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ABSTRACT
The human hand is a tool that we rely on to conduct a vast variety of tasks, from cracking
eggs to lifting boxes. Meanwhile, in an industrial setting, different tools are needed to
complete specific tasks. Picking up a box may require parallel grippers, while grabbing an
egg may need suction cups. Having one tool to accomplish both jobs saves time and money
for tooling changes when a new product is manufactured. Hence, the need for
anthropomorphic (human-like) grippers has risen over time.
This work outlines the creation of an anthropomorphic finger and pneumatic tactile sensor.
This underactuated and compliant finger design is optimal for an industrial or collaborative
environment, while the pneumatic sensor is proven to be sensitive and accurate for tactile
feedback of grasped objects. This feedback consists of force measurement and slip
detection, which is required for efficient object manipulation.
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Chapter 1. Introduction
“The hallmark of the human species is great adaptability.” David Grinspoon made
this comment with regards to the future of the human species in an everchanging
environment, but this statement is true in a more physical sense as well. The human body
is an evolutionary success story that we rely on every day to interact with other living and
non-living things. This “product” that has been developed for thousands of years has led
us to mimic its behavior in other aspects of our society. A hot topic in our current
generation is the idea of neural networks for computational problems. This programming
architecture aims to mimic the human brain and utilize an iterative learning process to
understand complex problems. Using the human body as an optimal benchmark has also
led to the development of anthropomorphic robots. These human-like robots are
developed to mimic the human size, dexterity, and other capabilities that humans
inherently have. We, as a society, have identified that if our technologies can compare to
the performance of humans, then the opportunity to improve multiple facets of life will
significantly increase.
Whether a manufacturing facility transfers automotive parts to an assembly line, or
an amputee holds hands with a loved one, both scenarios use some form of a robotic
gripper. These grippers are offered in numerous sizes and styles that are typically tailored
for a specific type of grasp. A manufacturing facility may use a planar gripper for their
standard “box-shaped” components while a prosthetic may use a hook-shaped pincer to
interact with everyday items like door handles. In both cases, there are benefits of
implementing anthropomorphic robotic grippers. These human-like grippers offer the
adaptability to interact with a larger variety of objects. In the manufacturing setting, time
1

and money are commonly spent in tooling changes where a specific process requires
different grippers to accompany a change in producing a different product. For
prosthetics, this style of gripper provides a more natural experience for the user while still
offering the capabilities to interact with everyday objects.
The work presented in this thesis outlines the design and analysis of an
anthropomorphic finger and an integrated tactile sensor that aims to provide promising
results for further development towards a full robotic hand. The focus of this design
includes efficiency and safety as these are the major topics of considerations with
robotics that operate in parallel with humans. A secondary consideration of this work is
towards the goal of commercializing the design in the future as few designs ever leave the
research phase of development.

1.1. Scope and Objectives
The scope of this work includes the prototype development of an anthropomorphic
robotic finger and an accompanying tactile sensor. This development includes the design,
fabrication and assembly of all mechanical components to create a three-joint articulating
finger that is mounted in a static robotic hand. The final system is to include instrumented
electronics that demonstrate the movement of the finger and provide the raw data for
further offline processing and investigation. The completion of this prototype yields a
system that validates the objectives stated below and offers a test platform for further
development in future work.
The specific objectives of this work are as follows:
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•

Design and manufacture the functioning prototype of a human-sized
anthropomorphic finger

•

Integrate the prototype into a static hand that can grasp basic objects with the use
of a static thumb

•

Design the electronic architecture to operate the prototype for position and force
control

•

Develop the low- and high-level controllers to accomplish the task stated above

•

Design and manufacture an omnidirectional tactile sensor that provides feedback
from the interaction of contacting other objects

•

Validate the tactile sensor for accurate force readings

•

Investigate the characterization of signals from the tactile sensor to determine slip
occurrences and surface identification

1.2. Outline of the Thesis
Chapter 2 provides an in-depth review of the current research progress in the field of
robotic hands and their supporting technologies. It includes the various structures of the
hands and their actuation strategies. The supporting technologies include tactile sensor
development, control algorithms, drive unit design, and other hardware/software that aim
to increase the capabilities of a robotic hand. This chapter concludes with the
identification of a need in the research field that inspired the work presented in this thesis.
Chapter 3 introduces the design of the anthropomorphic finger. The overall design is
described with detailed topics including component selection, determining the actuation
strategy, development of the custom components and the overall construction of the final
prototype.
3

