand economically viable.

4.1.2 Crocheted joint ligaments

In the human hand, the joint capsule is a dense fibrous connective tissue that is attached

to the bones via specialized attachment zones and forms a sleeve around the joint. It varies

in thickness according to the stresses to which it is subject, and is locally thickened to form

capsular ligaments, which may also incorporate tendons (see Figure 4.1(c)). It seals the

joint space and provides passive stability by limiting movements through its ligaments [79].

In hand surgery surgeons avoid using mechanically complicated replacements for finger
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joints. Common prosthetic joints used in hand surgery may include flexible segments made

either from titanium alloys, ceramics, or plastics [80] but do not replicate the surface details

found on the bone ends. The flexible segments of the prosthetic joint are inserted into holes

created inside of neighboring phalanges. The joint is then sealed with the joint capsule.

These types of artificial joints have been clinically proven to restore joint function [81].

Without the joint capsule the neighboring phalanges would lose integrity and fall apart,

thus it is a critical component of our biologically inspired artificial joint.

Our crocheted joint ligaments are fabricated with 0.46mm Spectra R© fiber (AlliedSignal,

Morristown, NJ). The fiber was chosen because of its strength (200 N breaking strength),

high stiffness, flexibility, and its ability to slide smoothly over the bones.

Two basic crochet stitches were applied during the fabrication of the artificial ligaments.

These are the chain stitch and single crochet as shown in Figure 4.4 (a) and (b). A series of

chain stitches is called a row, the length of the row is determined by the local perimeter of

the joint capsule. A single crochet determines the row width, while a double crochet would

increase this width. The total width of the chains formed by single crochet becomes the

column length of the joint capsule (see Figure 4.4(d)).

A sample of crocheted joint ligaments is shown in Fig 4.4 (c) and (d). This sample

illustrates the full hyperbolic shape [82], which covers the area where the extensor hood

is typically located. Our design (shown in Figure 4.1) excludes this dorsal area because

the extensor hood is considered as an independent component [83]. The hyperbolic shape

of the crocheted ligament is well suited for sealing the joint space, and its column length

determines the range of motion of the MCP joint.

Given a fixed distance between the two steel rings the column length then determines

the amount of slack in the ligaments with the joint in a neutral position. This slack from the

crocheted ligaments constrains the joint’s range of motion as it moves. The column length

was empirically determined based on the dimension of the joint. The base row for each end

of the joint ligaments is formed by a chain whose total length is equal to the perimeter of

the steel ring. The local thickness of the joint capsule can also be controlled by varying the

number of stitches crocheted on a base row. After fabricating the crocheted joint capsule,

it is sewn onto the steel ring which snaps into a groove cut into the bone as shown in Figure
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Figure 4.5: Cross section of the fully assembled MCP joint. Bottom Right: The silicon
rubber sleeve and the molds used for its fabrication.

4.5.

4.1.3 Silicon rubber sleeve

Dynamic properties of the finger joints are largely determined by the passive biomechanics

of the muscles and tendons which route along the bone surfaces. Rather than mimic the

musculo-skeletal properties with an actuator an elastic sleeve can be designed to act on each

joint in combination with the crocheted ligaments, recreating the intended dynamics.

The elastic component of the artificial joint is made of silicon rubber (PlatSil R© 71 Series

RTV, Polytek Development Corp., Easton, PA) with high shear strength. Its shape is cast

by a set of 3D printed molds (see Figure 4.5) which forms a sleeve around the MCP joint

providing elastic forces during finger flexion/extension.

To achieve optimal performance and high durability of the silicon rubber, a vacuum

chamber was used to remove tiny air bubbles from the silicon mixture before curing. The

thickness of the silicon rubber sleeve can be easily modified by using different molds. This

feature provides adjustable stiffness and damping for the artificial joint capsule for our

dynamic identification.
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(a)

(b) (c)

Figure 4.6: Comparison of the extensor mechanism between the human hand [26], the ACT
Hand, and the artificial finger. (a) Design evolution of the tendon hood. (b) Schematic
drawing of the pulley system of the artificial finger. (c) Cross-section drawing (A-A) of the
tendon structures at the MCP joint for a left index finger (the view is towards the distal
aspect of the finger).

4.1.4 Tendon hood design and its simplification for the extensor mechanism

Underneath the skin of the human finger over the dorsal side of the finger bone, extension

motion of the finger is realized via a complex web structure as shown in the leftmost picture

of Figure 4.6(a). On the palmar side of the finger, antagonistic tendons called flexors are
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connected from the bone insertion points to the extrinsic muscles located in the forearm to

enable the flexion motion.

Previously, a tendon hood for the ACT Hand was designed to mimic the extensor web

of the human finger (as shown in the middle picture of 4.6(a)). The artificial extensor is

fabricated by crocheting nylon composite to emulate the geometry and functionality of its

human counterpart as closely as possible. Instead of adopting the same extensor design, in

this chapter we apply what we have learned from the ACT Hand and keep only the tendons

essential for the index finger flexion/extension and abduction/adduction in order to focus

on the dynamics and control of our artificial finger.

As shown in the rightmost picture of Figure 4.6(a), the locations of insertion points and

string guides of the artificial finger are all inherited from its human counterpart. The string

guides were 3D printed and securely attached to each section of the finger bones allowing

for smooth travel of the extensor/flexors. In the human hand, tendons from the three

extensor tendons’ insertion points are all merged with the extensor hood at the MCP joint,

therefore a pulley system was adopted to make sure each individual tendon is constantly

in tension (see Figure 4.6(b)). Our simplified extensor system was designed independently

from the joint capsule, thus it reduces the overall complexity of the robotic hand, and makes

it cost-effective and flexible enough for future improvement.

4.2 Dynamics of the artificial joint

Together, all of the above components set the stage to enable the artificial finger joint to

closely mimic the kinematics and dynamics of the human joint. We quantitatively validated

the efficacy of the artificial joint by comparing its dynamic characteristics with that of two

human subjects’ index fingers by analyzing their impulse response with linear regression.

The experimental setup is illustrated in Figure 4.7. In order to focus on the dynamics of

the MCP joint, the base of the hand, DIP, and PIP joints were all immobilized during the

experiments both for the human and artificial finger. The human subjects were instructed

to relax and close their eyes, so as to avoid voluntary responses as much as possible.

120 perturbations were applied manually at roughly 1s intervals at the fingertip. In
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Figure 4.7: Left: Experimental setup. Right: typical trials collected from infrared markers
for each finger during perturbations. Note that joint angles of the initial finger postures are
45◦ at the MCP, 35◦ at the PIP, and 25◦ at the DIP.

each perturbation the experimenter extended the finger (human or artificial) to a randomly

chosen position, and suddenly released it. Infrared markers (PhaseSpace Inc., San Lean-

dro, CA) were attached to the base and distal segments of each finger. The markers’ 3D

coordinates were measured at 480 Hz using a 7-camera system. The motion capture data

was recorded continuously and parsed into individual trials off-line. In some trials a 7.5g

mass was also added to the distal segment (8.7g) for investigating the effect of force/torque
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sensors commonly incorporated at the fingertip (as shown in Figure 4.7 bottom). The ra-

tionale was that, if the fingers behaved like mass-spring-damper systems [84], the stopping

phase would be particularly revealing with regard to their dynamic properties.

All models were fitted using linear regression (Matlab Statistics toolbox), and all fits

reported were significant (p < 0.05). A simple mass-spring-damper model (model M1) was

first chosen to fit all data sets:

θ̈ = −kθ − bθ̇ + a0 + a1 cos(θ) + a2 sin(θ) (4.1)

This model was chosen because inertial measurements for the human finger was not

viable. Instead of duplicating every detail of the tissues from the human finger, the goal of

this artificial joint is to mimic their combined property which can be properly modeled as

a spring-damper system. Thus k, b here are the stiffness and damping coefficients divided

by the moment of inertia. The term a0 accounts for the spring reference point, as well as

any other potential biases. The trigonometric terms account for gravitational forces.

Model M1 fit the human data quite well (with R2 = 0.92), but provided a rather poor fit

for artificial fingers (with average R2 = 0.55), indicating that the latter dynamics are more

complex. This problem suggested that the acceleration of the robotic finger may not be a

well-defined function of position and velocity, but instead the system may have higher-order

dynamics. Plotting the raw data as a 3D scatter plot confirmed our suspicion. The 3D plot

and two projections of this 3D plot are shown in Figure 4.8. It is found that the surface

often has two different accelerations for the same point in position-velocity space.

Therefore the data were re-analyzed under the assumption of 3rd-order dynamics. Fig

4.9 shows the 3D scatter plot of jerk (derivative of acceleration) as a function of velocity

and acceleration. It is observed that this function is well-defined (even though there are

some positional effects not included in the figure). This prompted us to achieve the final

acceleration-based model as follows (M2):

θ̈ = −kθ − bθ̇ + a0 + a1 cos(θ) + a2 sin(θ) + c1ψ + c2θ
2 + c3θ̇

2 (4.2)
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Figure 4.8: Top: 3D scatter plot of acceleration vs. velocity and position. Bottom: scatter
plots of acceleration vs. position and velocity. All data in this figure are from the artificial
finger (unloaded thin).

where

ψ(t) =

∫ t

0

tanh(θ̇(τ)) dτ (4.3)

The quadratic terms θ2, θ̇2 were added so as to allow nonlinear stiffness and damping.

The sigmoid (tanh) term was included as a model of friction. By adopting Model M2,

good fits are observed both in the human (R2 = 0.97) and the artificial joint of the index

finger (R2 = 0.95). To obtain values for stiffness and damping that can be compared to the
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Figure 4.9: 3D scatter plot of jerk vs. velocity and acceleration. The light dots are the
projection of the data on the bottom plane.

values estimated for human finger in [84], a simplified version of model M2 is constructed

by removing the quadratic and trigonometric terms. We used an inertia of 0.0006 kg ·m2

for the unloaded finger (Estimated in Pro/E model) and averaged the results for the thick

and thin capsules in the unloaded condition. The comparison is shown in Table 4.3, the

values are quite similar indicating our artificial joint has similar stiffness and damping.

4.3 Actuation system

The artificial finger is actuated using a “Pulling-only pneumatic actuation system” (see

Figure 4.10a). Because of its robustness, smooth dynamics and inherent damping prop-

erties, pneumatic actuation seems promising for modeling muscle behaviors. The robotic

finger system consists of five double-acting cylinders (Airpel-anti stiction cylinders, model

M9D37.5NT2) evenly mounted along the perimeter of a cylindrical beam through five slid-
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Table 4.3: Comparison of stiffness & damping for the human and artificial MCP joints

MCP joint of the index
finger

Stiffness K (Nm/rad) Damping B (Nms/rad)

Human joint 0.50 (averaged bewteen
-0.2 to 1 radians)

0.0142 (SD = 0.23)

Artificial joint 0.534 +/- 0.025 (95%
confidence interval)

0.024 +/- 0.0003 (R2 =
0.87)

ing brackets. The sliding brackets are designed to eliminate any potential slack between

the tendons and actuators. The pistons of the five cylinders are connected to the central

extensor, abduction and adduction tendons, DIP and PIP flexors, respectively.

The front chamber of each cylinder is connected to a proportional 5/3 pressure valve

(Festo, model MPYE-5-M5-010-B). When pressurized the front chamber resembles the mus-

cle contraction and the back chamber is left open to the atmospheric pressure as tendons

cannot push the finger (Pulling-only actuation). The valve receives a command voltage from

a National Instruments D/A board. This voltage (0-10V ) specifies the position of a linear

actuator inside the valve, which in turn sets the aperture connecting the front chamber

to the compressor (90 PSI above atmospheric pressure). The control command (in V ) 5

- 10 pressurizes the systems and 5 - 0 exhausts. The pressure inside the front chamber is

measured with a solid-state pressure sensor (SMC, model PSE540-IM5H). The sensor data

are sampled at 50 KHz, and averaged in batches of 500 to yield a very clean signal at 100

Hz. The difference between the pressures in the two chambers of each cylinder (denoted

D) is proportional to the linear force exerted on the piston. The minimum pressure was

hand tuned by raising the pressure in small incremental steps until the cylinder was able

to correct for the slacks while finger was moved around. For protection of the finger, each

cylinder’s piston contraction is limited by excursion of the tendon it acts upon. Tendon

lengths were measured using SICK-cylinder magnetic sensors (sensor resolution is 0.01mm)

which linearly scale 32mm over 0-10 volts. SICK sensors were added later, and therefore

were not used in the experiments on the kinematic tendon model.
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(a) 3D model of the actuation system

(b) Experiemntal setup

Figure 4.10: The actuation system of the anthropomorphic robotic finger.

4.3.1 Modeling of the human finger

The definition of the three joints of the index finger is illustrated in Figure 4.11. The PIP

joint is located at the distal end of the proximal phalangeal bone, and the DIP joint is

located at the distal end of the middle phalangeal bone. The MCP joint has two DOFs:
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one to achieve flexion-extension and another to realize abduction-adduction finger motion.

According to the anatomical joint properties of the human index finger, the abduction-

adduction joint axis is oriented at 60◦ with respect to the metacarpophalangeal bone as

shown in Figure 4.11.

Figure 4.11: Model of the human index finger.
Frame 0 : Fixed frame (palm phalange)
Frame 1 : Adduction/Abduction frame
Frame 2 : MCP flexion frame
Frame 3 : PIP flexion frame
Frame 4 : DIP flexion frame

After choosing the correct finger model, kinematic analysis of the index finger is con-

ducted based on Denavit-Hartenberg (DH) notation, and corresponding parameters are

summarized in Table 4.4.

A key benefit of the using model-based joint angle estimation is that we can extract all

the joint information from knowing only the information at the fingertip. In this way, by

implementing sensors or tracking the location and orientation of the fingertip, the infor-

mation of the four joint angles (θ1, θ2, θ3, ω) can be recovered through a series of matrix

transformations as follows:

0
4T = 0

1T ·12 T ·23 T ·34 T (4.4)

The final format of the transformation matrix 0
4T can be further sorted into the following

format:
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Table 4.4: Denavit-Hartenberg parameters used in the index finger model

Linkage No. i αi−1 ai−1 di−1 θi

1 0◦ 0 0 ω (MCP ab-ad)

2 90◦ 0 0 θ1−30◦ (MCP flexion)

3 0◦ l1 0 θ2 (PIP flexion)

4 0◦ l2 0 θ3 (DIP flexion)

The z-axis is in the direction of the joint axis.
αi−1: Angle about common normal, from old z-axis to new z-axis.
ai−1: Length of the common normal. Assuming a revolute joint, this is the radius about
previous z.
di−1: Offset along previous z to the common normal.
θ: Angle about previous z, from old x to new x.

0
4T =


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(4.5)

4.3.2 Dynamics of the robotic finger system under PID control

This section presents experimental results on the dynamic behavior of the robotic finger sys-

tem under PID control. In particular, the experiment investigated the combined dynamic

behavior of the artificial finger and pneumatic actuation system in three tasks, which are (1)

stabilization of the finger at pre-specified positions (set-points) and disturbance rejection;

(2) set point change tracking; and (3) trajectory tracking. The PID control policies are con-

structed over tendon lengths to stabilize the finger at the prespecified set-point. Essentially,

the PID control policy of each tendon is only a function of its own tracking error. Thus,

control policies do not share tracking error information.

While choosing feasible set-points, each tendon was set to maintain some minimum

tension (small pressure in each cylinder thus ensuring that tendons don’t go slack) while
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the finger was manually moved to a desired configuration. In the human hand, muscles

switch from being active and pulling to being passive and stretched. Air cylinders were

controlled in the same way in our experiments. Therefore this pulling-only transmission

places an interesting constraint to the control system so that a tendon (e.g. PIP extensor)

can only correct for the error in one direction (positive errors) and any error in the opposite

direction (negative error) is regarded as a positive error for the antagonistic tendon(e.g.

PIP flexor) and the artificial finger has to rely on the flexor to correct it.

The robustness of the PID controller and the nonlinearities of the underlying dynamics

were investigated, by manually perturbing the finger (in opposite directions) at different set

points. Disturbances are applied at t = 5 sec and 12 sec. To further investigate the dynamics

of the robotic finger system we performed a second experiment in which we changed the set

points periodically. Finally in our last experiment we tested the performance of the PID

controller for the task of tracking sinusoidal-like trajectories in tendon space. The analysis of

results focuses on the three tendons, namely, the central extensor, DIP and PIP flexors. Due

to space limitations, this section only provides the results for trajectory tracking. Figure

4.12 illustrates the results.