Chapter 4 presents the pneumatic tactile sensor that is integrated into the
anthropomorphic finger’s tip. Once again, the overall design is described with the
discussion of the underlying design choices. These choices include material selection and
ridged component design as well as the fabrication process.
Chapter 5 initiates the analysis of the new finger design by understanding the control
strategy for such a system. First, the kinematics of the finger are determined; this includes
the forward, inverse and velocity kinematics. Next, the kinematics were used to validate
the path planning capabilities of the mechanism. Finally, a general control loop is
introduced that utilizes the tactile sensor for force feedback during a grasping task.
Chapter 6 extends the kinematics introduced for the finger in Chapter 5 and proposes
an overall hybrid kinematic solution for robotic hands to manipulate an object within its
grasp. The chapter derives the kinematic solution then compares the result to a default
solution found in a common programming toolbox to validate its performance.
Chapter 7 tests the new anthropomorphic finger and tactile sensor in various
experiments. The first experiment measures the speed of the finger for each actuator. The
second determines its precision from a repeatability test. Third, the tactile sensor is tested
to calibrate its force readings with a commercial force sensor. The control system in
Chapter 5 is implemented for the fourth experiment to validate the force control of the
system. A method to detect slip is presented and tested in the fifth experiment. Finally,
surface identification is tested in the sixth experiment using the same method from the
fifth and a new method using convolutional neural networks (CNN).
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Chapter 8 concludes the thesis by outlining the major results from the previous
chapters. Conclusions about the performance of the actuation strategy, the benefits of
each type of actuator and the effectiveness of the tactile sensor are all discussed. Finally,
a recommendation for future work in this area is presented to further improve the
capabilities of this design.

5

Chapter 2. Literature Review
The following literature review revolves around the topic of robotic grippers and the
design and control methods implemented to complete various grasping tasks. The
research involved the structure and mechanisms included in the designs that allowed the
gripper to operate successfully and the benefits of specific strategies. The second part of
the research related to the control methods developed for different grippers. This included
the use of software or sensory hardware to allow accurate manipulation of these grippers.
Other areas such as sensor development were reviewed if deemed applicable to the
general topic of research.
The purpose of this research was to understand the necessary attributes of a robotic
design for human-robot interaction. Having a natural, safe and effective cooperative robot
has become popular in the robotics industry in-home care or replacement of human
operation in various industries, understanding the benefits and drawbacks of different
designs can reveal an undeveloped area of the science that can better promote robotic
grippers in everyday activities.
The following literature review is organized according to Figure 2.1, which outlines
the categories of the conducted research. Each subgroup is organized chronologically to
show the progression of the specific field. These subgroups are also introduced and
concluded to outline the important ideas and lessons provided by the literature that was
reviewed.
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Fully Actuated
Design
Underactuated
and/or Compliant
Robotic Hands
Hardware
Control
Software

Figure 2.1 Literature Review Structure

The scope of this literature review included anthropomorphic robotic hands that are
designed to replicate the size, shape, and dexterity of a human hand. These types of hands
utilize the dexterity of the design to accomplish different tasks without the need for new
tooling in manufacturing scenarios. They also provide a familiar experience for humanrobot interactions where the user can predict the actions based on its natural movements.
These two purposes were the motivation for the research of this specific scope.
Reviewing the configuration and construction of these hands along with the specific
control methods were of high importance. Other topics of general robotic manipulators
were also reviewed as their importance is crucial. However, these designs were not the
focus of the research.

2.1. Design
2.1.1 Fully Actuated
Robotic hands that aim to replicate the dexterity of a human hand through the control
of each joint are classified as “Fully Actuated” robotic hands. These hands apply a source
of power and control to each location of movement using a motor, servo, pneumatic
actuator or any other device that can produce mechanical power.
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The first example of a fully actuated hand is the Modular Prosthetic Limb (MPL) by
the John Hopkins University Applied Physics Laboratory. In [1], the design process and
second phase architecture of the prosthetic are discussed. The MPL includes a modular
approach for recreating the motion of the shoulder to the hand and individual fingers.
Many actuation options were initially explored (Cobotics, Monopropellant, Mesofluidics
and Material Shape-Change) with electromechanical solutions being the safest and most
efficient option. The design of the hand utilizes flat brushless DC (BLDC) motors with a
3-stage planetary gear set and individual motor controllers at each location of rotation.
Specifically, for the thumb, four individually actuated degrees of freedom was applied
based on industry recommendation. A specific hurdle in the design was the transmission
of power and signal to each motor across the revolute joints. This was accomplished with
the use of rolling bubble flex service loops. The prototype yielded a human-sized robotic
limb with high dexterity and control with the main purpose of aiding military amputees.
[2] provides an in-depth review and outline of the control system architecture involved
with operating the MPL. The system uses a hierarchical approach with the use of multiple
processors to take the user’s command and operate the multiple motors and controllers
accordingly. Numerous control loops are needed for each aspect of the system including
power management, motor control, joint and link properties, and impedance. These
feedback control loops were integrated into a hierarchy structure to create the overall
control loop for the entire system. The use of different sensors and encoders for each
motor was all utilized for the feedback portion of the controller. Finally, a governing
algorithm, developed in Simulink, was downloaded to the limb which can be tailored for
each of the user’s needs and operation preferences. In [3], the MPL demonstrated its
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force feedback capabilities during two grasping challenges. The limb was tasked with
writing on a whiteboard and light finger grasping of delicate objects. The full actuation
and sensory capabilities of the limb allowed the completion of these tasks. However, the
computation of the control system was computed offline with future work related to
creating an onboard processor for the control system.
The second example of a fully actuated hand was developed in [4]. A prosthetic hand
was designed to reduce the weight of the product while still having the capabilities of
fully functional operation. This design requirement was accomplished by the remote
mounting of the actuators. Several DC motors were used to retract and extend cables
which act as the tendons of the hand. These motors were to be mounted in a frame that is
strapped to the back of the user. The cables were then routed through a conduit to the
hand itself. Having the actuators and related hardware mounted externally created an
opportunity for stronger motors due to the lack of a size constraint compared to
conventional hand designs. Typically motors and related hardware are implemented in
the small design envelope of the hand or forearm as seen in [1]. The lack of this design
envelope allowed researchers to use larger and stronger motors with full actuation of each
joint. Moving the weight from the hand to the back of the user also created an ergonomic
advantage as the user can carry a larger load on their back compared to a single arm. The
proposed design was not constructed at the time of the paper, but future work proposed to
do so with specific design considerations being put towards the manufacturing process of
the different pieces.
The KITECH Hand discussed in [5] showed another successful example of a fully
actuated hand. The design of the hand included three fingers and a thumb with all joints
9

actuated by customized servo modules noted as “actuator modules”. Each actuator
module was placed along the fingers to create the structure as well as generate the
rotation of each joint. The unique aspect of the design was due to the use of a ‘roll-pitch’
joint for the base of each finger. Unlike a human motion for spreading fingers, the
KITECH Hand swivels each finger base to add dexterity to the design. The benefits of
this motion were verified through simulation that plotted the trajectories of each fingertip.
From the plots, the overlapping workspace was determined and showed the potential for
“in-hand” manipulations. This workspace was compared to workspaces from other
developed hands and it was concluded that the KITECH Hand had a larger overlapping
volume. The success of this hand was verified as it became commercialized and can be
purchased for other research projects or the use of any other task.
A comparative product to the KITECH Hand was found in [6]. The ROBIOSS team
also constructed a robotic hand with three fingers and a thumb. The purpose of the project
was to develop a hand with the dexterity to perform in-hand manipulations and fine
precision tasks. Also, the final product used modular components to be appealing for
commercialization and overcome the prototype phase. The design uses a cable-driven,
four-degree of freedom finger design for all fingers with a unique universal joint design
for the base of each finger. This joint offers the abduction movements necessary for inhand manipulations. The success of this design was shown in experiments including
screwing a lightbulb and rotating a ruler within a single grasp. Although the hand was
similar in size to a human, the actuators needed to be mounted outside of the hand. This
was the cause of the universal joint design as the cables needed to be routed from each
finger to their respective motors without interference during different hand movements.
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The benefits of the joint and routing techniques were shown in the low hysteresis and
friction during experiments.
The final fully actuated hand proposed a different manner of movement compared to
the previous designs. [7] presents a hand design using the anatomical structure of a
human hand to guide the design of the robotic version. The structure of the hand includes
robotic representations of each tendon and muscle found in a human hand. Movement is
created with the use of McKibben muscles which are a pneumatic system that operates
similarly to a human muscle. The construction includes a woven mesh covering an
inflatable tube that longitudinally contracts when the tube is pressurized. This form of the
actuator allows the hand to be designed similar to a human hand where contracting
muscles are replaced with McKibben actuators. The paper specifically focuses on the
construction of the index finger and compares the final product to three Landsmeer
models for human motion validation. The use of motion capture software determined that
the finger satisfied the models. This success demonstrated the validity of using biological
structures as an alternative to conventional designs in robotics.
These examples of fully actuated robotic hands summarize the benefits and
drawbacks of this category. The fully controllable dexterity allows these designs to
operate in a large variety of tasks. This benefit led to the commercialization of the
KITECH Hand in [5]. However, the complexity of the control system and hardware
placement is evident. [4] needed to mount the actuators remotely due to space constraints
while [2] showed the complexity of the control loop when multiple actuators are
integrated into the design. The small design envelope and need for simplicity generated
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many designs that focused on reducing and optimizing robotic hands for grasping tasks.
The following section outlines these designs and the benefits of their development.