Our observations regarding the dynamics of the pneumatic index finger under PID con-

trol are summarized below:

• The stabilization experiment demonstrates that PID control not only stabilizes the

artificial finger around a set point but it can also quickly reject disturbances without

creating unstable or marginally stable oscillations. It is characteristic that PID control

responds within 2-4 ms of perturbations and can correct for disturbances of magnitude

1.5 cm to the finger tip (2.25 mm for central extensor) within 20 ms.

• The response of the robotic finger system to disturbances depends a lot on the tuning

of the PID gains. Different levels of sensitivity were found to be tendon and posture

dependent. Overall, the dynamics of the index finger are more sensitive with respect

to the PID gains of the central extensor tendon and the two flexors PIP and DIP and

less sensitive to the other two tendons.
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Figure 4.12: Desired and actual tendon excursion for central extensor (A), PIP (B) and
DIP (C) tendons for the trajectory tracking task.

• For every stabilization point there is a different set of PID gains (Horizontal Posi-

tion: Kp = 0.4, Ki = 0.3, Kd = 0.005). Thus, there are no universal PID gains for

stabilization and disturbances rejection at different joint space configurations of the

finger. The aforementioned observation is an indication of the strong nonlinearities of

the underlying dynamics.

• The performance of the PID control varies in the three tasks of stabilization around

one set point, set point tracking and trajectory tracking. Tuning the P, I and D gains

for tracking error minimization of a particular tendon does not imply total tracking

error minimization.
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This nonlinear effect arises from the fact that control policies can correct only for positive

errors and they have to rely on their opponent(antagonist) for the case of negative errors.

Moreover the feedback control of individual tendon does not incorporate tracking errors of

other tendons. For such a nonlinear system, a linear controller (PID) can no longer take

care of the nonlinearities of the system.

The human fingers are actuated through flexors and extensors whose routing and path-

way are highly nonlinear, particularly when bones slide over each other at the joints and are

constrained by the surrounding soft tissues. The artificial finger biomechanically resembles

its human counterpart, therefore the manner in which the tendons interact with the artifi-

cial joint capsule change the moment arms as a function of the joint space with respect to

different configuration of the artificial finger.

The limitations mentioned above motivate the need for the development of a model based

controller that makes informed policy decisions using the entire state space of the tendons

while it also takes into account the moment arms at different joint space configurations of

the artificial finger.

4.3.3 Model based control

Ideally the piston force can be controlled with minimal delay. This is difficult to achieve

in pneumatic systems because the air dynamics have non-negligible time constants that

depend on multiple factors such as compressor pressure, valve throughput and response

time, length of the air tubes between the valve and the cylinder, volume of the chamber,

and air temperature. These effects are hard to model accurately, yet for control purposes it

is important to have a model that enables the controller to anticipate the resulting delays

and compensate for them. To this end, a simple model of how the pressure difference D

evolves over time was constructed:

dD/dt = A(V ) +B(V )D (4.6)

This is a first-order linear filter, modeling the rate of change of D as a function of the

current value of D, and the coefficients A, B which are some to-be-determined functions of
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the command voltage V . The shape of these functions was measured empirically as follows.

A sequence of step voltages (with 2.5 sec duration) was applied, such that D settled into

one of its extreme values (Ve), and then was driven towards some intermediate value using

an intermediate voltage command (Vi) as shown in Figure 4.13. The piston was fixed in

these experiments, so that changes in chamber volume did not affect the results. Figure

4.14 shows that our simple model is actually quite reasonable. Note that the valves have an

internal delay of around 6-7 msec, but after that delay very rapid changes in pressure were

observed, with rates on the order of thousands of PSI per second.

Figure 4.13: Pressure difference (D) behavior of pressurization and depressurization at
different voltage levels (Vi).
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Figure 4.14: Pressure difference rate (dD/dt) of pressurization and depressurization at inter-
mediate voltage levels (Vi). Solid lines represent original values and dashed lines represent
values predicted by model. Pneumatics incurs a latency of 6-7 msec before reaching its
maximum effect.

These curves were fitted with exponentials so as to determine the coefficients A and B

for every value of V . This model enables us to implement a high-level controller whose

output specifies the desired rate of change in D. We can then invert the functions A(V )

and B(V ) numerically while keeping D fixed to the currently measured value, and in this

way calculate the voltage command V needed to achieve the specified rate of change of D.

4.3.4 Kinematic model of the robotic finger system

A kinematic model of the artificial finger and its tendon paths was constructed [33]. This

was done by taking the numeric data from the CAD file used to 3D-print the finger, and

importing it in an XML file that was then read by our modeling software. The software

– called MuJoCo which stands for Multi-Joint dynamics with Contact – is a full-featured

new physics engine, with a number of unique capabilities including simulation of tendon

actuation [85]. In this chapter the kinematic modeling features of the engine is employed,
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(a)

(b)

Figure 4.15: Comparison between the MuJoCo based simulation model and the physical
prototype. (a) 3D Visualization of the kinematic model of the robotic finger in OpenGL.
(b) Proposed biomimetic artificial finger.

as well as the built-in OpenGL visualization illustrated in Figure 4.15.

The skeletal modeling approach is standard: the system configuration is expressed in

joint space, and forward kinematics are used at each time step to compute the global

positions and orientations of the body segments along with any objects attached to them

(such as sites used for tendon routing). Tendon modeling is less common and so our approach

will be explained in more detail. The artificial finger is designed so that the tendons can be

routed through special attachment points (as opposed to wrapping over curved surfaces).

This greatly simplifies the model, because the tendon length is simply the sum of the linear

segments connecting the routing points. Of course these lengths change as a function of
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joint configuration.

Let q denote the vector of joint angles, and s1 (q) , · · · , sN (q) denote the 3D positions (in

global coordinates) of the routing points for a given tendon. These positions are computed

using forward kinematics at each time step. Then the tendon length is

L (q) =
N−1
∑

n=1

(

(sn+1 (q)− sn (q))
T (sn+1 (q)− sn (q))

)1/2
(4.7)

The terms being summed are just the Euclidean vector norms ‖sn+1 − sn‖, however they

are written explicitly to clarify the derivation of moment arms below.

Moment arms are often defined using geometric intuitions – which work in simple cases

but are difficult to implement in general-purpose software that must handle arbitrary spatial

arrangements. Instead the more general mathematical definition of moment arm was used

in this chapter, and is defined as the gradient of the tendon length with respect to the joint

angles. Using the chain rule, the vector of moment arms for the tendons is

∂L (q)

∂q
=

N−1
∑

n=1

(

∂sn+1 (q)

∂q
−
∂sn (q)

∂q

)T
sn+1 (q)− sn (q)

‖sn+1 (q)− sn (q)‖
(4.8)

This expression can be evaluated once the site Jacobians ∂s/∂q are known. MuJoCo

automatically computes all Jacobians, and so the computation of moment arms involves

very little overhead.

The extensor tendon of the artificial finger uses a pulley mechanism, which is modeled as

follows. The overall tendon length L is equal to the sum of the individual branches, weighted

by coefficients which in this case are 1/2 for the long path and 1/4 for the two short paths.

Once L is defined, the moment arm vector is computed as above via differentiation.

Numerical values for the moment arms computed by the model in the resting finger

configuration (45◦ at the MCP, 35◦ at the PIP, and 25◦ at the DIP) are shown in Table

4.5. These values change with finger configuration in a complex way, and are automatically

recomputed at each time step. Moment arms are useful for computing the tendon velocities

given the joint velocities:
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Table 4.5: Moment arms that the simulator computed in the default posture (in mm)

Finger joint Central
extensor

DIP flexor PIP flexor Abduction
tendon

Adduction
tendon

MCP (ab/ad.) 0.00 -0.00 0.00 -8.44 8.86

MCP (fl/ex.) 10.93 -13.47 -13.47 -6.17 -6.06

PIP (fl/ex.) 1.81 -7.99 -7.99 0.00 0.00

DIP (fl/ex.) 1.13 -6.14 0.00 0.00 0.00

L̇ =
∂L (q)

∂q
q̇ (4.9)

and also for computing the vector of joint torques τ caused by scalar tension f applied

to the tendon by the corresponding linear actuator:

τ =

(

∂L (q)

∂q

)T

f (4.10)

Note that these are the same mappings as the familiar mappings between joint space and

end-effector space, except that the Jacobian ∂L/∂q here is computed differently. Another

difference of course is that tendons can only pull, so f ≤ 0.

To validate the kinematic model, the following experiment was conducted. Infrared

markers (PhaseSpace, 120 Hz sampling rate) were attached to the fingertip, proximal finger

segment, and the moving part of each cylinder. Another 3 markers were attached to the

immobile base so as to align the reference frames of the motion capture system and the

model. All markers were attached at known positions which we entered into our kinematic

model as sites (discrepancy is within 2mm), similar to the sites used to route tendons. The

cylinders were pressurized slightly so that they always pulled on the tendons and prevented

tendon slack. The artificial finger was manually moved to different poses in its workspace,

attempting to span the entire workspace. After each repositioning an interval of a few

seconds was used, so as to let everything ”settle” and obtain clean position data.

The data analysis began with frame alignment, by subtracting the translational bias
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between the centers of mass of the modeled and measured base marker positions, and then

performing orthogonal Procrustes analysis to compute the optimal rotation between the

motion capture and model frames. The data for the moving markers were then transformed

into the model coordinate frame, and were further processes as follows. Our approach

implemented a MATLAB script that automatically identified non-overlapping time intervals

in which every marker position remained within a ball of radius 2 mm (i.e. all markers were

stationary), and averaged the position data for each marker within each time interval. This

yielded 460 data points, each consisting of the 3D positions of the 7 modile markers (5 on

the cylinders, 2 on the finger).

The next step was to infer the joint angles of the finger given the positions of the two

finger markers. This was done by an automated procedure (which is part of the MuJoCo

engine), whereby the residual difference between the observed and predicted marker posi-

tions is minimized with respect to the set of joint angles (note that the predicted positions

are functions of the joint angles). The minimization is done using a Gauss-Newton method

with cubic line-search. Even at the optimal joint angles, there was some residual in the

marker positions (around 5 mm on average) which we believe is mostly due to the fact that

the finger is somewhat flexible and has additional degrees of freedom (even though their

range of motion is very limited). Data points where the residual was larger than 7 mm were

excluded from further analysis, leaving us with 400 data points.

Once the joint angles in each pose were inferred, our proposed tendon model was applied

to compute the predicted tendon lengths, and the results were compared to the measured

positions of the cylinder markers. The comparison is shown in Figure 4.16 for all five

tendons. Overall good fit was observed, especially for the flexors and extensor that have

larger excursions. The adduction tendon shows saturation, which might be caused by the

position limiter on the cylinder (those limiters were just placed outside the range of the

finger motion, but this one ended up inside the range) causing the tendon to go slack in

some extreme poses. The abduction tendon is the most noisy, which we believe is due to

the fact that it presses on the joint capsule and curves over it. This can be corrected by

adjusting the routing points.
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(a) (b)

(c) (d)

(e)

Figure 4.16: Comparison of measured and estimated tendon excursion data.
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4.4 Discussion

This chapter described the design and modeling of a biomimetic artificial finger that has

the potential to become a close replica of the human finger. The robotic finger system

makes use of three main components: a modular design of the 3D printed finger segments, a

series of simplified pulley based tendon mechanism, and a model based pneumatic actuation

system for mimicking the contraction-only muscle behavior. The series of experiments on

stabilization, disturbance rejection and tracking under PID control suggest that our robotic

finger system presents a highly non-linear dynamics. The kinematic model of the artificial

finger system is constructed with help of MuJoCo - a physics engine custom-developed - to

simulate the interaction between the finger’s joints and tendons. Experimental data of the

tendon excursions are used to validate the efficacy of the simulation model. Overall good

fits have been observed in the DIP, PIP flexors (R2 = 0.93 and R2 = 0.83) and central

extensor (R2 = 0.96) along which large excursions commonly occurred.

Thus far the entire actuation system and models of the kinematics and air dynamics have

been built and established for the artificial finger. Our experimental results on stabilization

and tracking with PID control motivate our future research towards system identification

and model based control. At the system identification level, the next step is to identify the

dynamics of the pneumatics and integrate the resulting model with the proposed kinematic

model of the artificial finger and its tendons. On the control theoretic aspect, additional

future work is to use model based techniques with variable sensitivity to model errors

and contact discontinuities. These methods span the range of optimal, model predictive

control and nonlinear methods such as back-stepping control. We also believe that a deeper

understanding of the unique biomechanical features of human hands will provide greater

insight into future designs of anthropomorphic robotic hands.
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Chapter 5

ARTIFICIAL SKIN

In order to design an anthropomorphic robotic hand that can reproduce human level

dexterity the challenge of providing adequate tactile sensing has to be overcome, largely

because of its importance for dexterous manipulation. In order to better understand the

complexity of touch we must examine the sensorial organs of the hand.

The human hand’s sensory receptors are distributed underneath different layers of skin

and serve different haptic modalities. For instance, Meissner’s corpuscles and the Merkel

disk receptors are the most numerous and are distributed preferentially on the distal half of

human’s fingertip. Due to their different embedded depths, the former are most sensitive

to mid-range stimuli (20-50 Hz), whereas the latter are most responsive to low frequencies

(5-15 Hz) [86]. It has been shown that the human hand’s dexterity is largely affected by the

sensory feedback from those receptors; with less sensory information the time for human

subjects to complete a dexterous task can be increased up to 80% [87].

Similarly, the need for tactile sensing is a basic requirement for robotic manipulation

during tasks such as precision grip, grasping point determination, pressure/force measure-

ment, and pre-slip detection. So far numerous efforts have been put into the design of

artificial skin. And, researchers have developed tactile sensors based on the characteristics

of different materials such as, conductive rubber [88], fabric [89], gel [90], and ink [3]. Mean-

while, optical or vision based sensing [6, 91], ultrasonic [92], and piezoelectric sensors [93]

have been proposed. Integrated systems such as, a tactile sensing system for the Utah/MIT

Dextrous Hand [94], a soft fingertip with randomly distributed receptors [95], a robust

biomimetic tactile sensor array [96], and a seashell effect based pretouch sensor [97] have

also been developed. Other issues such as cost effectiveness, complexity, fusion with the

different existing robotic hand systems, design of the thumb web, and optimization of the

skin design are often omitted. Consequently, many anthropomorphic robotic hands perform
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Figure 5.1: Detachable artificial skin pads attached onto the ACT Hand model. Top right:
A side view of the thumb’s skeleton with steel pins attached. Bottom right: A back view of
artificial skin pads mounted onto the thumb.

manipulation tasks without tactile sensors, precluding potential performance increases.

Previously, in the Neurobotics lab we have developed the Anatomically Correct Testbed

(ACT) Hand as a platform for exploring dexterous hand motions and neural control strate-

gies [8, 75–77]. The ACT hand provides a unique and compelling opportunity to study

tactile sensation with an anthropomorphic robotic hand that closely mimics a human’s. In

this chapter, we present the design for a set of tactile skin pads that can be attached to

their corresponding phalanges of the ACT Hand (as shown in Figure 5.1). Each of the skin

pads is designed based on the unique shape of its finger’s counterpart and can be easily

snapped on and off from the ACT hand’s skeleton. Because of our flexible design methods

these skin pads can be easily adapted for use with any other robotic hand.

The goal of this chapter is to detail a design strategy that can be directly applied to most

of the existing anthropomorphic robotic hands with little effort or modification. Although,

there are other important factors like visual feedback [29], fingertip position [98], and hand
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Figure 5.2: Schematic drawing of artificial skin’s multi-layered structure (Note: Differently
colored regions are not in proportion to the real distributions of those layers.)

preshape [99] which affect object manipulation, we are interested in how the design of

the artificial skin itself can potentially improve the functionality of a robotic hand. In

the following sections our proposed design methods are explained, then the importance of

fingertip shape on precision grip and the future work are addressed [100].

5.1 Development of the artificial skin

This section describes the mechanical design and prototyping process of our artificial skin.

Although it is designed for the ACT hand, the method itself is compatible with other robotic

hands.

5.1.1 Multi-layered design

The sensing field of the artificial skin is composed of 16 independent skin pads, each of

which consists of four layers as shown in Figure 5.2. From the skin’s surface (top) to the

skeleton (bottom), they are: Velcro embedded in artificial skin (silicon rubber), a tactile

sensing element (sensel), a 3D-printed frame, and some reshapable thermoplastic.
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(a) Molds for the ACT Hand’s fingertip (b) Disassembled molds after silicon rubber’s cur-
ing process

(c) Molds for the ACT Hand’s palm (d) Silicon rubber palm taken out of the base
mold

Figure 5.3: Components of the molds used for prototyping ACT Hand’s fingertip and palm.