2.1.2 Underactuated and/or Compliant
Two design methods that were developed for robotic limbs aim to create a more
efficient product. These ideas attempt to reduce the need for actuators and control
systems for each moving link. The first method, referred to as “underactuated”, uses
systems to create multiple movements from one controlled degree of freedom. Using
linkage systems or pulleys create the illusion of multiple degrees of freedom where only
one actuator is used to produce motion. The most common use of this method is the
curling motion of fingers in a robotic hand. The following designs demonstrate how one
actuator can control the multiple links in a finger to create a natural motion when
grasping objects. The second design method for efficient robotic hands is referred to as
“compliant”. Compliant robotic hands can bend and form around objects without the need
for a specific control system. The mechanical design and/or electronic hardware have
passive attributes that let the fingers bend when they come in contact with an object. This
idea eliminates the need for a control system to monitor the contacts from objects and inturn reduces the complexity of the hardware and software within the design. The
compliant section exemplifies this concept later in this paper. The use of either design
method mentioned above is an effective alternative to fully actuated robotic hands.
However, some designs incorporated both underactuated and compliant aspects. The
combination of both methods was proven to be an effective solution for an efficient and
safe design.
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2.1.2.1 Underactuated
The DLR/HIT Hand II discussed in [8] outlines an underactuated robotic hand. This
design is a revision to an earlier attempt for an anthropomorphic robotic hand with
underactuated fingers. The final design consists of a four-finger and thumb construction
where each finger has 3 degrees of freedom and four joints. The use of a coupling system
between the two furthest joints creates the underactuated action for curing each finger.
Flat BLDC motors with harmonic drivers actuate the finger’s motion while position,
torque, and fingertip sensors offer feedback to the control system. The diameter of each
finger is reduced by using a timing belt between the DC motor and the harmonic driver
rather than stacking them along the motor’s output shaft. Another unique aspect to the
hand is the differential unit at the base of each finger. This differential, coupled with two
input motors, allows abduction and adduction motion as well as curling and extension of
each finger. When the motors oppose each other, abduction occurs, but when the motors
operate in the same direction, then a curling motion is executed. The thumb design only
allows curling and extension where the base abduction is not considered. This lack of
motion reduces the grasping and in-hand manipulation capabilities. The sensory and
control architecture of the DLR/HIT Hand II creates a feedback system for the
manipulation of the robot. The structure of the hand is non-compliant, which results in
the need for the torque and tactile sensors in each finger. These sensors allow safe
operation of the hand where excessive force can be observed and reversed as necessary.
The associative hardware and software architecture involved the use of different control
boards that operate in different levels of computing. Small DSPs (Digital Signal
Processor) in each finger attain the sensor readings which are sent to the FPGA (Field
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Programmable Gate Array) board in the palm. The top-level control board is a DSP-PCI
Card that is connected to the input hardware and lower-level architecture. Future work for
the project focuses on using the control system for grasping operations as the paper
focuses on position control and demo movements.
A different method for underactuated hands is observed in the CEA Dexterous Robot
Hand. [9] outlines a “Control-Oriented Design” of a robotic hand that focuses on a more
efficient hardware and software system. The final design uses cables, DC motors and
rotary-linear transmission units to actuate each joint. The design is organized into threeaxis units which are modular subassemblies for manipulating the base joint and first distal
joint of each finger. The most distal joint is coupled with the first distal joint using a
cable. As the first distal joint rotates, the cable is pulled to create the curling motion of
the finger without the need of an actuator. The other two actuators are used for the
abduction and flexion of the base joint. The controller uses a DSP board with current and
position feedback from each motor. A feedback control system is applied for position
control and uses an “H∞ optimization framework” that organizes the feedforward and
feedback computation into one step of the control loop. The modular three-axis
components and efficient control loops create a single-input and single-output
architecture optimized for standalone systems.
A highly underactuated hand design is discussed in [10]. This design demonstrates
the possibilities of underactuated mechanisms as all fingers are controlled with two
rotational actuators. The motors use a planetary gearbox that transforms the two inputs