The layer of artificial skin is made of silicon rubber (PlatSil R© 71 Series RTV, Polytek

Development Corp., Easton, PA) with high shear strength. Its shape is cast by a set of

3D printed molds (see Figure 5.3) which forms a tapered shape resembling the pad of

the human’s fingertip. The fingerprint on its contacting surface can be custom designed to

possess different surface textures which will affect its sensing performance. The hydrophobic

property of the silicon rubber provides the artificial skin with beneficial properties such as

easy-clean, water and oil resistant, and anti-smudge coatings but this also prohibits the

silicon from sticking to any adhesive. This poses a big challenge when bonding it with

neighboring layers. This problem has been innovatively solved by making the most of
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Figure 5.4: Configuration of the tactile sensor (Tekscan Inc., South Boston, MA) as the
2nd layer of the artificial skin.

Velcro as follows: Before the silicon rubber becomes fully cured, a slice of Velcro (loop side)

is embedded into the skeletal side of the skin layer. After the curing process, the Velcro is

securely bonded due to the strong interaction between a large number of micro fibers and

their surrounding silicon rubber. The whole skin layer can then be easily adhered to the

sensel through the adhesive surface of the Velcro. The total thickness of this top most layer

through to the Velcro is about 2.5mm. To achieve optimal performance (and durability)

of the silicon rubber a vacuum chamber is used to remove any air bubbles from the silicon

mixture before curing.

The second layer is formed by a 4×4 (20×20mm in dimension) sensel array from an

off-the-shelf five finger Grip TM system (Tekscan Inc., South Boston, MA) for identifying

the location and magnitude of pressure points on the hand (see Figure 5.4). The Grip TM

system made in this way has paper-thin flexibility (0.1mm in thickness). After binding
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(a)

(b)

Figure 5.5: Tapered cylindrical frame (index fingertip) functioning as the skeleton the arti-
ficial skin.

with the Velcro’s adhesive surface, the sensor layer is carefully wrapped onto the 3D printed

frame and attached with an adhesive (3M 77 spray adhesive). The sensel is more strongly

bound to the printed frame than the Velcro; the bonding on either side of the sensel prevents

slippage.

The third layer is a tapered cylindrical frame which is 3D printed by the Dimension

BST 768 (Stratasys Corp., Eden Prairie, MN). It works as a skeletal component of the

whole structure, and determines the basic shape and contour of the artificial skin. As we
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mentioned, its outer surface is bonded with the tactile sensel, while its other side is fused

with the thermoplastic layer. Along the rim of this printed frame, structural features such

as the ones shown in Figure 5.5 are designed to fit corresponding spots ”Lego-style” on the

silicon rubber skin. This module design makes maintenance of the artificial skin possible,

worn silicon rubber can easily be snapped off and replaced with a new one. Because the

Velcro’s bonding with the sensel is weaker than the sensel’s bond to the frame the sensel

remains attached to the frame during replacement.

The last layer is used to couple the artificial skin with its corresponding finger skeleton on

the ACT hand, this layer is made of deformable thermoplastic (Shapelock Corp., Sunnyvale,

CA). After being heated and becoming soft, the thermoplastic is first molded onto the

printed frame, and then shaped by the complex surface of the finger bone. After cooling

down, small pins (0.5 mm in diameter, 3 mm in length) are attached onto the palm side of

the ACT Hand (see Figure 5.6 (b)) to pair with the holes pre-drilled on the corresponding

thermoplastic sections. The entire skin pad can be easily snapped on and off from the finger

skeleton without affecting the robotic hand’s functionality.

5.1.2 Modular design and the thumb web

On the ACT Hand the thumb, index, and middle fingers are actuated by tendons (routed

anatomically) and muscle-equivalent actuators (motors). As addressed above, the artificial

skin designed for the ACT Hand, has 16 total sensels fitted into its multi-layered structure.

In order to avoid possible interference with the complex extensor hood of the ACT Hand’s

tendons [75], each segment of the artificial skin is designed to cover 180◦ of the palm side’s

sensor field; where receptors have been known to have the highest density in human’s

hand [86] (see Figure 5.6 (a)). Depending on the phalange to which the skin pad is attached

the total sensing area can be further categorized into 4 components namely thumb, index,

middle, and palm.

For the index and middle fingers, each segment of the artificial skin has four sensels

fitted in three sections: one distally, one in the middle, and two in the proximal phalange.

The contour of their skin shapes is uniquely designed to mimic their human counterparts.
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(a)

(b) (c)

Figure 5.6: Top Row: The pictures of the ACT Hand with artificial skin attached. Bottom
Left: Small pins attached onto the ACT Hand’s thumb. Bottom right: Unique design of
the thumb web.

The design of the thumb’s skin components is quite different from the rest of fingers.

This is due to the thumb’s webbing (the flap of flesh between the thumb and index finger)

whose function has been found to be critical to the use of trigger-operated tools [101, 102].

However, none of the existing anthropomorphic robotic hands take this important factor
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into their design. As shown in Figure 5.6 (c), the artificial thumb web designed in our

work incorporates a simple mechanism - a 15mm aluminum sheath - to enable the tendon

string, which mimics the adductor pollicis (ADP) of the human hand, to serve the function

of adducting the thumb. This sheath also maintains the correct position of the thumb’s

webbing between the thumb and index finger during motion. One sensel is fitted into each

of the distal, middle, and proximal phalanges with a fourth placed into the thumb’s webbing.

Four more sensels are reserved for the palm region that is directly under the index and

middle fingers. These sensels provide supplementary information during the ACT hand’s

grasping tasks.

5.1.3 Adaptable design

3D printing technology provides a cost-effective way to make the adaptability of our pro-

posed artificial skin flexible enough to meet different design requirements.

For robotic hands that need different fictional contact during object manipulation tasks,

the shape, thickness, and surface of the skin pad can be easily modified and patterned with

distinct textures by using different sets of 3D printed molds as shown in Figure 5.7. In

addition, based on the different needs of tactile sensing, a variety of off-the-shelf tactile

sensors [103] can also be directly integrated with our design.

Secondly, the combination of using 3D printed frame and deformable thermoplastic as

the third and last layers makes our proposed skin design compatible with different finger

topologies. In the case of the ACT Hand, the study of variable moment arms at each finger

joint requires the coupling of skin pads to be compatible with bumpy finger surface while

having no interference with the complex network of the tendon hood at the same time. And

the effectiveness of the corresponding design solution has already been detailed in previous

sections. Compared to the degree of complexities that the shape of the ACT Hand’s finger

bone has, most of existing robotic hands use simple geometric shapes (e.g. smooth circle

and rectangle) for the finger’s cross section, and do not have the constrains from complex,

human-like tendon hood. Therefore when our proposed artificial skin design is adopted by

other anthropomorphic robotic hands, the similar coupling strategy can be used with little
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(a)

(b) (c)

Figure 5.7: Adaptable design of the skin pads. Top Row: Eight sets of skin pads with
four different textures (from left to right: stripe, pillar, circle and plain) on two types of
skin shapes. Bottom left: Molds for tapered cylindrical skin pads. Bottom right: Molds for
hexahedral skin pads.

effort or modification.

As detailed above, the concept of artificial skin with multi-layered detachable and mod-

ular design is compatible with most anthropomorphic robotic hands. This design can po-

tentially improve manipulation performance by providing tactile sensing and more reliable

grasping forces, as is discussed in the following section.
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5.2 Experimental evaluation

A Precision grasp/grip is required when the object is small and can only be held between

the fingertips of the thumb and fingers, for example in cases of grasping a pen or a needle.

The precision grip forms an important category under the scope of dexterous manipulation,

however the effects of skin design on the performance of the precision grasp are often omitted.

Instead, a lot of the previous work focuses on providing enough grip forces during the

power grasps; in these cases the contact areas between the robotic hand and an object

are adequate for maintaining the dynamic stability of the task, thus the skin design is less

critical. However, when an anthropomorphic robotic hand performs a precision grasp, the

success of the task mainly relies on small contact areas at fingertips.

During a precision grasp, the artificial skin should be able to detect the magnitude and

location of normal forces. Additionally the ability of detecting the occurrence of a slip, and

ultimately preventing it from happening, is also preferred. Towards this goal, it is of our

interest to investigate how the design of artificial skin can affect its performance during

important precision grasp.

5.2.1 Experimental design and methods

We designed a series of experiments to identify the important factors that can potentially af-

fect the detection of pre-slip with a 3-DOF Phantom Premium 1.5A (SensAble Technologies,

Inc., Wilmington, MA). This hardware is back-drivable and accurate (0.03 mm resolution

with 0.04 N backdrive friction), is capable of providing controllable force of a magnitude

sufficient for simulating precision grasps.

Two different shapes of the probe were chosen to investigate the effect of pressure dis-

tribution on the artificial skin when pre-slip occurs. The length of the probe is designed in

such a way that the center of the contacting point on the probe (as labeled as a red dots in

Figure 5.8) could match that of the Phantom’s end-effector. The spherical probe is chosen

to test the artificial skin’s sensing ability when the robotic hand performs precision grasp,

where small contact areas are often limited to the fingertips. The size of the spherical probe
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Figure 5.8: Left: Experimental setup. Top right: Two different shapes of the probes: the
sphere (10 mm in diameter) and the curved surface (47 mm in radius). Bottom right: Initial
test position. Note: The difference between the Phantom and sensel frames.

was decided based on a contacting surface test: A piece of planar glass was used to push

against the artificial fingertip firmly, through the transparent glass the average diameter

of the deformed area on the fingertip was then used as the diameter of spherical probe.

The curvature of the second probe is extracted from a regular coffee mug in order to cover

situations when power grasps are chosen with larger contact areas.

We also investigated the effects of different shapes and texture patterns of skin pads on

the detection of pre-slip (as shown in Fig. 5.7 and Fig. fig:taperedFingertip). In total, we

tested eight sets of skin pads with four different ridge patterns. The tested textures of the

skin pad are defined as follows: stripe, pillar, circle, and plain. The different geometrical

patterns of the texture are formed by the same type of ridges. The dimensions of the ridges

are 1 mm in width and 1 mm in length with 1 mm interval between two ridges. The two
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(a) (b)

Figure 5.9: Examples of the skin pad used in the test. (a) CAD model of a tapered
cylindrical skin pad. (b) CAD model of a hexahedral skin pad.

types of fingertip shapes are a tapered cylinder, and a hexahedron. Besides the human-like

circle pattern firstly tested in this work, our variation of textures cover the most popular

designs reported by previous research groups, e.g., smooth surface without ridges [6,95,104],

pillars [105,106] and parallel ridges [107,108].

The experiment is to simulate the process of a gradually relaxed pinch grasp. Three

trials were taken for each skin pad during the experiment. At the beginning of each trial,

the probe was manually placed onto the spot close to the center of the skin pad fixed

onto the sensor jig. And then the displacement, velocity, and forces of the probe at the

contacting point were recorded at 1000 Hz. The average sampling rate of the force sensor

used in this work is 20 Hz. Once the probe was positioned properly, 3.5 N of normal force

in Y-direction, and a 1 N of tangential force in Z-direction (both in the Phantom frame)

were simultaneously commanded onto the surface of the skin pad through the probe. While

keeping the tangential force consistent, the normal force was controlled to gradually decrease

with a constant rate of 0.3N/s. Each trial ends at the moment when the probe eventually

slips off from the skin pad.

Raw data from the sensel were used to estimate the displacement of pressure center

along vertical direction (in Sensel frame) by using the following equation:
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Dcentroid =

∑

fiyi
∑

fi
(5.1)

The force reading from the sensel at the center of pressure, with respect to the sensel

frame is calculated as,

Fcentroid =

∑

fiyi
∑

yi
(5.2)

In order to provide a metric to evaluate the design of each skin pad, in both shape and

texture, we employ the slip ratio. Slip ratio has been used as an important factor to evaluate

human subject’s strategy to avoid slippage while performing a precision grasp [109,110]. As

shown in the equation below, it is proportional to the inverse of the coefficient of static

friction and measured at the moment when slip occurs. A higher slip ratio corresponds to

a more slippery surface.

Slip ratio =
Normal force

Tangential force
(5.3)

The next section details the results collected from running our experiments on all skin

pads with both the spherical and curved probes.

5.2.2 Results

Fig. 5.10 shows the results from the case of a spherical probe and hexahedral skin pad

(with circled texture). The shaded areas in Fig. 5.10 (a) and (d) represent initial probe

adjustment before trial onset. The contacting force was measured by the skin pad (see

Fig. 5.10 (a)). The magnitude of the normal forces are gradually reduced to zero until the

contact breaks. When the slip eventually occurs, the end time of each trial is marked by the

peak reading from the probe’s velocity curves (Fig. 5.10 (b) and (c)). Onset of each trial is

defined by the peak of the sensels force readings. The calculated and actual displacements

of the pressure center are compared in Fig. 5.10 (d). It is clear that the estimated center

of pressure agrees quite well with the recorded data. And the trend of slip could also be
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Figure 5.10: Outputs from the experimental setup. (a) Force reading from the sensel. (b)
The probe velocity measured from the Phantom’s end-effector. (c) The controlled normal
and tangential forces from the Phantom robot. (d) Comparison of the calculated (in sensel
frame, along Y -axis) and measured (in Phantom frame, along Z -axis) displacement of the
probe along vertical direction.
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Table 5.1: Results of slip ratios measured with spherical probe.

Skin pad type The mean slip
ratio (−)

The standard
deviation (δ)

TS 0.344 (H. stripe) 0.046

0.392 (V. stripe) 0.074

TP 0.509 0.014

TC 0.261 0.018

TPL 0.304 0.015

HS 0.363 (H. stripe) 0.024

0.510 (V. stripe) 0.010

HP 0.559 0.041

HC 0.390 0.048

HPL 0.447 0.014

observed.

The time stamp labeled as the end of each trail is use to determine the slip ratio. Before

the contact breaks, the pre-slip motion of the probe develops very slowly, therefore we can

assume a quasi-static condition when the contact between the probe and the skin pad skill

exists. In 5.10 (b) and (c), the vertical dashed line represents the end time.

The slip ratios of the skin pads tested with the spherical and curved probes are listed

in Table 5.1 and 5.2, respectively. Averaged values from three trials are presented. In the

case of curved probe, only the results from hexahedral skin pads were collected because the

inclination from the tapered cylindrical skin pad successfully prevented the slip-off from

happening.

5.3 Discussion

In this section, the experimental results are discussed based on the comparison between

hexahetral and tapered cylindrical skin pads in four categories: effects of skin textures on

pre-slip detection, effects of ridge patterns on slip ratio, effects of contact areas on slip, and
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Table 5.2: Results of slip ratios measured with curved probe.

Skin pad type The mean slip
ratio (−)

The standard
deviation (δ)

HS 0.196 0.045

0.421 0.019

HP 0.338 0.030

HC 0.349 0.016

HPL 0.351 0.010

the importance of choosing the right shape for the fingertip.

5.3.1 Effects of skin textures on slip detection

Fig. 5.11 shows the comparison of the pre-slip curves (along Z-direction in Phantom frame)

between two types of skin pads when normal forces are gradually reduced at the contact

point. The shaded areas are bounded by the start and end time of each trial. It is interesting

to observe that under the same initial conditions, a smaller increase of the displacement (δ)

was always identified in the case of using skin pads with plain surfaces. In contrast, larger

displacement changes were prevailing among those skin pads implemented with ridges.

Various textures of skin pads can be easily achieved by using different geometric patterns

of the ridges. Ridges on the artificial skin are often made of soft and elastic materials

(e.g. silicone rubber) extruding out of the base materials (see Fig. 5.12). During object

manipulation tasks, when the contact forces are large enough, soft ridges are bent and

compressed forming an extra layer on top of base materials. As the contact gradually

breaks with gradually reduced normal forces (FN ), since the ridges are softer than the

base materials, many of them can still make good contact with surfaces of the object, but

get locally stretched out along the pre-slip direction of the object under the effect of the

tangential forces (FT ). In other words, the existence of ridges prolongs the slipping process

and allows us to more easily detect the pre-slip by monitoring the values calculated for

estimating the center of the contact forces. If the orientation of the ridges on the skin pad is
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(a)

(b)

Figure 5.11: Comparison of the pre-slip curves between skin pads with/without texture. (a)
Probe displacement on hexahedral skin pad with plain surfaces (HPL). (b) Probe displace-
ment on stripe patterned, hexahedral skin pad (HS). Note: Spherical probe was used; The
location of the forces are moved from the contact point to the center of the probe for easy
reading; δ denotes the change of the vertical displacement.
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Figure 5.12: Schematic drawing showing the advantage of having ridges on pre-slip detec-
tion.

perpendicular to the sliding direction of the object, the resulting artificial skin design could

potentially help prevent slip from happening.