into multiple outputs which are then sent to the hand via flexible shafts. The shafts
operated fingers that curled due to a coupled linkage with a separate system for abduction
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movement where all fingers were spread from one input shaft. The spreading motion used
a sliding revolute joint at the base of each finger where all slots were on a single plate.
When the plate is rotated, the slots move the revolute joints causing abduction/adduction
movements. The thumb is capable of abduction motion and flexion where flexion is
conducted by meshed gears and one input. The goal of this design was to conduct in-hand
manipulations of two rehabilitation balls. This motion was completed and demonstrated
the capabilities of underactuated systems.
Another tendon driven design is presented in [11]. This prosthetic hand was
developed with the focus of being highly dextrous and underactuated. The benefits of this
design method include being very adaptable to different grasping tasks while having a
simple control system for the user. Each finger uses a sequence of two four-bar
mechanisms to allow a natural curling motion from just one motor. One motor is placed
at the base of each finger to contract a cable that actuates the finger’s curling motion.
These motors are fixed in a location that is conducive to swiveling where an isolated
motor rotates the four base motors to create abduction and adduction movements of the
fingers. The thumb design uses two motors that operate a meshed gear system, the first
rotates the thumb inwards while the second curls the thumb. This design was validated
through simulation and practical grasping tasks. The simulation consisted of plotting the
possible trajectories of each fingertip to visualize the workspace of the overall hand. The
constructed prototype was then tested by grasping a ball with different configurations.
The control architecture consists of a NeuroSky Mindwave headset that measures
electroencephalography signals (i.e. the amount of concentration from the user) to operate
the hand. Force sensing resistors were also included on the surface of the thumb for
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preliminary feedback control. The control and feedback signals were computed in an
Arduino which operated the servo motors within the hand. Drawbacks to the overall
design included the limitations of the thumb dexterity and primitive nature of the control
system.
A unique actuation method is developed in the underactuated hand from [12]. This
four finger and thumb design use cables fixed to the tip of each finger to act as tendons
when a force is applied to them. Each finger uses a four-bar mechanism to curl the distal
joint with the base joint from one actuation. Force is applied to the cable from a twisting
motion where a motor wraps two parallel cables together. This action causes the overall
length of the parallel cables to decrease and pull the fixed end toward the actuator.
Another component of this mechanism is the addition of a clutch motor that is meshed
with the main motor. This clutch motor dictates how the cables are twisted. Two modes
are created from the use of the second motor where a fast or strong retraction method
engages depending on the user’s needs. The thumb uses the same four-bar linkage from
the fingers; however, the motion is conducted from two motors with meshed gears. The
rotation of the thumb uses spur gears while the curling of the thumb uses a worm gear
and spur gear combination that articulates the four-bar mechanism. In total, six main
motors are used to create numerous grasping positions which were experimentally
validated. Feedback from this design is determined by a custom tension sensor located at
the tip of each finger and is used as the fixed mounting location for the cables. The sensor
uses a photo-interrupter and flexible bracket that intersects the interrupter when no force
is applied. Once tension is applied to the cables, the bracket bends to reveal the LED light
to the receiver and produces a voltage that is converted to a respective force value. The
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complexity of the actuation strategy required the use of a Feedforward Neural Network to
understand the amount of cable twist for the desired contraction length. This process
operated within a 5% error and was successfully implemented for experimental trials.
Guidelines for underactuated robotic hands are presented in [13] and outlines the
design capabilities of each defined group. Initially, 33 different grasps were identified
and used as a benchmark for the capabilities of underactuated designs. The result was 16
underactuated strategies categorized into five groups based on the number of actuators
used in the strategy. The biggest variance in capability was between the second and third
groups (two or three actuators) where the addition of the third actuator provides a large
addition of functionality to the system. This work was accompanied by a decision matrix
that determines which strategy can complete the task of the designer. This final decision
outlines the number of actuators and their respective operation to complete the specified
task. These guidelines offer the initial design considerations for any underactuated
robotic hand that is required to complete a specific task.

2.1.2.2 Compliant
Human-robot interaction relies on a safe environment where the risk of injury to the
human from the robot is reduced or eliminated. This need introduces the concept of
compliant robotics where a mechanical structure is capable of adapting to external forces
from the surrounding environment. [14] exemplifies the advantages of compliant systems
with a Dexterous Continuum Manipulator (DCM). The field of study for the paper is
minimal-invasive surgeries, but the benefits of the manipulator can be applied to general
human-robot interactions. The construction of the manipulator uses alternating notched
links to create a tubular form. The manipulator is actuated by a set of two tendons for
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flexion and extension. The internal thin branches created for the alternating notches allow
the manipulator to bend along a single plane. This bending can be caused by the
contraction of the tendons or an external force. For the specific purpose of minimalinvasive surgeries, the manipulator can comply with tissue shapes within the human body
while moving towards a specified target. A successful model for estimating the tip
position was presented with an error of ~2%. Sources of error for the DCM, such as
mathematical model assumptions, exemplify the complexity of modelling compliant
systems.
Compliant manipulators can also be developed using pneumatics as seen in [15]. The
PneuEA gripper proposed is classified as a soft robot due to its silicone structure. The use
of air pressure actuates the gripper and causes the clamping motion of the silicone pad.
Due to the ‘soft’ nature of the gripper, the silicone can adapt to the objects once their
external force is applied. Typical soft grippers rely on enclosing the desired objects
because the lack of rigid structure reduces the possible clamping force. The PneuEA
gripper overcomes this issue by using ‘electroadhesion’. This low energy concept uses
electrostatic attraction between an electroadhesive pad and the object. The added
attraction allows the gripper to grasp flat or flexible objects typically unattainable with
conventional soft grippers. Soft-touch sensors are also applied to the gripper for feedback
to the control system. The compliant nature of the gripper was demonstrated in different
grasping tasks which included balls, light bulbs, and CDs. These successful experiments
verified the effectiveness of pneumatic actuation for compliant robotic systems.
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2.1.2.3 Underactuated and Complaint
The implementation of compliant mechanisms into underactuated systems can be
accomplished in many ways. The material selection offers a compliant attribute to robotic
hands and is used in [16]. Researchers developed an anthropomorphic robotic hand
focusing on the structure and mechanics of a human hand. The tendons, ligaments and
other components from a human hand provided the design of the robotic replications.
Cables connected to ten servo motors actuated the hand for grasping tasks during
experimental trials. The elastic nature of the materials chosen for tendons and other
components created a compliant system that was able to flex as needed. The cable
operation allowed control to the fingers during scenarios where an external force was
applied causing the fingers to flex. This design is comparable to [7] due to their bioinspired designs, however, more compliance is demonstrated from the cable actuation and
material choice.
The previous research utilized elastic materials and cable actuation for compliance
behaviour however this can also be achieved solely from cable actuation. [17] described
the design of a three-fingered robotic hand with complaint fingers for grasping tasks. The
goal of the final product was to have a similar size to that of a human hand and fingers.
The design used cables routed through the distal and middle joints and fixed to the tips of
each finger. DC motors and bevelled gear sets embedded in the base links and fixed to the
other end of the cables actuated the finger motion by contracting each cable accordingly.
The base of each finger used a separate DC motor for actuation. Due to the specific
method for routing the cable through the finger, the curling motion could adapt to
different objects. This method was optimized for the type of pullies and mounting
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locations to reduce friction and offer the most effective grasping capabilities. The result
was a robotic hand that could grasp objects that were placed in the working space of the
hand. The outer links of each finger could flatten, or curl based on the contact force of the
grasped object without the need for a separate actuator or controller.
An anthropomorphic example of an underactuated and compliant hand is presented
in [18]. The design uses cable routed compliance similar to [17] with added mechanisms
to create a highly underactuated hand that can adapt to a variety of grasped objects.
Interwoven cables in each finger create a curling relation when the input pulley is rotated.
Compliance is added to each finger using embedded springs in the cables of each finger.
If extra resistance is experienced, then the tension in the cables is applied to the springs
and the finger bends according to the external force. A unique mechanism is used to
actuate each input pully at the base of the four fingers. The design consists of two vertical
sliders that are operated by a power screw meshed with two DC motors. A horizontal bar
is pinned to each slider which moves and changes angle based on the location of the two
sliders. Cables are attached to the horizontal bar for each finger that rotates the input
pullies. As the vertical sliders manipulate the horizontal bar, the fingers curl with respect
to the bar’s orientation. The thumb is a non-compliant design that uses two separate
motors for curling and rotation resulting in the hand having a total of four motors for its
entire operation. The underactuated design aided in reducing the size of the robotic hand
to be similar to a human. The reduced input is practical for biosignal-based control where
amputees have reduced nerves for sending control signals. The design was evaluated by
being compared to a human hand whose motions were recorded by CyberGlove II. The
robotic hand was able to complete most grasps with some restrictions due to the lack of
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abduction capabilities. The hand also requires external computing for motor control that
operates without feedback from any sensors.
A guideline to tendon driven robotic hands is offered in [19] which outlines the
classification and design method for these types of systems. As specific applications have
different requirements, the research defines various groups of tendon designs for different
purposes; these groups include Controllable and Uncontrollable: Full-Tendon-Driven,
Passive-Tendon-Driven and Semi-Tendon-Driven. Each group requires a different design
method which is outlined in the research. Naming conventions and other definitions of
key design principles are presented for a uniform language in this specific field. These
guidelines were validated in the design of a finger with passive properties and optimized
wire routing. The final prototype offers a solution with less driving force due to the
efficient design and wire routing.
The success of underactuated and compliant robotic hands exemplifies the
effectiveness of the combination of both strategies. These designs offer a simple control
method and safe operation for human-robot interaction. Fewer actuators and control
boards reduce the size of the hand to become more similar to human-sized hands. The
compliant nature of the robots creates a safe environment for interaction. Both benefits
offer a more natural implementation for robots into human activities whether in
prosthetics or cooperative applications.
The benefits of underactuated and compliant designs are shown in the previous
works. These solutions offer efficient and safe properties to robotic hands which is
important for human-robot interactions. Underactuated designs allow a smaller form
factor and low power consumption ideal for self-sustaining systems. Compliant robotic
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hands are adaptable for unexpected circumstances which are ideal for obscure object
grasping and interactions with other humans during operation. The downsides include the
need for creative designs and the challenge to mathematically model the behaviour of the
final product which can complicate the control method.