On the contrary, in the case of using plain surfaces, a bump will be formed at the

beginning of the contact when the normal force is strong enough to push the top layer of

the soft materials down to a certain distance. Compared to these small ridges, the size of

the bump is much larger and therefore won’t be easily stretched. Although the bump can

be pushed downward under the tangential forces, the existence of the bump functions more

like a micro ”wall” and therefore prohibits the occurrence of further displacement of the

probe towards the pre-slip direction. Thus, when the slip of the probe eventually occurs,

the abrupt moment of the probe is caused by the sudden disappearance of the ”wall hump”

effect. This effect can be clearly observed from the abrupt change of curves at the end of

the experiment (see Fig. 5.11).

The result of the comparison experiment suggests that textured skin pads are more ca-

pable of detecting the occurrence of slip than the plain skin pads. Thus, when implementing

the function of slip detection for a robotic hand, instead of upgrading force sensing system
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Figure 5.13: Slip-ratio measured on tapered cylindrical skin pads with spherical probe.
circle cone stands for circle ridges pattern tested on the cylindrical skin pad.

to support high frequency sampling (higher 250 Hz), it can be more cost-effective to equip

artificial skin with proper textures.

5.3.2 Effects of different texture patterns on slip ratio

Under the same testing conditions, a smaller slip-ratio suggests that the corresponding skin

pad can provide more reliable gripping forces and better slip resistance. In this section,

we compare the performance of different texture patterns on both tapered cylindrical and

hexahedral skin pads.

In Fig. 5.13 and 5.14, an interesting trend is observed in both of the two cases: the

average performance of the circle pattern is always above the rest of ridge patterns. Two
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Figure 5.14: Slip-ratio measured on hexahedral skin pads with spherical probe. circle square
stands for circle ridges pattern tested on the hexahedral skin pad.

factors can be used to explain the effects of ridge patterns on the slip-ratio.

The first one is the contact area. In spite of different texture patterns, at the beginning

of contact, the maximum normal forces (3.5 N) can always generate the largest contact

areas on the skin pads. Because the normal force is commanded to gradually decrease,

every instance after that, the contact area should gradually decrease together with the

restoration of compressed silicon rubber skin. The more the pattern of the ridges can

conform to the contour of the object, the more effective contact areas can be maintained

during the decreasing process of the contact area. In the case of having circled ridges, the

contour of the object near the contact point can always be supported by the soft circle

ridges with different sizes. Although locally formed bump on the plain skin pad can provide

a better contacting conditions than the stripe and pillar patterns, their existence is still

relying on the magnitude of the normal forces. However, when slip occurs, the gradually
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reduced normal forces also result in the slow dissipation of the bump.

The second one is originated from the angle lever. In order to better explain this phe-

nomenon, we assume that it’s always the bottom half of the circled ridge makes the last

contact with the object before the slip. As illustrated in Figure 5.15, assume that all the

three textures are subject to the same normal and tangential and forces at the beginning.

When a tangential force (FT ) is initially applied onto a soft ridge, a pair of symmetrically

aligned reaction forces (Felastic) are formed to counteract the tangential force. Compared

to other ridges, it is obvious that the circled ridge is able to deform less in order to provide

a pair of symmetric forces (2 · Felastic) that are big enough to counteract the same FT ,

because it possesses a larger angle leverage (θ1 > θ2) than the others. The less deformation

of the ridge is required to maintain the similar pre-slip status, the longer the probe can

stay contact with the skin pad, and thus a smaller slip-ratio can be achieved. That’s why

the skin pads with circled ridges seemed to be stickier than the others when conducting the

slip-ratio experiments (see Table 5.1 and 5.2).

It needs to be pointed out that the large deviation occurred in the case of using stripe

pattern (see Fig. 5.13 and 5.14) was caused by its directional friction, because the stripe

ridges can be mounted either parallel or perpendicular with respect to the object’s slipping

direction (see Table 5.1). The plotted data points were averaged values from a group of six

trails.

5.3.3 The effects of contact areas on slip-ratio

To investigate how the contact areas will affect the performance of a precision grip, the

probe with the curved surface was used in the slip-ratio experiment. Because all the tapered

cylindrical skin pads successfully prevented probe from slip during the experiments, we only

present the data collected from hexahedral skin pads.

The results of the experiments are plotted in Fig. 5.14 and 5.16. It is interesting to

find that the averaged slip-ratios from the hexahedral skin pads are quite similar to each

other when curve probe was used. The curved probe provides more contact areas than

the spherical one (see Fig. 5.8), therefore under the same force conditions, the pressure



93

Figure 5.15: Schematic drawing showing the deformation of the three ridge patterns (circle,
strip, and pillar) under the same tangential force conditions. Left: Shape of the ridges before
the start of deformation. Right: Force analysis of ridges during the deformation process,
but before the contact breaks. Note: The direction of the normal forces is perpendicular to
the paper surface, but the drawing is omitted for easy reading.

applied onto the skin pads become smaller. In these cases, the ridges on the skin pads can

not be compressed as hard as they would when spherical probe was used. Without enough

local forces to trigger the viscoelastic behavior of the ridges, the effects from different ridge

patterns on the slip-ratio are not obvious any more. Instead, the property of the soft

materials at macroscale becomes the dominant factor. Since all the skin pads were made of

the same silicone rubber, the slip-ratios exhibit very similar behavior as shown in Fig. 5.16.

In addition, the error bar is still bigger than others when the stripe pattern was tested.

This again originates from the directional friction of the stripe ridges. Therefore the stripe

texture is not recommended for the design of artificial skin.

In summary, when having large amount of contact surfaces (e.g., using robotic hand

to perform envelop grasp), the quality of the the grasp is more decided by the friction
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Figure 5.16: Slip-ratio measured on hexahedral skin pads with curved probe. circle square
stands for circle ridges pattern tested on the hexahedral skin pad.

coefficient of the two materials and less affected by skin’s textures.

5.3.4 The importance of mimicking a human’s tapered fingertip

The role of evolution in human history has had a dramatic impact on the shape of our

fingertips, therefore its shape should be considered in our skin design. As often omitted in

the literature, the shape of artificial skin near a fingertip actually plays an important role

in dexterous manipulation.

During dexterous tasks, such as threading a needle or twisting a nut, the human hand

needs to reliably hold a slim or small object and consistently control its orientation to

comply with some other external constraints. Therefore, while performing a precision grip,

it is crucial to the success of the task to maintain a certain amount of contact area and force

between the fingertips. The human hand is designed in a clever way to minimize the stress
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(a)

(b)

(c)

Figure 5.17: Comparison of tapered and non-tapered fingertip during dexterous manipu-
lation. (a) Tapered fingertip possesses smaller moment arm at distal joints. (b) Hyper-
extended, non-tapered fingertip achieving the same task with a larger moment arm at distal
joints. (c) Transformation from non-tapered to tapered fingertips.

applied at the distal joints. To see this we perform a thought experiment as illustrated in

Figure 5.17. First assume two separate pairs of hands pinch an identical object with the
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same amount of normal force while maintaining the same orientation of the object. One

hand has tapered finger pads at its tips, while the other has prismatic (or cylindrical) finger

tips representing canonical robot hand design.

The torque exerted at each distal joint equals the moment arm from the contact center

to the center of the distal joint (Lindex, Lthumb and L
′
index, L

′
thumb) times the magnitude of

normal force (Fi and Ft). The object is pinched at the same distance from the fingertip’s

tip in both cases. Also we assume that the distal links are of the same length, as depicted

in Figure 5.17 (c). When tapered fingertips are adopted smaller moment arms (Lindex =

L′
index·cos θi and Lthumb = L′

thumb·cos θt) are caused by the incline, and thus exert less torque

at the distal joints compared to the robotic hand using blocky or cylindrical fingertips.

Further examination of the kinematics in the case of a non-tapered fingertip reveals ex-

cessive hyper-extension. In order for the non-tapered fingertip to achieve the same precision

grip the distal link of the index finger, and the thumb, need to move beyond their normal

range of motion to achieve the same posture as the tapered fingertip. This unusual finger

posture is hyper-extended, which is known to be the cause of common join injuries in the

human hand [69]. Because this posture requires larger torques (T ′
i and T ′

t) to maintain the

stability of an object it will also result in the formation of higher stiffness at the distal joint

due to co-contraction. This may in return impair the compliant characteristics of the finger

joint. If a robotic hand is designed to work in the human environment, an increased stiffness

will place more hazards against the human being around it [111].
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Chapter 6

DESIGN OF A 3-AXIS FINGERTIP SENSOR

During manipulation and exploration tasks, robotic hands/grippers are often required

to respond effectively to unknown objects and obstacles. Without detailed models of the

operating environment, real-time measurement of the contact force is essential for the success

of a robotic hand/gripper to perform dexterous tasks. As thoroughly summarized in a

recent review [112], many different types of force/torque sensors have been developed over

the past decade in order to equip the robotic hands with the tactile sensing ability in various

applications.

When it comes to choosing the suitable fingertip sensors for a robotic hand/gripper,

besides taking into consideration the sensing ability, the cost still plays an important role.

So far, high-end fingertip sensors have been widely employed by many advanced robotic

hands [113–116]. However, the cost of those sensors accounts for large portions of the

robotic hand. The price of a commercially available 6-axis force/torque sensor starts at

$2000. Although the performance of those advanced tactile/force-torque sensors is very

appealing, there also exist situations where the researchers have to comply with their limited

budgets on fingertip sensors and would like to reasonably relax the sensing requirement.

Durability and maintainability are the other two parameters that were often ignored

during the design of fingertip sensors. The skin of the human hand can regenerate itself,

and therefore normal wear and tear won’t cause permanent damages to sensing modalities.

The increasing roles of robots in human environments require robotic hands to be oper-

ated in harsh conditions where a fingertip sensor may be exposed to corrosive chemicals,

metal objects with sharp edges, and coarse surfaces of certain objects that can all cause

severe damages to the fingertip sensors beyond the normal repair. However, most of exist-

ing fingertip sensors have either embedded sensing elements [95] at the contact region or

layered flexible circuit [100, 113] under the elastic materials of fingertips. These features
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can potentially raise the risk of damaging the sensors. Therefore, important factors such

as low-cost, maintainability and durability have to be taken into consideration during the

design of future fingertip sensors.

In recent years, many researchers have started using 3D-printed parts directly for their

robots, or sometimes fabricating the entire working prototype using only 3D printed parts

with a few fasteners [14,117]. 3D-printed molds and frames were also developed for making

different soft skin textures [78, 100, 118]. Therefore, it is of our interest to investigate the

possibility of designing and fabricating a 3D-printed fingertip sensor, and to understand

essential characteristics that may potentially affect the performance of fingertip sensors.

To this end, we describe a fingertip sensor that makes the most of the appealing features

of low-cost force sensors, innovative mechanism, and 3D-printing technology. In contrast to

conventional approaches, our proposed design moves the sensing components away from the

contacting areas to the base of the fingertip and keeps only the low-cost, compliant fingertip

for direct contact with objects. These changes can potentially reduce the cost, allow more

task-oriented design, and make the maintenance of the fingertip sensors easier than using

complicated/expensive sensors.

In the following sections, the design concept of the fingertip sensor is explained, the

important components are detailed, and then we optimize the configurations of our proposed

fingertip sensor based on the hysteresis analysis. An optimized fingertip sensor is then used

for calibration. At the end, based on what we learn from the 3D-printed fingertip sensor,

we demonstrate a case study of our proposed design adapted to a robotic manipulation task

with little modification efforts [119].

6.1 Development of the fingertip sensor

This section describes the working principle, the mechanical structure, and the electronic

components of our proposed fingertip sensor.
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Figure 6.1: Schematic drawing and force analysis of our proposed fingertip sensor. Top
left: Schematic drawing of the fingertip sensor showing relative positions of all components.
Bottom left: The picture of a Honeywell force sensor used in this paper. Right column:
Beam structure of the fingertip sensor when external force (P) applied at the fingertip.

6.1.1 Sensor description and the working principle

As shown in Fig. 6.1, the working principle of the fingertip sensor is based on a cantilever

mechanism. The fixed end is located at the bottom of the base; the free end is attached

to the bottom of the fingertip through a central steel ball. The central steel ball is then

supported by three symmetrically arranged Honeywell FSS015WNSX force sensors (FSS

sensor hereinafter) via three pairs of sphere contacts. The three FSS sensors are placed at

the inclined opening of the well structure of the base. The external forces applied at the
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fingertip will result in a combined reaction force from the three sensor balls and get detected

by three FSS sensors.

As represented as a beam structure in Fig. 6.1, important parameters that are related to

manipulation task contains the radius (r) and the height (h) of the fingertip. The diameter

of the central steel ball decides the size of the base structure which is designed to not have

contact with external objects, and therefore won’t be considered as a design parameter.

Additionally, because the exposed surfaces of the central steel ball and three sensor balls

are all plated, the contact between them can be treated as frictionless sphere contacts, thus

the sensor reading should mainly reflect the change from the normal forces (F1, F2, and F3)

at the contact sites.

6.1.2 Mechanical design of the fingertip sensor

As shown in Fig. 6.2, our proposed fingertip sensor is composed of five components, namely,

a fingertip (can be coated with silicone rubber), a plated central steel ball, a force sensor

enclosed base, a cantilever-bolt mounted bottom cap, and three FSS force sensors. Except

for the extended cantilever-bolt (a M2.5 steel screw), the central steel ball (9.4 mm in

diameter) and the FSS sensors, all the other parts were 3D printed by the Dimension BST

768 (Stratasys Corp., Eden Prairie, MN) within one hour.

6.1.3 Electrical wiring

The Honeywell FSS sensor is powered by 5V DC source. Its output is then fed into an

instrumentation amplifier LT1920 from Linear Technologies, where the signal is differentially

amplified by a factor of 5. The output is fed to a NI-DAQ PCI 6229 card where it is digitized

as shown in Fig. 6.3. And the detail specifications of the FSS sensor are listed in Table 6.1.
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Figure 6.2: 3D CAD model of the fingertip sensor.

Figure 6.3: The electrical wiring diagram of a single FSS sensor.
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Table 6.1: Performance characteristics of the FSS force sensor

sensor FSS015WNSX

Characteristic Unit Min. Typ. Max.

Force sensing range(FS N 0 – 15
Operating voltage Vdc 3.3 10 12.5

Zero offset mV -30 0 +30
Zero shift

(25 to 0◦C, 25 to 50◦C) mV – ± 0.5 –
Linearity % span – ± 0.5 –

Sensitivity mV/V/N 2.2 2.4 2.6
Repeatability % span – ± 0.2 –
Response time

(10% to 90%FS) ms – 0.1 0.5
Safety overforce N – – 45

6.2 Design optimization of the fingertip sensor

According to the factory’s specification, the performance of the Honeywell FSS sensor is

very good (as detailed in Table 6.1), and therefore they are often adopted by medical

devices [120]. However, due to the special structure we adopted for our design, once the

three FSS sensors are installed inside the fingertip sensor, the central steel ball would exert

compression force through the three contacting balls of the FSS sensors. It is of interest to

understand how the FSS sensors behave under pre-loading. Besides, the overall performance

of our proposed fingertip sensor relies heavily on its mechanical design. Important factors

such as the friction between the central steel ball and the three sensor’s contacting balls,

and the elastic behavior of the ABS plastic used for 3D printing can all be greatly affected

by the configurations of the fingertip sensor. In order to investigate how the mechanical

design will affect the performance of our proposed fingertip sensor, we conducted hysteresis

analysis with respective to two groups of forces (G1-type and G2-type) under six different

rotational conditions as illustrated in Fig. 6.4.

At the beginning of each loading test [121], a small tray was hanged from the fingertip

(at h1...h9 or r1...r5) through a pair of strings. The tray and strings weigh 5 grams in total.

During the experiments, known weights were added and removed from the tray manually,
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(a) Experimental group 1(G1 ) (b) Experimental group 2(G2 )

(c) The same fingertip sensor was tested with a set of 8 accumulative weight with two
different orientations (G1 and G2) under six different rotational conditions, respectively.

Figure 6.4: Varying conditions for design optimization. (a) Detachable fingertip cap for
minimizing the disturbance to the pre-loading status. (b) Hanging weight method used
for loading/unloading difference forces. (c) Under the same force conditions, six different
rotational cases were tested during the experiments. (Note: the red, green, and blue colors
were used to label the three FSS sensors.)

and force readings from the FSS sensors were recorded by NI DAQ PCI-6229 at 2KHz.