2.2. Control
2.2.1 Hardware
Hardware development is an important aspect of the overall progress of robotic hand
development. Sensors, actuators and other small devices aid the function of robotic hands
to reduce the size, improve accuracy, or have better control methods for the user. The
following papers contribute to the invention or innovation of hardware that is applied to
robotic hands.

2.2.1.1 Sensors
The first area of research involves sensors that are placed on robotic hands for
feedback operations. The issue with prosthetic hands is the lack of sense of touch for
users who operate the devices. Adding devices such as tactile sensors provide a signal
back to the control system about the current state of the hand for more accurate control by
the user. The goal of tactile sensors is to provide information from two areas of interest
during a grasping task. The first area is the material properties of the object including
surface finish, temperature, hardness and mass. The second area of interest is the
interaction between the gripper and the object including grasp force, contact location and
the presence of slip between the object and gripper. Most tactile sensors offer information
about a subset of these properties, and typically multiple technologies are used to attain
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the required information. Some common technologies include Capacitive, PiezoResistive, Piezoelectric, and Optical strategies to determine contact force and possible
slip detection [20]. Capacitive sensors utilize parallel plates embedded in a deformable
material and the change in capacitance between the plates can be attributed to an applied
force. A challenge for capacitive sensors involves the use of flexible structures holding a
grid of parallel plates to aid in the contact of the intended object which is exemplified in
[21]. Piezo-resistive sensors rely on the deformation of an object to change the resistive
properties of the material. An example of this method is found in [22] where the
presented tactile sensor used graphite embedded rubber to determine grasping force. This
change in resistance was monitored and calibrated to determine the magnitude of the
applied force. The intrinsic high friction property of the rubber also offered greater
grasping capabilities similar to silicone material used in [23]. However, force direction
and contact location were obscure with this method of tactile sensing. A different variety
of sensors that uses the same principle as piezo-resistive is the use of strain gauges.
Researchers in [24] used a six-dimensional strain gauge to capture the force and torque
on a fingertip. The sensor used embedded electronics to amplify and compensate the
readings; the temperature was an important factor for which to monitor and compensate.
These embedded electronics also required a flexible circuit board to connect the tip
sensor to the main control board. Although the range of force detection was impressive,
the use of micro-electronics and precise compensation techniques imposed a high level of
complexity. Piezo-resistive sensors also struggle with hysteresis resulting in slower
response times and often require high power consumption [20]. Piezoelectric sensors are
similar to piezo-resistive as they rely on material properties. However, piezoelectric
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sensors utilize materials that generate electrical charge due to polarization during an
applied force. Although this method improves the piezo-resistive concept, the
manufacturing complexity also increases due to the layering of materials and required
microstructures (similar to capacitive). The complexity of this method can be exemplified
in the nanostructures created in [25]. An optical-based tactile sensor was the final
common method presented in [20]. Typically, these sensors use characteristics of
electromagnetic waves to determine multiple properties of a grasped object including its
roughness, compliance and the stresses and/or forces associated with the grasp itself [20].
However, a different variety of optical tactile sensors include an image-based sensing
method. A popular technology that uses this method is called GelForce in which a planar
silicone-based sheet is embedded with contrasting dots. Then a camera captures the
displacement of the dots and equates it to a force vector. Research in [23] demonstrates
an application of this method but on a curved surface. The sensor was applied to the
curved fingertip which required new software computations for the displacement of the
dots. Multiple components including the CCD camera, light source and silicone material
imposed a manufacturing challenge for this sensor. It was concluded that each of the
common sensing technologies has negative characteristics resulting in research for other
solutions outside of these methods.
In [26] and [27], research was conducted to investigate the use of Hall effect sensors
for tactile sensing. The use of this sensor allowed a force reading to be obtained as the
sensor outputs the intensity of a magnetic field which increases as embedded magnets in
the silicone move closer to the sensor. In [26], a one-dimensional sensor was used which
only captured normal forces, however in [27], a sensor array was used to determine
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normal and shear forces that allowed the robot hand to mitigate slip of a grasped object.
An intrinsic property to this sensing method is the presence of noise resulting in the need
for calibration to subside this effect [27]. The increase in sensor complexity to capture
more information along with the precision needed for the placement of the magnets are
also downsides to this method. Accelerometers were used in [28] as another alternative
for tactile sensing. The objective of this work was to determine a grasped object’s
hardness. This helped determine the ripeness of fruit in an industrial packaging facility.
Unfortunately, this form of sensing only operates in a dynamic scenario and not in a static
grasp. Pneumatics were used as tactile sensors in [29]. This method allowed material
properties such as material roughness and hardness to be determined when analyzed with
other aspects of the robotic system. It also allowed the grasping force to be determined
due to the relationship between pressure and force. This relationship was found to be
linear and provided the optimism to use the concept for further research. The proposed
design was only possible for planar grippers due to the need for a long tube to act as the
pressure vessel and the novel slip detection required favourable environments to be
feasible. This research provided the basis to develop a more robust tactile sensor for
anthropomorphic robotic hands.
Pneumatics have been used in robotic grippers before, but they are generally used as
the actuation strategy rather than the tactile sensing method. These types of grippers fall
into the category of soft robotics, and more specifically “Fluid-Driven Intrinsically Soft
Devices” as noted in [30]. For grippers, this technique uses pressurized fluid to deform a
geometry desirably to accomplish the desired motion. This requires a specialized
manufacturing process that has inherent design constraints due to the need of fluidic
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pathways through the robot [30]. Examples of robots and grippers using this technique
can be seen in [31, 32, 33]. A common form of pneumatic actuators is a McKibben
artificial muscle which was used in research as early as 1969 [34]. A control strategy for
this type of device was presented in [35] and [36] where the challenge of overcoming the
limited accuracy and repeatability was the main goal. In general, controlling soft robotics
is a challenge for both the kinematics and the dynamics of the robotic system. It is
common to require a Finite Element Analysis to understand the internal and applied
forces on a soft robot as explored in [30, 37, 38]. With the knowledge of the previous
analysis and modelling, a feedforward control scheme can be applied to the soft robotic
system. However, as discussed earlier, a more desirable system is a feedback control
scheme that provides true readings rather than predicted ones. For soft robotics, it is
typical that the actuation technology is separated from the sensing technology by using
compliant sensors, so the physical properties of the sensor do not alter the characteristics
of the actuator [30]. These sensors fall back into the traditional categories of sensors
presented in [20]. The review of soft robotics, [30], concludes that developing a hybrid
system of integrated soft robotics and rigid mechanical systems is the predicted future for
this area of research. This conclusion adds to the inspiration for this presented work.