In order to obtain the hysteresis curves we initialized the fingertip sensor with the empty

tray. We then successively added weights to the tray so that we obtained measurements
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at different weights. After that we removed the weights in the reverse order. After each

addition/removal we waited until the weight stabilized and marked the time in our recording

with the corresponding weight. We then averaged the values from the 3 seconds after the

time marker and treated that number as the voltage output of the sensor under the loaded

weight.

Group 1 and group 2 each have distinctively nine and five testing locations. And for every

testing location, loading and unloading experiments were conducted with eight different

weights. The information of the tested fingertip sensor is listed in Table 6.2. Examples

of processed data are as shown in Fig. 6.5. Due to the small non-linearity effects found

from the data, we chose to use the following, simplified equation to calculate the midpoint

hysteresis for every testing location:

Hysteresis% = |
Smp − Smn

Sstart − Send
| × 100% (6.1)

where Sstart and Send are the sensor readings from the start and end points of the

hysteresis loop; Smp and Smn are the readings in a positive and negative going directions,

respectively. Based on Eq. (5.1), the mechanical hysteresis of the fingertip sensor was

statistically analyzed as shown in Fig. 6.6.

Table 6.2: Specifications of the tested fingertip force sensor

Term Unit Value

Tested height(h1...h9) mm 22.76 21.92 20.52 18.72
16.76 14.76 12.76 10.76 8.76

Tested radius(r1...r5) mm 0 1.90 3.69 5.12 6.03
Hanging weights(w1...w8) gram 0 5 15 35 55 105 132 232

Total weight gram 18
Total height mm 48.50

Total diameter mm 18.00
FSS sensor’s price $/unit 60
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(a) A set of Pxy(8 accumulative weights) applied at 9 different axial locations when the rotation-

angle is fixed at 300◦ for G1.

(b) A set of Pz(8 accumulative weights) applied at 5 different radial locations when rotation-angle

is fixed at 300◦ for G2.

Figure 6.5: Examples of the data collected for hysteresis analysis. (Note: the red, green, and
blue data points were collected from the three sensors defined in Fig. 6.4(c), respectively.)

In both group 1 and 2’s experiments, a cantilever effect is formed when the external

forces (Pxy or Pz) are applied at the fingertip (the free end) of our 3D-printed force sensor.

The readings of the three FSS sensors located at the base (the fixed end) will increase if

they are on the compression side, or decrease if they are on the tension side.
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(a) The hysteresis along axial direction of the finger force sensor(G1 )

(b) The hysteresis along radial direction of the finger force sensor(G2 )

Figure 6.6: The change of the hysteresis of the proposed fingertip sensor at different testing
locations.
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A typical loading/unloading process is shown in Fig. 6.5(a) for group 1’s data. An ex-

ponential decrease of the hysteresis with the height of the fingertip was observed. This

can be resulted from the decreasing torque effect on the mechanical hysteresis as the load-

ing/unloading forces moving towards the base of the fingertip sensor. When the external

force P is applied according to the group 1’s setup, in the x-y plane of the fingertip sensor,

torques are simultaneously generated at the contact sites between the central steel ball and

three FSS sensors’ contacting balls. Although the friction between two plated metal balls is

seemly small compared to the force applied to the fingertip, the induced friction could still

cause the reading of a compressed FSS sensor (see the blue curves in Fig. 6.5(a)) to increase

from 2.46 to 2.56 mV under the same maximum loading force, accounting for a 33.9% of

the total increasing force from 0 to 2.27 N, as shown in Fig. 6.5(a) from moving the test

location from h9 to h1.

Interestingly, a similar but smaller, 9.6% increase of the sensor reading under the maxi-

mum compression force was observed in group 2’s data (see the red curve in Fig. 6.5(b)) as

the z-direction forces Pz moving from r1 to r5. This is because the change of moment arm

decreases by two times when the same amount of testing forces are moved from group 1 to

group 2.

On the contrary, the lowest, averaged hysteresis for group 2’s data (2.19%) still appears

to be over two times larger than the lowest one from group 1’s data (0.98%)(see Fig. 6.6).

This is because the total span of the sensor readings (the denominator Sstart-Send in Eq.

(1)) in group 2 becomes very small (about 0.005 mV) for the sensors on the tension side of

the fingertip during the six different rotations (see blue curve in Fig. 6.5(b)).

Based on the above analysis, we found that the height of the 3D-printed fingertip sensor

will affect the hysteresis performance of the sensor most, therefore we redesigned an opti-

mized fingertip force sensor that has a height (h) of 0 mm and a radius (r) of 9 mm based

on the schematic drawing in Fig. 6.1. The calibration of the optimized force sensor will be

detailed in the following section.
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Figure 6.7: Force analysis of the fingertip force sensor.

6.3 Calibration of an optimized fingertip sensor

The specifications of our optimized fingertip sensor is summarized in Table 6.3.

Before the calibration, a frictionless hard-finger model is chosen for the force analysis of

the optimized fingertip sensor as shown in Fig. 6.7. When there is an external force applied

on the surface of fingertip, its normal component (~P ) can be further decomposed into three

force vectors ( ~Px, ~Py, and ~Pz) in the fingertip’s coordinate system. For the fingertip at

equilibrium, three counteracting forces ( ~Fr, ~Fg, and ~Fb) will be transmitted simultaneously

through the three FSS sensor’s contacting balls. Since we have already reduced the height
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Table 6.3: Specifications of the optimized fingertip force sensor

Term Unit Value

Tested height(h1...h6) mm 8.41 7.71 6.62 5.19 3.51 1.65
Tested radius(r1...r6) mm 1.65 3.51 5.19 6.62 7.71 8.41

Hanging weights(w1...w10) gram 0 5 15 35 55 82 109 136 163 213
Total weight gram 14
Total height mm 20

Total diameter mm 18.00

of the fingertip after the optimization, the torque induced friction is neglected at the contact

point between the central ball and the three FSS sensors. And the following force balance

can be achieved:

~P = ~Fr + ~Fg + ~Fb (6.2)

where the normal force component (~P ) can be further decomposed with location infor-

mation α and β:










~Px

~Py

~Pz











=











~P · cosα · cosβ

~P · cosα · sinβ

~P · sinα











(6.3)

From the 3D model of the fingertip sensor, the geometric information containing the

locations of the three FSS sensors is used to formulate the counteracting forces:

~Fr = (0,−cos45o, sin45o)T · kr · Sr (6.4)

~Fg = (cos45ocos30o, cos45osin30o, sin45o)T · kg · Sg (6.5)

~Fb = (−cos45ocos30o, cos45osin30o, sin45o)T · kb · Sb (6.6)

Where kr, kg, kb, and Sr, Sg, Sb are the calibration coefficients and the sensor readings

from the correspondingly colored FSS sensors (see Fig. 6.7), respectively.

Then by substituting Eq. (3)-(6) into Eq. (2), we derive the fingertip model as follows:
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Figure 6.8: 72 sets of loading forces applied at different locations on an optimized fingertip
sensor for calibration purpose. Note: G1 and G2-type forces are labeled with green and red
colors, respectively.
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
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(6.7)

where coefficient matrix A is in the form of:

A =











0 0.6124 −0.6124

−0.7071 0.3536 0.3536

0.7071 0.7071 0.7071











·











kr 0 0

0 kg 0

0 0 kb











(6.8)

As shown in Fig. 6.8, a total of 72 sets of loading forces were applied at 36 different

locations1 on the optimized fingertip sensor in two groups. The normal component of forces

(~P ) together with their acting locations (α and β) were extracted for the calibration process.

The calibration matrix was computed by using least square optimization method from

Matlab. For the optimized fingertip sensor, a full rank coefficient matrix Aopt suggests that

1a set of 0 5 15 35 55 82 109 136 163 213 grams of hanging weights were used for each location



111

(a) Applied and estimated forces in the x-y
plane.

(b) Applied and estimated forces in z-x/y
plane.

(c) Comparison of the measured and esti-
mated forces in 3D.

Figure 6.9: Comparison of applied (blue) and measured (red) normal forces of our proposed
force sensor.

three force components of the external force (~P ) can be independently decomposed. And

the condition number of Aopt is 34.92.

Aopt =











−0.1569 −2.7179 0.0155

2.3755 1.4390 0.1033

−2.1593 1.3978 0.0545











(6.9)

The comparison between applied and estimated forces is shown in Fig. 6.9. It is interest-

ing to find that our proposed fingertip sensor is able to estimate the rotation of the external
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force in the x-y plane quite well, but has difficulties of measuring the force ( ~Pz) in axial

direction. One possibility is that the direction of the ~Pz is coincident with, but opposite to

the direction of the pre-loading force, thus the bigger the ~Pz, the more the pre-loading bolt

is pushed out (in a non-detectable way). It is out of the scope of this design paper, but will

be addressed for future version of the fingertip sensor.

6.4 A case study – designing fingertip sensors for Phantom robots’ manipula-

tion tasks

In this section, our goal is to equip a group of 3-DOF Phantom robots (SensAble Technolo-

gies, Inc., Wilmington, MA) with adjustable fingertip sensors so that Phantom robots can

perform manipulation tasks cooperatively. The design requirements are listed below:

1. The fingertip sensor needs to be connected to the end-effector of a 3-DOF Phantom

robot with a 1-DOF adjustable base.

2. The fingertip used for manipulation objects are expected to be compliant, and can be

easily changed to other shapes with little effort.

3. During manipulation tasks, only the radial side of the fingertip sensor is expected to

contact with the objects. Therefore the fingertip sensor should be able to detect the

directions of the external forces coming sideways. The resolution should be within 60

degrees in the radial plane.

4. The replacement of the fingertip should be easy and fast; the budget of each fingertip

should not exceed $20.

At this stage, the design requirements of the fingertip sensor are all met for the manip-

ulation tasks of the Phantom robots as shown in Fig. 6.10. More information about the

sensor can be found in our video submission. In the rest of this section, we are going to

validate the efficacy of our proposed method through experiments.



113

Figure 6.10: Fully assembled fingertip sensors mounted at the end-effectors of four 3-DOF
Phantom robots for cooperative manipulation tasks.

As illustrated in Fig. 6.11, a fully assembled fingertip sensor for the Phantom robot was

tested in the experiments. A MLP-25 load cell (Transducer techniques, CA) was attached

to a probe stylus. Infrared markers were used to track the motion of the stylus. The 3D

marker coordinates were measured at 480 Hz using a 7-camera system (PhaseSpace Inc.,

San Leandro, CA) with respect to the camera (global) frame. The direction of the contact

force applied to the fingertip in the radial plane was first calculated in the finger frame and

then transformed to global frame for comparison.

The magnitude and the orientation of the contact force were recorded by the the load

cell and collected by the motion capture system, respectively. Those values were used to

label and validate our experimental results. The FSR sensor changes its resistance based on

the force applied to it. We measured the resistance using a voltage divider that divides the

5V supply voltage between 10KΩ resistor and the sensor. We then converted the voltage

reading to resistance for reporting.
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Figure 6.11: Experimental setup of the fingertip sensor and definition of different frames.
Top: Labeled pictures of a typical trial illustrating the definition of projected angle, sensor-
frame, camera-frame, and important components of the experiment. Bottom: Locations of
the three FSRs ($6/unit) in sensor-frame whose X-Y plane is the radial plane).

As shown in Fig. 6.11, the force vectors measured from the probe stylus were first

projected onto the X-Y plane (the radial plane) in the sensor-frame. Then the projected

angles were calculated based on their X and Y coordinates. The projected angle is equivalent
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to the β value as modeled in the section IV, and therefore its value can be calculated by

using Eq. (3) and (4).

The comparison result between the measured and the estimated projected angles is

shown in Fig. 6.12. Note that the readings from the load cell are only used as the contact-

event indicator. When the contact occurs, a spike would be observed in the load cell

data. The differences between measured and estimated angles are all within 60 degrees.

This means the fingertip sensor could successfully meet our design requirements for the

Phantom robot. The sources of the discrepancies between the measured and estimated

angles most likely result from the hysteresis and non-linearity of the FSRs [122]. In addition,

the contacts between the probe head and the silicone rubber coated fingertip seemed to be

more complicated than we expected – the effect of the deformation of the silicone rubber

around the probe head combined with the relatively large friction made it hard to accurately

measure the direction of the applied force.

Figure 6.12: Comparison of the contact angles between measured and estimated values in
the radial plane.
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6.5 Conclusion

We have detailed the design of a low-cost, 3-axis fingertip sensor that is made of 3D-printed

materials. Our proposed fingertip sensor is composed of a fingertip, a FSS sensor enclosed

base, a cantilever-bolt, and a set of low-cost sensors. In order to improve our design concept,

experiments were conducted on optimizing the effects of configurations on the performance

of the fingertip forces. In total, over 2000 loading/unloading tests were conducted for

collecting data used in statistical analysis. We found that there was no obvious effects on

the linearity of the sensor by pre-loading the FSS sensors with the cantilever bolt. However

the height of the 3D-printed fingertip appears to be an important factor that affects the

hysteresis performance of the FSS sensor. Thus, an optimized fingertip sensor was used

for the calibration in the later experiments. The results of the calibration prove that our

proposed fingertip sensor can detect the normal component of the contact forces. However it

was challenging for the fingertip sensor to estimate the forces acting along the axial direction

of the fingertip sensor, the discrepancy is likely from the elastic deformation of the bottom

cap. In our future work, we are planning to add this effects into the fingertip model.

At the end, a case study was presented to validate the adaptive feature of our design

concept. Four Phantom robots were equipped with modified fingertip sensors. And each of

them costs less than $20 to fabricate. Design requirements such as compliance, resolution,

and low-cost were all achieved through combining 3D-printing technology and innovative

design. Next we are going to perform manipulation with those Phantom robots.

As for improving the functionality of the 3D-printed sensor itself, we are interested in

incorporating three more sensors into the design so that the resulting sensor will have the

potential to measure all the six degrees of freedom of a contact force. As we demonstrated

in our case-study, similar design concept can be easily adapted to different applications with

little effort. Due to its compact size, our optimized fingertip sensor will be implemented

into a 20-DOF anthropomorphic robotic hand that was previously developed in our lab [14].

Eventually, we would like to make our 3D model of the fingertip sensor an open-source sensor

so that more researchers can benefit from the convenience and low-cost of the 3D printing

technology.
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Chapter 7

LOW-COST ROBOTIC HAND

In this chapter, we take an alternative approach to the question of how the anthropo-

morphic robotic hand can be designed such that the fabrication of the robotic hand is fast,

the cost of the modification and maintenance is cheap, and the control of the robotic hand

is feasible by presenting the design, actuation, and modeling of a 20-DOF anthropomorphic

robotic hand (as shown in Figure 7.1). Our proposed method combines adaptive design,

rapid prototyping, and modeling with a custom-designed software [85]. The resulted an-

thropomorphic robotic hand is composed of 31 parts in comparison to other existing robotic

hands using hundreds of parts, and can be 3D-printed in 20 hours and fully assembled in

4 hours. Its size, DOFs, ROM, and actuation type can all be adjusted/changed with little

effort or modification.

In the following sections, the innovative design methods of the robotic hand are detailed,

the actuation system is described, and then the modeling of the robotic hand system is

established to demonstrate how our custom modeling software could help to speed up the

control. At the end a fully assembled robotic hand system is prepared for our future

work [14].

7.1 Development of the anthropomorphic robotic hand

Although the anatomy of the human hand provides detailed sources of static models, such

as joint structure, tendons routing, and layered skin, how to organically incorporate state-

of-the-art engineering advances into a fully functional robotic hand system is what we want

to achieve in this chapter. This section describes the mechanical design and prototyping

process of our robotic hand.

As shown in Figure 7.2, Our proposed robotic hand is composed of four articulated
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Figure 7.1: The 3D-printed 20-DOF anthropomorphic robotic hand.

fingers and one opposable thumb. The size of our robotic hand matches that of the ACT

Hand [8] whose biomechanical properties were extracted from a laser-scan model of a human

left hand (Stratasys Corp., Eden Prairie, MN).

There are three joints in each finger of the human hand: namely, the metacarpopha-

langeal (MCP), proximal interphalangeal (PIP), and distal interphalangeal (DIP). Each DIP

and PIP joint possesses one DOF. The MCP joint has two DOFs: one to achieve flexion-

extension and another to realize abduction-adduction finger motion. The three joints of the

thumb are the carpometacarpal (CMC), metacarpophalangeal (MCP), and interphalangeal

(IP) joints. Its IP and MCP joint were designed to possess one DOF in the flexion-extension

direction respectively. In contrast with other fingers MCP joints, the CMC joint of the

thumb has two DOFs with two non-intersecting, orthogonal axes [8]. Table 7.1 lists the
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Figure 7.2: 3D model of the anthropomorphic robotic hand.

ROM of our proposed robotic hand.

7.1.1 3D-printed Lego-style, modular finger design

As previously mentioned, one of the major barriers that prevents researchers from adding

modification to any existing anthropomorphic robotic hands is that the cost of time and

grand funding. However this cost can be side stepped through the innovation of rapid

prototyping technologies. As shown in Figure 7.3, each segment of a finger is 3D printed

by the Dimension BST 768 (Stratasys Corp., Eden Prairie, MN). The resolution of the 3D

printed parts is 0.025mm, and it takes only one hour to print all the components of an entire

finger. Additionally the strength of the ABS plastic is sufficient to resist the induced stress

of cables.

One of the important factors we believe that makes LEGO toy popular is because it
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Table 7.1: The joint motion limits of the anthropomorphic robotic hand

Finger Joint Minimum Maximum

Index, MCP 20◦ extension 90◦ flexion

Middle, 30◦ abduction 30◦ adduction

Ring, PIP 0◦ extension 90◦ flexion

& Little DIP 0◦ extension 90◦ flexion

Thumb CMC 40◦ extension 90◦ flexion

40◦ abduction 40◦ adduction

MCP 0◦ extension 80◦ flexion

IP 20◦ extension 90◦ flexion

Figure 7.3: Components of each finger unit.

allows players to inspiringly prototype their design ideas via a number of interlocking plastic

bricks within a short period time. Following the same principle, our proposed robotic

hand was designed to be modular and adaptable. The joint connection between two finger

segments was formed by one LEGO-style Snap-On joint. As shown in Figure 7.3, there are

three Snap-On joints in one finger. The interlocking mechanism of the Snap-On joint is

composed of a 3D printed C-shaped clip on one side of the joint and a steel shaft passing
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Figure 7.4: Two examples of assembling a Snap-On joint. Top row: Assembling a DIP
hinge joint. Bottom row: Assembling a MCP ROM-ball on to the finger base.

through the center of the other side of the joint. After snapping into the clip, the steel shaft

can be secured by the friction engagement, and a Snap-On joint is thus formed (as shown

in Figure 7.4).

The ROM of a joint is limited by the mechanical constraints between adjacent finger seg-

ments in extreme postures and can be modified in CAD model without affecting other sites

of the part. For instance, by snapping on a new MCP ROM-ball with different mechanical

constraints, the ROM of abduction/adduction can vary from 20 degrees to 40 degrees easily.

In addition to simplifying the robotic hand design, the Snap-On mechanism can also

help to ease the burden on assembly: by replacing a set of finger segments with shorter

ones, a smaller hand will be reformed in minutes.

7.1.2 Adaptable tendon routing

The tendon routing plays an important role in control of anthropomorphic robotic hands.

As shown Figure 7.5(a), our proposed robotic hand uses four pairs of antagonistic tendons

to control each of its 4-DOF fingers. The tendons are made of 0.46 mm Spectra R© fiber

(AlliedSignal, Morristown, NJ). The fiber was chosen because of its strength (200N breaking
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(a)

(b)

Figure 7.5: Schematic drawing of two possible cable routing types. (a) A 4-DOF finger
with four pairs of antagonistic cables (Note: cables originated from the DIP and PIP finger
segments were passing through the center of the cable tubes in the real robotic hand, for
better illustration, their routings are drawn explicitly). (b) A 3-DOF under-actuated finger
with pulley systems.

strength), high stiffness, flexibility, and its ability to slide smoothly through the cable tube.

Compared to other types of transmission, such as linkages, gears, and belts, choosing cable-

driven system enables the anthropomorphic robotic hand to quickly switch between being

fully actuated and being under-actuated with little modification as shown in Figure 7.5.

This in return broadens the application of the anthropomorphic robotic hand ranging from

dexterous manipulation research to practical prosthetics.

Although changing the tendon routing is a good way to explore the potentials of an

anthropomorphic robotic hand, it is also the most time-consuming process during the as-

sembly (e.g., 90% of the total time in our case). How to efficiently optimize the cable routing
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and paths so that each of the finger joints can be controlled properly plays an important

role in our proposed robotic hand design.

Before rushing to prototype/modify the robotic hand, our custom modeling software

provided us an unique platform to evaluate our design ideas. For instance, the STL files

generated for 3D printing can be directly loaded into the software for detecting mechanical

conflicts.

Figure 7.6: The configuration of the tactile sensor as the second layer of the artificial skin.

7.1.3 Tactile sensing of the robotic hand

As shown in Fig. 7.6, the tactile sensing of our 20-DOF robotic hand adopted the layered skin

pad design that are described in Chapter 5 (see Fig. 5.2 for comparison). Since the design

and performance of the artificial skin has been systemically investigated in the previous

chapter, we are not going to repeat the description in this section.
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7.1.4 Actuation system

As shown in Figure 7.7 the actuation system consists of two major components: pneumatic

control unit, and robotic hand’s actuation unit.

The actuation unit contains 36 of the M9 Airpel cylinders (Airpot Corp., CT) for finger

tendons, and 4 of the M16 Airpel cylinders for wrist tendons (also used for finger actuation

in this work). Double-acting cylinders were selected for complete control over the actuation

force in both directions (although this feature is not yet utilized). The fully assembled

actuation unit forms the base of the hand and weighs 660 grams. It can sustain about

75 N from each air cylinder with a safety factor of 3. When attached to a robot arm,

most of this mass is near the base (elbow), thus won’t cause mechanical conflicts during

manipulation tasks. Detailed specifications of the actuation system can be found from our

previous work [123].

Figure 7.7: The actuation system of the robotic hand. Left: the pneumatic control unit.
Right: Fully assembled actuation unit.
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7.2 Modeling of the robotic hand

The variable moment arms of our proposed robotic hand closely mimic its human counter-

part (as shown in Figure 7.8), and provide us an unique opportunity to investigate dexterous

manipulations tasks. However, it also poses a series of challenges to the robotic hand control.

Together with the information of the tendon excursion, knowing accurate moment arms at

each joint of the finger can allow us to easily compute the kinematic configuration including

joint angles and velocities for the corresponding finger.

(a) DIP joint (b) PIP joint

(c) MCP flexion joint (d) MCP abduction/adduction joint

Figure 7.8: Moment arms at different joints of the index finger of the robotic hand (data
are measured from the 3D CAD model). (a) Moment arms at the DIP joint. (b) Moment
arms at the PIP joint. (c) Moment arms at the MCP flexion joint. (d) Moment arms at
the MCP abduction/adduction joint.(Note: Flexion and abduction motions have positive
angles, flexion; extension and adduction motions have negative angles.)
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(a)

(b)

Figure 7.9: Modeling of our low-cost robotic hand. (a) Kinematic model of the robotic
hand visualized in OpenGL(left) and the model of the tendon paths(right). (b) The thumb
extensor wrapping at the CMC joint during the flexion motion.

Instead of complicating the mechanical structure of our robotic hand by adding multiple

joint sensors, we chose to construct a kinematic model of the hand and its tendon paths in

order to estimate the finger status(as shown in Fig. 7.9(a)) This was done by taking the

numeric data from the CAD file used to 3D-print the robotic hand, and importing it in an

XML file that is then read by our modeling software MuJoCo. The same process has been
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explained in detail in Chapter 4, therefore only the important figures are presented here.

As shown in Figure 7.9(b) MuJoCo computes the shortest path that passes through all

sites defined for a given tendon, and does not penetrate any of the wrapping objects (i.e.

the tendon wraps smoothly over the curved surfaces).

7.3 Performance evaluation of the robotic hand

In this section, we conducted a series of experiments to test the performance of the compli-

ance, and speed of our proposed robotic hand. Preliminary results are reported.

7.3.1 The force behaviors and speed of the robotic hand

In order to investigate the characteristics of the force and compliance of the actuation

system, we conducted experiments using a Shadow hand in our previous work [123]. In this

chapter, we conducted the same experiments on our proposed robotic hand and compare its

performance with the Shadow hand in Table 7.2. An external force of 2 grams at the index

finger tip was enough to flex the MCP joint thus confirming the exceptional compliance of

our fully actuated robotic hand. During the test of the maximum fingertip forces, all the

index fingers of the two robotic hands were commanded to be fully extended, the moment

arm of our proposed robotic hand is 13 mm (104 mm finger length) compared to Shadow

hand’s 10 mm moment arm (96 mm finger length), but produced over doubled forces in

both flexion and extension directions.

The actuation system we developed was mainly prepared for the tendon-driven hands and

performing dexterous hand manipulation experiments. Any dexterous hand manipulation

demands agility and responsiveness from its actuation hardware. The speed capabilities

of our robotic hand were evaluated using a simple open loop bang-bang control strategy

over the index finger. The goal was to achieve full stroke movements (joint limit to joint

limit) at maximum frequency. Control switching frequency was gradually increased until

finger started making incomplete strokes, i.e. reversed before hitting the joint limits. Using

this simple strategy, a frequency of about 3Hz was achieved for a full finger motion (from
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Table 7.2: Comparison of characteristic force behaviors

Specifications on force
behaviors

Our proposed
robotic hand

The Shadow
hand

Minimum actuation force at finger

tip to move MCP joint(vertical

actuator, at atm pressure)

0.020 N (2.0 g

weight)

0.039 N (4.0 g
weight)

Minimum actuation force at finger

tip to move MCP joint(vertical

actuator, at min slack correction

pressure)

0.078 N (8.0 g

weight)

0.059 N (6.0 g
weight)

Maximum flexion force at index

finger tip

6.91 N (705 g

weight)

2.94 N (300 g
weight)

Maximum extension force at index

finger tip

6.86 N (700 g

weight)

4.31 N (439 g
weight)

(a) (b)

Figure 7.10: Full finger motion at 3 Hz. Left\Right: Response of the valve pressure (prs)
and length sensor (len) of the MCP extensor\flexor with respect to the command signal.

fully extended to fully flexed for all the three joints) as shown in Figure 7.10 and 7.11. We

are working towards a more principled way to further improve actuation speed by carefully

modelling valve and pneumatics of our system.
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Figure 7.11: Time stamps. From left to right: T1 – Event Trigger, command written to the
pneumatic value, T2 – Pressure wave arrival, T3 – Index finger MCP movement detected.

7.3.2 The cost of the robotic hand

The cost of our proposed robotic hand itself is very low – approximately $100 for all ma-

terials. Of course this does not include the tactile sensing ($300) and actuation system.

However, a ShadowHand robot with similar mechanical capabilities and also without actu-

ation costs around $60,000. Thus the proposed design offers a dramatic reduction in cost,

as well as time required to manufacture and test a modified version of the system when

needed.

A notable advantage of having an inexpensive hand (and instead investing in the actu-

ation system) is that only the hand will typically interact with the environment. Thus any

damage is likely to occur in parts that are inexpensive to replace. The modular design of
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the robotic hand and its tactile sensing can further reduce the cost as well.

7.4 Conclusion

We have described the method of designing and modeling of a 20-DOF anthropomorphic

robotic hand. Our proposed robotic hand has 31 components, and can be manufactured

in 24 hours. Important parameters such as finger length, DOF, and ROM of the robotic

hand can all be individually changed with little effort or modification. Skin pads for tactile

sensing were also developed. For evaluating design ideas and speeding up our design cycle,

we used our custom modeling software to establish the kinematic model of the robotic

hand. Experimental results on tactile sensing, force behaviors and actuation speed suggested

that our robotic hand has comparable performance to the ShadowHand robot, but requires

only a fraction of the latter’s cost. Our proposed design has the potential to become

an important tool for assisting robotic hand researchers to cost-effectively and efficiently

investigate different control methods.
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Chapter 8

PROOF-OF-CONCEPT PROTOTYPE OF THE

ANTHROPOMORPHIC ROBOTIC HAND

In the previous chapters, we reviewed the important anatomy of the human hand, fabri-

cated and tested the crocheted extensor hood, designed artificial fingers that possess human-

like compliance, actuated the artificial finger with pneumatic system, proposed the design

of artificial skin, and fingertip sensors. Based on what we learn from these investigation,

in this chapter, we conclude the work by briefly describing the prototyping process of our

proposed anthropomorphic robotic hand. This robotic hand is composed of one thumb and

four fingers. Different from all the existing robotic hands, its joints highly mimic their hu-

man counterparts by matching not only the structure, but also the working principles that

allow the fluent motions of the human hand.

The structure of this chapter is organized as follows: The first part focuses on the design

and prototyping process of our proposed robotic hand. And the second part addresses the

design of the novel data glove.

8.1 The rapid prototyping process of the anthropomorphic robotic hand

As shown in Fig. 8.1, all the parts of the robotic hand can be printed out on a 20 × 20 cm

tray (Dimension BST 768, Stratasys Corp., Eden Prairie, MN)). Depending the setting of

the inner structure and resolution of the parts (0.025 mm), the total printing time could be

less than 20 hours.

After cleaning the support materials off from the parts, each robotic finger can be quickly

assembled as explained in Fig. 4.3. The design of the joint capsule was further improved.

As show in Fig. 8.2, one pair of the crocheted ligaments is used to mimic the two collateral

ligaments located on the sides of each finger joint. Similarly, the function of the volar plate

(see Fig. 2.10) is replaced by two crocheted ligaments anchored across each joint (as shown
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Figure 8.1: The full set of 3D-printed finger segments made of ABS plastic.

in Fig. 8.2). Instead of using the silicone rubber sleeve, laser-cut rubber sheet was used

to provide the human-like compliance (80W CO2 1100 series laser, Legacy Laser, Defiance,

PA). Based on the ROM of each joint, the dimensions of these components vary in size.

The design improvement greatly reduced the fabrication time. The longest joint ligaments

can be manually crocheted within five minutes. And the laser-cut rubber sheet can be

prepared in few seconds. Coating the thermoplastic onto the joint base (as shown in Fig.

4.3) becomes the most time-consuming part of the prototyping process. However, it still

can be finished within 20 minutes for each finger.

The next step is to attach the laser-cut extensor hood onto the dorsal side of each finger.

In the previous chapters, we have detailed the important roles of the extensor hood during
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Figure 8.2: Simplified joint capsule composed of crocheted Spectra kite string and laser-cut
high strength rubber sheet.

both finger extension and flexion motions. When finger straightens, the extensor hood

acts as a force transmission mechanism that actively delivers torques at each finger joint.

However, most of grasping movements of human hand heavily rely on the contraction of

flexor muscles to execute different types of grips. With the help of flexor tendons, when

co-contraction (like stiffening all the finger joints) of agonist and antagonist muscles is not

required, the extensor hood is mainly functioning as a passive breaking mechanism that

smartly facilitates the motion during finger flexion. In human hand, these two roles of

the extensor hood are perfectly regulated by different groups of muscles controlled by our

brain. Yet it is very challenging to replicate all the behaviors of those muscles with one

set of actuators in robotic hand control. We thus propose to design a hierarchical extensor
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Figure 8.3: The fully assembled biomimetic hand containing the 3D-printed ABS bones
from the scan of cadaveric hand bones. Note: The wrist of the hand is immobilized since
it is not the focus of this thesis at this stage.

mechanism in order to handle the two roles of the extensor hood separately.

As shown in Fig. 8.3, highly resilient rubber sheet was laser cut into the shape of an

extensor hood to mimic the passive hehaviors of the extensor tendons, leaving the active

part of control to the electric servos that enable the finger extension through cable-driven

mechanism. By doing so, the control of the robotic hand can be greatly simplified.

Before each finger was mounted onto the wrist of the robotic hand, another important

mechanism was implemented in order to mimic the function of tendon sheaths on the palmar

side of the fingers. We name them as the elastic pulley system, which consists of 14 patches of
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Figure 8.4: The elastic pulley system implemented on the palmar side of the biomimetic
hand. Left: The flexor tendons of the robotic hand are running underneath the laser-cut,
elastic tendon sheaths. Right: Snapshots of a separate finger showing the bulging process
of the elastic pulleys during finger flexion.

laser-cut rubber sheets. The rubber sheets were slightly pre-stretched before being attached

onto the finger so that they could closely conform to the contour of the bone. Then flexor

tendons made of high strength Spectra R© strings (200 N yield strength) were routed through

the rubber tendon sheaths via several rivet reinforced ports (see Fig. 8.4). One end of the

flexor was to be inserted into the distal joints of the hand, and the other end was directly

connected to the electric servo. Once the servo starts rotating, each robotic finger bends

with the retraction of the strings during which the bulging process of the elastic pulleys

occurs simultaneously. The design of the rubber tendon sheaths closely mimics that of the

human counterpart (see Fig. 2.4) by providing mechanical advantages that allow torques
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at the finger joints to gradually increase as long as the servos keep pulling the strings.

The final step was to mount the thumb and fingers onto the wrist of robotic hand. The

wrist of our proposed robotic hand has 1-DOF at the base of the ring and little fingers. As

we addressed at the beginning of this thesis, the biomimetic design of the wrist is left for

future work, the current version only serves as a static base for testing the fingers. But the

strings’ routing paths at the wrist are closely mimicking the carpal tunnel of the human

hand. In total, ten Dynamixel servos [124] (nine MX-12W and one AX-12A) are used to

actuate the robotic hand (as shown in Fig. 8.5). Two servos are used to control the flexion

and extension of the ring and little fingers through a differential pulley transmission. The

index and middle fingers are separately controlled by two pairs of servos so that each of them

can bend and straighten independently. But they also share an extra servo for a coupled

control at their MCP joints. We use three actuators to control the thumb. One of them is

an AX-12A Dynamixel servo that has a larger gear ratio (254/1) than others (32/1) and is

used for the extension/abduction of the thumb. The other two servos of thumb are assigned

to control the flexion and adduction motions, respectively. The diameter of the pulley that

is directly attached to the shaft of the servo is 20 mm.

The specifications of the two types of servos are listed in Table 8.1.

Table 8.1: The specifications of the Dynamixel servos.

Dynamixel Servo Model AX-12A MX-12W

Working voltage (V) 12 12

No load speed (RPM) 59 470

Stall torque (N·m) 1.5 0.2

Gear ratio 254/1 32/1

Resolution (◦) 0.29 0.088

Range of Motion (◦) 300 360

Communication Speed 7343bps 1Mbps 8000 bps - 4.5 Mbps

Weight (g) 55 54.6

Dimensions (mm) 32 × 40 × 50 32 × 40 × 50
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Figure 8.5: The fully assembled biomimetic hand incorporated with the electric actuators.
Left: The palmar aspect of the anthropomorphic robotic hand. Top right: The lateral view
of the robotic hand showing the structure of the thumb web. Bottom right: The MX-12W
dynamixel servo.

8.2 Teleoperation of our proposed robotic hand

Currently, no tactile or joint angle sensor was implemented into our proposed robotic hand

yet. But the designs we developed for the artificial skin and fingertip sensor could all

be modified to work with the existing robotic hand prototype. For this proof-of-concept

prototype, the next critical step is to validate its functionality with teleoperation. To this

end, a new type of data glove was designed in order to achieve the one-to-one easy mapping

from the human hand to the robotic hand (see Fig. 8.6).
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Figure 8.6: The string-potentiometer based data glove. Right: A disassembled string-
potentiometer unit. Middle: The palmar view of the data glove showing the four flexors
connected to the thumb, index, middle, and coupled ring and little fingers. Right: The
dorsal view of the data glove showing the control inputs from the index finger’s PIP joint
and the ad/b motion of the thumb.

Since our proposed anthropomorphic robotic highly mimics the human hand, it is

straightforward to consider of extracting movement information from the latter and sending

them as control inputs for the former. This idea is not new, in fact, most of the dexterous

motions demonstrated by the existing anthropomorphic robotic hands were all realized by

using this method known as the teleoperation. During this process, in order to map the

motion from the human hand to the robotic hand, joint angles are often collected by a

data glove, and then translated into commands that can be used to control the actuators.

Depending on the type of the transmission system, the translated commands could contain

information ranging from the gear-ratio values, configurations of a linkage system, to an
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m × n Jacobian matrix that correlates m joint angles with n actuators. However, none of

those data gloves can realize the one-to-one mapping from the human hand to the robotic

hand for two reasons. First, very few robotic hands directly implement electric motors at

their joints because small motors are neither compact enough to fit into the finger joint nor

strong enough to generate enough torques at the fingertip to perform any meaningful task.

So the actuation system of the robotic hand always requires a certain type of transmission

system. Therefore the readings of joint angles measured from a data glove could not be

directly used for the control of any robotic hand without taking into consideration of the

transmission system. Second, the kinematics of these robotic hands are based on simplified

mechanical joints whose configurations and rotational axes could be very different from the

specific human hand that is used in the teleoperation, posing an inherent mismatch in the

calibration procedure.

In contrast, our proposed anthropomorphic robotic hand can be categorized as a cable-

driven system in which all the strings mimicking the extensor/flexor tendons of the human

hand. Different from all the existing anthropomorphic robotic hands, the kinematics of our

proposed robotic hand inherently matches that of the human hand. This means if we could

directly provide information about how much the tendons should travel back and forth, the

control problem of our proposed robotic hand can be greatly simplified by bypassing the

complicated mapping conversion process that often involves the non-linear relationships in

the m × n Jacobian matrix.

As shown in Fig. 8.6, our data glove uses six custom-made string potentiometers whose

original design was adopted from the online open-source STL files [125]. Each string po-

tentiometer works as a key retractor with an anchor point at the corresponding tendon

insertion site near the distal joint of each finger. It can measure the length of the string

when it travels back and forth along with the finger movement.

As demonstrated in Fig. 8.7, the data glove was successfully used to teleoperate our

anthropomorphic robotic hand via an off-the-shelf servo controller (CM-530) [124]. During

this process, information of natural hand motions of the human operator were extracted

by the data glove, and transformed into data about how much each string (tendon) should

travel. These data were simultaneously converted to rotational angles of each servo based
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Figure 8.7: Snapshots showing the teleoperation process of our proposed anthropomorphic
robotic hand. Top row: The index and middle fingers can move independently from the
coupled ring and little fingers. Middle row: The precision grasp between the index/middle
finger and the thumb. Bottom row: The abduction, adduction, and opposition motions of
the thumb.

on the diameter of the pulley directly connected to its shaft.
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8.3 Performance of the biomimetic robotic hand

In addition to the qualitative evaluation mentioned above. We also quantitatively investi-

gated the performance of our robotic hand in terms of its fingertip forces and trajectories.

The experimental setup, procedures, and results are discussed in following subsections.

8.3.1 The effects of finger postures on fingertip force

Although the MCP joint of each finger potentially allows any motion ranging from 45◦ in

extension to 90◦ in flexion, our human hands are not always operated at these extreme

postures. Instead, a smaller range of motion were found to be prevailing during the reach

and grasp motions of the human hand. And therefore two metrics, namely openness and

flatness were introduced to define the boundary of this smaller set of hand postures for

ergonomic applications by Bae [27].

As shown in Fig. 8.8, the changes of joint angles in the index finger can be used to

distinctively represent the four boundary postures. In the order of MCP, PIP, and DIP

joint angles, there are (9.9◦, 60.3◦, 40.2◦), (29.7◦, 9.9◦, 6.6◦), (50.4◦, 39.6◦, 26.4◦), and

(60.3◦, 19.8◦, 13.2◦) for postures 1, 2, 3, and 4, respectively. Because most of our daily

objects can be picked up by using the grasp bounded by those four postures, it is of our

interest to investigate how the fingertip force of our robotic hand changes with respect to

the four different finger postures.

To this end, we designed an experimental setup that is compatible with the four different

situations. As shown in Fig. 8.9, a separate index finger was securely mounted on a 3D-

printed base. And four detachable jigs, which were also attached to the base, were alternated

to position the same load cell (MLP-25 , Transducer techniques, CA) so that the force

sensing side of the load cell could always be in good contact with the fingertip during each

trial. Besides using these jigs, the fingertip of the index finger was modified to incorporate

a small socket to further prevent slip during the test (see Fig.8.10).

The flexor tendon of the finger was connected to a plastic tray that weights 20 grams.
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Figure 8.8: The four hand postures that can be used to bound the common reach and grasp
motions of the human hand (adopted from [27]).

Ten known weights1 were cumulatively added into tray during each loading test. After

calibration, the force readings from the load cell were recorded by NI DAQ PCI-6229 at 200

Hz. At each finger postures, six loading trails were first conducted. Then we discarded all

the first trails to avoid system errors caused by switching jigs and repositioning the load

cell. The fingertip forces from each trial were calculated by subtracting the force readings

when no weight was added.

The result is plotted in Fig. 8.11. It is interesting to observe that the output of fingertip

force is greatly affected by hand postures. When the finger bends into the palm, both the

flatness and openness of the hand are reduced, generating the smallest flexor to fingertip

force ratio (4.50, R2 = 0.98) at posture 3. Similarly, when the finger straightens, both the

flatness and openness of the hand are increased, resulting in the largest flexor to fingertip

198, 104, 104, 104, 104, 104, 108, 180, 208, 212 grams
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Figure 8.9: Experimental setups for testing the fingertip forces at four different boundary
postures. Note: The joint angles are denoted in the form of (MCP, PIP, DIP).

Figure 8.10: The mechanical coupling between the fingertip and the load cell.

force ratio (6.90, R2 = 0.99) at posture 2. Since the flexor mechanism of our robotic

hand closely mimics the elastic pulley system of its human counterpart (see Fig. 8.4), the
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Figure 8.11: The relationship between the flexor tendon’s forces and fingertip forces at four
different finger postures. Note: Data are reported as mean +/- standard deviation.

phenomenon suggests that under the same amount of muscle forces, the human hand is

inherently more compliant when all the fingers are extended to reach objects, but becomes

stiffer when fingers wrapp around objects to form a firm grip.

The result of the flexor to fingertip force ratios is summarized in Table 8.2. The flexor

tendons of our robotic hand mimic the flexor digitorum profundus (FDP) tendon of human

hand by having the same insertion site at the distal joint. Although the human finger has

another flexor tendon – the flexor digitorum superficialis (FDS) tendon – inserted to the

base of the PIP joint, we chose to not incorporate the FDS in this version of the robotic

hand, because it is reported that the FDP tendon generates greater fingertip forces than
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Table 8.2: The flexor to fingertip force ratios at different finger postures

Posture
Number

Flexor vs. tip
force slope

R2 The Max measured
fingertip force1 (N)

The Max predicted
fingertip force2 (N)

1 4.61 0.96 2.68 32.54

2 6.90 0.99 1.84 21.74

3 4.50 0.98 2.84 33.33

4 5.60 0.98 2.34 26.79

1The force readings are from the MLP-25 load cell.
2The fingertip forces are predicted based on the stall torque of the AX-12A Dynamixel servo.

the FDS tendon during isometric tasks [126]. Compared to our results listed in Table 8.2,

it was found that the ratio of FDP tendon to fingertip force in the human hand is 7.9±6.3

during pinch grasp [127]. The smaller ratio observed in our robotic hand suggests that our

biomimetic pulley mechanism can transmit tendon forces to the fingertip more efficiently.

The origin of this transmission efficiency comes from the bulging process which was also

clearly observed across all the four trials. As shown in Fig. 8.12, the moment arm at each

finger joint continues to grow as the tendon force increases (by adding more weights into

the tray). Since the tendon sheaths were made of highly resilient rubber sheet, this bulging

process can be reversed without any noticeable deformation once the tendon force reduces.

As shown in Fig. 8.11, the small errorbar of the results also confirms that our proposed

robotic hand is quite consistent in term of outputting fingertip force. As shown in the last

column of Table 8.2, our proposed robotic index finger can potentially generate over 30 N

force at its fingertip if stronger servo motor (Dynamixel AX-12A) is used. This amount is

comparable with that of the human index finger reported in past [128].

A repeatable experimental setup is crucial to all the scientific investigation. However,

most of the in-vivo studies conducted on cadaver hands could not be repeated by other

researchers since the decay process of the organic tissues is irreversible. Besides, the bio-

logical variations caused by individual differences could also result in a long lasting debate.

In contrast, our proposed robotic hand highly resembles its human counterpart and can be
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Figure 8.12: The bulging process of the tendon sheaths (from Posture 1 as shown in Fig. 8.9)
when the flexor tendon force increases.

easily duplicated with variations in anatomical details, therefore it can help to document

these important scientific findings by serving as an open-source platform.

8.3.2 Trajectory of the fingertip

Because our robotic hand system is underactuated with elastic components at each fin-

ger joint, it is of our interest to investigate the repeatability of our proposed mechanism,

especially when the finger’ ROM is controlled in between full flexion and extension postures.

As we briefly mentioned, the ring and little fingers are coupled considering their col-

laborative relationship as the grasping fingers. Their flexion and extension motions are

controlled by a pair of Dynamixel servos through a differential pulley transmission as shown

in Fig. 8.13. The benefit of using such a pulley structure is to provide an extra source of

hand compliance in addition to the build-in compliance at each finger joint, since it allows

the two grasping fingers to conform to the contour of an object by automatically adjusting
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Figure 8.13: Labeled pictures showing the differential pulley transmission for ring and little
fingers and the locations of the reflective makers. Note: All the marker coordinates were
recorded with respective to the forearm frame.

the shared string length between the two insertion sites. But the drawback is that the

underactuation mechanism could also become a source of uncertainty bringing the two fin-

gers into some unknown postures when they bend and straighten between the two extreme

postures.

Compared to the ring and little fingers, the index, middle, and thumb are each actuated

by more than two servos, therefore can be better controlled in this case. During the fingertip

tracking experiment, we chose two known postures for the coupled ring and little fingers,

and then controlled the two servos to bend and straighten the coupled fingers approximately

once every two seconds. The coordinates of the reflective markers attached to the fingertip of

the fingers are recorded by a motion capture system (Vicon Bonita) composed of 7 infrared

cameras at 240 Hz VGA resolution. The Vicon system was calibrated, and is able to detect

0.5 mm displacement in all directions.
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In order to ease the marker occlusion and confusion issues, we attached a forearm frame

(see Fig. 8.13) near the wrist of our robotic hand, so that we can record the marker tra-

jectories for one fingertip at a time, and then transform their coordinates from the default

world frame to this forearm frame when processing the data. The use of this forearm frame

also allows us to constantly change the orientation of our robotic hand during hand motions

in order to achieve better visibility for the reflective markers.

The XYZ coordinates of the fingertips from the ring and little fingers are plotted in

Fig. 8.14(a) and (b), respectively. 20 repetitions of the full flexion and extension motions

were recorded. The data show a highly repeatable pattern both from the the ring and little

fingers, which suggests that the built-in joint compliance and differential pulley system do

not affect the repeatability performance of our proposed robotic finger design. The patterns

of their repetitions look very similar to each other since their actuation is coupled. Thus,

in the following discussion, we are going to use the ring finger as a representative case.

After being projected onto the X-Z plane, the flexion and extension trajectories of the

ring finger’s tip can be clearly observed in Fig. 8.15. It is interesting to find that the

flexion and extension motions of our biomimetic robotic finger were not following the same

trajectory. Instead, the area bounded by the two trajectories covers a big portion of the

reachable workspace of the ring finger [129]. The flexion trajectory closely resembles that of

the logarithmic spiral curve observed from human finger’s flexion motion [130]. However, the

extension trajectory was rarely reported in the past literature mainly because researchers

were more interested in the grasping phrase of hand motion. The difference between the

flexion and extension fingertip trajectories results from the sequential joint movements which

can be affected by the corresponding joint stiffness. As shown in Fig. 2.3 and 2.4, the

constantly changing joint stiffness can be potentially regulated by changing the structures

and mechanical properties of both the extensor hood and the elastic pulleys of each robotic

finger.

The fingertip trajectories of other digits were also recorded. Unlike the pre-determined

inputs for the ring and little fingers, the repetitive movements of the index, middle, and
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(a) The ring finger’s tip trajectory.

(b) The little finger’s tip trajectory.

Figure 8.14: The displacement of the fingertips during 20 repetition of flexion and extension
motions. (a) XYZ coordinates data from the ring finger. (b) XYZ coordinates data from
the little finger. Note: The tracking data were separately recorded for the ring and litter
fingers to avoid marker occlusion and confusion.

thumb were controlled by the human operator through our custom-made data glove, since

our goal is to demonstrate the general workspaces of the robotic hand in the case of teleop-

eration. The two principal components of the thumb motions, namely the flexion/extension
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Figure 8.15: The ring fingertip’s trajectories projected onto the X-Z plane. (Note: The
scatter plot is from the 20 repetitions of the full flexion and extension motions.)

and the abduction/adduction were tested separately. As shown in Fig. 8.16, the teleopera-

tion results in more scattered data points compared to the ones collected from the ring and

little fingers.

As we explained when we discussed the ring and little fingers. The trajectory of each

fingertip (except for the coupled ones) was first individually recorded to avoid marker oc-

clusion and confusion issues, and it was then plotted in the same forearm frame during

post-processing. The overlapping points between the thumb and fingertips’ trajectories

clearly indicate the capability of the thumb opposition.
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(a)

(b) (c)

Figure 8.16: The trajectories of the fingertips during our robotic hand movement. Top:
3D scatter plot of fingertip trajectories. Bottom left: The trajectories of the fingertips pro-
jected onto the X-Y plane showing the thumb opposition and adduction/abduction motions.
Bottom right: The trajectories of the fingertips projected onto the X-Z plane showing the
workspaces of the fingers.
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During the flexion/extension motions, all the fingertip trajectories of the four fingers

exhibit very similar patterns, only vary in size due to their finger length difference. It is

also very obvious to observe that the fingertips were moving closer to each other as they

gradually bend into the palm. Compared to the fingers, the thumb followed a relatively con-

sistent trajectory during both the flexion/extension and abduction/adduction motions. And

therefore the entire workspaces of our robotic thumb are bounded by three parts, namely

the palmar side of hand, the flexion/extension, and the abduction/adduction movements.

8.3.3 Object grasping and manipulation tasks

After the investigation of the fingertip forces and trajectories. In order to further evaluate

the overall performance of our robotic hand, we conducted the grasping and manipulation

experiments using 31 objects from the prioritized list [18]. The experiments were divided into

three categories, namely picking up objects from a table, cooperative grasping between the

human and robotic hands, and the demonstration of simple in-hand robotic manipulation

tasks.

In the first part of the grasping experiment, human operator used his right hand to man-

ually hold the forearm of our robotic hand, meanwhile, used his left hand to teleoperate the

digits of the robotic hand via the data glove. This process is known as the tele-manipulation

during which the movement of the robotic hand is both controlled and guided by the human

operator’s hand motion and visual feedback. Since the total weight of our robotic hand sys-

tem is only 942 grams including the 10 Dynamixel servos, the human operator could easily

maneuver the entire robotic hand to achieve suitable position and orientation before and

during each grasping test.

As shown in Fig. 8.17, our robotic hand successfully picked up 29 out of 31 objects that

were initially placed on the table. The weights of these objects range from less than 1g (a

piece of tissue paper) to 518g (a bottled water). And their shapes and compliance are also

varied. It is very interesting to observe how the complicated pre-grasp planning of many

other robotic hands can be effortlessly tackled by the human operator in our experiment.

This is because our data glove and robotic hand system can be seen as an effective portal
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Figure 8.17: The list of objects used in the grasping tasks during tele-manipulation. Note:
All the objects were initially placed on the table. The two objects enclosed in the dashed
box are the ones that our robotic hand failed to grasp within four trials due to the flatness
of the object, the slippery surface of the table, and limited vision at the grasping site.

that truthfully transfers the motor skills from the human brain to robotic hand’s actions.

The biggest challenge during the tele-manipulation tasks was the occlusion of the grasp-

ing site, since the human operator could only see the back of the robotic hand with very

limited visual clues about what occurs at the finger tips. As the objects getting smaller,

flatter and lighter, the number of failed grasps were more commonly observed, particularly

when the robotic hand were trying to grasp the almost empty toothpaste tube and the

single coin (see Fig. 8.17). We argue that this problem could be solved by implementing
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Figure 8.18: The classification of grasped objects based on their geometrical types.

overhead cameras and fingertip forces sensors to provide better visual and force feedback

during each grasping task.

In addition, the compliance of our robotic hand also plays an important role during each

grasping trial by allowing the fingers to naturally conform to the shapes of different objects.

Due to this built-in compliance at each finger joint, our robotic hand could successfully
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Figure 8.19: The hand taxonomy realized by our robotic hand (Note: see Fig.1.3 for com-
parison).

pick up a wide range of objects with very few number of grasping postures. From tele-

manipulation point of view, this also suggests that our robotic hand system (including the

data glove) can effectively transfer the hand synergies [53] from the human operator to the

robotic hand.

In the second part of the grasping tests, we kept the robotic hand in its upright position

most of the times, and manually handed it different objects. This experiment can be seen



156

Figure 8.20: Snapshots of our robotic hand performing re-grasp of a whiteboard eraser.

as a series of cooperative grasping tasks between the human operator and the robotic hand

during which the former could clearly monitor the status of the grasped object without

the occlusion issue at the grasping site. As shown in Fig. 8.18, representative objects were

further divided into six categories based on their geometrical types. Note that, without the

problem of occlusion coin and cell phone can be successfully grasped by the robotic hand

this time.

Differing from the few grasping postures observed in the first part of the tests, more

variations in grasping postures were found in this second part of the experiments, especially

the frequent occurrence of different precision grasps. In fact, the resulting grasps covered

most of the grasping types defined by human hand taxonomy, except for the ones that

require independent control of the ring and little fingers (see Fig. 8.19).

Last but not least, we tested the in-hand manipulation ability of our biomimetic robotic

hand. As shown in Fig. 8.20, the orientation of a whiteboard eraser was first changed

from being horizontal to vertical through a series of continuous hand motions in the first

8 seconds. And then the eraser was further pushed downwards by the coordination of the

index finger and other gradually released digits during the last 5 seconds.
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Chapter 9

CONCLUSION AND FUTURE WORK

In this thesis, we have detailed the design process that leads us to build the final proto-

type of our anthropomorphic robotic hand. The goal of this work is to answer the question

of how to design an anthropomorphic robotic hand that highly mimics the salient biolog-

ical features of the human hand with state-of-the-art technologies. In this chapter, first,

we summarize the contributions of this work to different aspects of the anthropomorphic

robotic hand design; Second, we discuss the potential investigation that can further help to

improve the work.

9.1 Contributions

Recent advances in rapid prototyping technologies have offered many new approaches to

efficiently manufacture complex parts at low cost. As reviewed in Chapter 1, the pros-

thesis nose, exhaust turbine, and small parts of the surgical robot can all be 3D-printed

with different high resolution materials. However, the design of advanced anthropomorphic

robotic hand has not taken advantages of these cutting-edge technologies to the extent we

expected. We argue that this limitation originates from our intentional omission of the

important anatomy of human hand in robotic design due to its alleged complexity. In med-

ical research, those complexities are studied as valuable details that are crucial to hand

surgeons when they create precise surgical plans, but in robotics, those seemingly excessive

information of the hand anatomy often discourages researchers from initiating any attempt

to replicate the human hand. Therefore, most of anthropomorphic robotic hands only mimic

the most obvious features of the human hand such as the range of motion, the number of

fingers, and the size of the human hand.

In Chapter 2, we translated the important anatomy of the human hand into the “lan-

guage” that a roboticist can appreciate. Those salient features of the human hand include:
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the structure of the extensor/flexor tendons, the mechanical advantages in gliding ligaments

and bulging tendon sheaths during finger movements, the complex bone shapes that decide

the joint type, last but not least, the ligaments that form different ROM at each joint. We

argue that these anatomical features are essential for the functions of our human hand,

and should be mimicked with necessary modification when being implemented into robotic

hand design. We regard these interpretation and observations as the first mile stone of our

contribution to the community of robotic hand research.

We then started our investigation of fabricating the artificial extensor hood in Chapter 3.

The extensor hood of the human hand is a thin film of fibrous tissues. It works as a

transmission system by converting muscle forces to joint torques during finger movements.

After finding that biosolid behavior of the fibrous tissues could potentially be replaced

by Spectra string made of high strength polyester fibers, we innovatively brought in the

crochet technique into robotic hand design by creating the first crocheted extensor hood for

the anatomically corrected testbed (ACT) hand. The finger of the ACT hand could move

smoothly after being implemented with the artificial extensor hood. In order to validate

the efficacy of this new method, a series of tensile tests were conducted to quantitatively

compare mechanical properties between different crocheted structures used in the prototype.

We regard this as the second contribution of our research, since its success encouraged us

to explore more unconventional methods on the way of designing of our anthropomorphic

robotic hand.

After prototyping the artificial extensor hood, we focused on the design of a highly

biomimetic finger joint in the first half of Chapter 4. The finger joint is probably the

smallest moving unit that facilitates the hand motions. However, it still could be further

divided into several salient features that are hard to mimic simultaneously, including the

unique shape of the bones at different joints, the joint capsule formed by fine ligaments, and

the smooth cartilage that enables low-friction contact between two articulated surfaces. In

order to tackle this design challenge, we prototyped an artificial MCP joint that is composed

of a 3D-printed ball joint, crocheted ligaments, and a silicon rubber sleeve, which as a whole

realizes the functions typical of a human finger joint. Parameter estimates of stiffness and

damping for the artificial joint are found to be similar to those reported for the human joint.
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And eventually a biomimetic finger was built based on the same concept of joint design.

In the second half of Chapter 4, we connected the biomimetic finger with the pneumatic

actuation system that consists of five air cylinders. The kinematics of the resulting system

was modeled in MuJoCo, and tested with PID control based on real time tracking in tendon

space. A series of experiments on stabilization and disturbance rejection suggested that our

robotic finger system presents a highly non-linear dynamics. For the first time we proved

that an artificial finger composed of highly biomimetic and compliant joints can be actuated

in vitro.

In addition to the biomechanical features of the human hand, tactile perception is a very

important but complex system composed of several different receptors in layers of our skin.

Inspired by this multi-layered structure, we developed the artificial skin pads in Chapter 5.

Different from the previous chapters, the resulting design of the artificial skin is not to fully

replicate the human-level tactile sensing, but more towards equipping the anthropomorphic

robotic hand with a generic force sensing system that is compatible to our existing design.

Through experiments we found that the skin pad can better prevent slip from happening if

its texture is designed to have small circled ridges. And tapered fingertip is an important

feature for avoiding joint hyper-extension.

Independent of the artificial skin design, in Chapter 6 we proposed a low-cost fingertip

that features a detachable fingertip made of 3D-printed materials and a cantilever mecha-

nism that allows the detection of contact forces via three off-the-shelf, low-cost force sensors.

To improve our design concept, optimization on the configuration of the fingertip sensor was

performed under statistical analysis of the hysteresis performance. We demonstrated that

our proposed design can measure the direction of contact forces in the radial plane of the

fingertip sensor.

The first trial of designing and prototyping an 20-DOF anthropomorphic robotic hand

with 3D-printing technology was detailed in Chapter 7. Our proposed artificial skin design

was also integrated into the robotic hand. The resulting robotic hand is composed of 31

components, and can be manufactured in 24 hours.

Last but not least, based on the knowledge we learn from the above investigation, our

proposed anthropomorphic robotic hand was eventually prototyped and tested in Chapter
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8. To efficiently validate its design efficacy, a new type of data glove was also fabricated

with six string potentiometers. The total weight of this robotic is less than 1 kg (942

grams), including the 10 Dynamixel servos used in actuation system. In order to further

evaluate the performance of our robotic hand, the fingertip forces and trajectories were

systematically tested. Our experimental results suggest that the elastic pulley system can

transmit tendon forces to the fingertip more efficiently. We also found that this efficiency

changes with different finger postures commonly used by the human hand during reach and

grasp motions. The fingertips’ trajectories clearly demonstrate the workspace of each finger

and the thumb during flexion/extension motions. The highly repeatable motions of the

coupled ring and little fingers also proved that the underactuation mechanism and built-in

compliance of the fingers were successfully designed and implemented.

Our proposed anthropomorphic robotic hand incorporates all 15 human-like joints and

can be teleoperated by using our custom-made data glove. As demonstrated by the object

grasping and manipulation tasks, it can smoothly follow the human hand motions with one-

to-one mapping in tendon space and easily form different hand postures that are originally

categorized for human hand taxonomy. The success prototype of this robotic hand has the

potential to bring the following immediate impacts:

• Current hand research has been heavily relying on the cadaver hands. Besides always

being in short supply, the data collected from the cadaver hand are not repeatable.

In contrast, our proposed anthropomorphic robotic hand can be personalized and 3D

printed with the biomechanical information of any cadaver hand.

• Instead of performing thought experiments on the static hand models, medical stu-

dents can use our proposed robotic hand, which is inherently similar to the human

hand, to understand the important hand anatomy.

• The manufacturing cost of our robotic hand is under $1500, including the actuation

units. All the parts including the bone segments, artificial joints, and forearm brackets

can be either 3D-printed or laser cut in 24 hours.
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• Our design presents a paradigm shift from using mechanical hinge joints to artificial

joint with crocheted ligaments, which broadens our scope of biomimetics and robotics.

The unique artificial joint we proposed can be used in the design of other synovial

joints of the human body with necessary modification.

9.2 Future work

In order to further improve the functionality of our proposed anthropomorphic robotic hand,

we believed efforts towards the following directions will be worth investigating:

• As shown in Fig. 9.1, we have already prototyped a 3D-printed connector that is com-

patible with the existing elbow design of the WAM arm for the rotation of the forearm.

However, our current version of the robotic hand does not include a biomimetic design

of the wrist. It will be interesting to add a 2-DOF wrist in order to fully explore the

dexterity of our anthropomorphic robotic hand. Meanwhile, the modification could

be challenging since all the flexor/extensor tendons will route through an articulated

wrist joint.

• Artificial skin and fingertip sensors will be incorporated into our current design of the

robotic hand in order to equip it with tactile sensing ability. The required knowledge

has been prepared in Chapter 5 and 6, and therefore the modification process should

be straightforward.

• In terms of testing different control strategies to realize autonomous manipulation, we

would like to first model the entire robotic hand system in MuJoCo environment, and

then investigate the feasibility of using optimal control method to perform dexterous

manipulation tasks.

• At the same time, we believe the teleoperation will still be an important alternative

for easy control. To this end, we are going to improve the design of the data glove so

that the volume of the string potentiometers can be further reduced to the size of a

small key retractor.
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Figure 9.1: The 3D-printed connector that allows 1-DOF forearm rotation.

• We are also interested in developing different models of the anthropomorphic robotic

hands so that each of them can have a focus on different applications, such as prothesis,

space exploration, healthcare robotics, and etc.

• Our functional robotic hand system can serve as a working biological scaffold. For ex-

ample, the bone of the anthropomorphic hands can be 3D printed with bio-compatible

materials with localized porous structure; the ligament and tissue can be crocheted by

using strings made of biodegradable carbon nanotube [131]. Living cells can therefore

be cultivated onto the flexible and porous crocheted structure. Existing tissue engi-

neering technologies of mass transfer, cell cultivation, and cell-migration can be used

to cultivate the living ligaments on the robotic hand system.



163

BIBLIOGRAPHY

[1] S. Jacobsen, E. Iversen, D. Knutti, R. Johnson, and K. Biggers, “Design of the
Utah/M.I.T. dextrous hand,” vol. 3, pp. 1520–1532, Apr 1986.

[2] C. Lovchik and M. Diftler, “The Robonaut hand: a dexterous robot hand for space,” in
Proceedings of the 1999 IEEE International Conference on Robotics and Automation.,
vol. 2, 1999, pp. 907–912.

[3] T. Mouri, H. Kawasaki, Y. Keisuke, J. Takai, and S. Ito, “Anthropomorphic robot
hand: Gifu hand III,” in Proc. Int. Conf. ICCAS, 2002.

[4] Shadow Robot Company, “www.shadowrobot.com,” 2008.

[5] I. Yamano and T. Maeno, “Five-fingered robot hand using ultrasonic motors and elas-
tic elements,” in Proceedings of the 2005 IEEE International Conference on Robotics
and Automation., April 2005, pp. 2673–2678.

[6] J. Ueda, Y. Ishida, M. Kondo, and T. Ogasawara, “Development of the NAIST-Hand
with vision-based tactile fingertip sensor,” 2005.

[7] M. C. Carrozza, G. Cappiello, S. Micera, B. B. Edin, L. Beccai, and C. Cipriani,
“Design of a cybernetic hand for perception and action,” Biol. Cybern., vol. 95, no. 6,
pp. 629–644, 2006.

[8] A. D. Deshpande, Z. Xu, M. J. V. Weghe, B. H. Brown, J. Ko, L. Y. Chang, D. D.
Wilkinson, S. M. Bidic, and Y. Matsuoka, “Mechanisms of the Anatomically Correct
Testbed Hand,” IEEE/ASME Transactions on Mechatronics, no. 99, pp. 1–13, 2011.

[9] “Elumotion - elu-2 hand,” http://www.elumotion.com/Elu2-hand.htm, (Visited on
05/12/2015).

[10] M. Grebenstein, M. Chalon, W. Friedl, S. Haddadin, T. Wimböck, G. Hirzinger, and
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