2.2.1.2 Mechanical Components
Another topic of hardware development for robotic hands is the mechanical
components that aid in the design possibilities for them. The first innovation is presented
in [39] with the design of a coupling mechanism for underactuated manipulators. The
concept of the mechanism relates to electromagnet clutches to engage and disengage the
rotation of links. For underactuated robotic hands, engaging and disengaging movements
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operated by one actuator provides necessary control over the system. However,
conventional electromagnet clutches need constant power to operate with increases the
power consumption of the whole system. Also, in the event of the lack of power, the
clutch becomes unstable causing potential safety risks. The bistable electromagnet
coupling mechanism offers the solution where power is only needed to change states
rather than hold a specific state. This design operates by a sliding disk where the
electromagnet pulls the sliding disk to one side, but permanent magnets hold the state.
The mechanism was tested on a single link manipulator where results showed low power
consumption during its operation.
Another mechanical control device was developed in [40] to control spherical joints.
The method allows the control of position, force and other aspects of the joint through the
tension of three cables on the joint itself. The test apparatus consisted of three linear
actuators connected to each cable routed through the joint. This design allowed all control
hardware to be mounted away from the joint (including sensors and encoders). Through
experiments, the apparatus showed the validity of position and force control and force
sensation which can act as feedback for teleoperation. Applications for this type of joint
include the base joints of fingers that require abduction and flexion movements at the
same location.
The hardware developments presented above show the capabilities of the various
methods to achieve accurate control of robotic hands. Most research concluded in a
successful prototype that offered promise to the theory, but few fully implemented the
design into a robotic hand. For example, the pneumatic tactile sensor in [29] was only
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used on a simple gripper and further development would be needed for full
implementation.

2.2.2 Software
Software development for the control of robotic hands focuses on utilizing the
hardware and robotic design to produce accurate, predictable and reliable movements.
This includes development in solutions for analyzing grasps, understanding complex
mechanical designs, and utilizing feedback sensors for reaction control. The focus of
these systems is to be accurate at the cost of computation time which may affect the realtime performance of the system.

2.2.2.1 Motion Control
Complicated tasks involving sliding contacts and in-hand manipulations require
developed control plans as seen in [41]. The research was conducted to understand how
humans perform screwing/unscrewing tasks. It was observed that these tasks were
completed with the index and thumb as well as the little finger and thumb. Researchers
developed this motion for both configurations on the Shadow Hand. Once the joint
relations were determined, the joint angles associated with the motion could be plotted on
a sin-wave. Increasing or decreasing the time variable of this motion created the screwing
or unscrewing behavior. Initial joint offsets were used to account for different grasp
diameters and the single variable control created a reduced computation solution to the
complex motion. This development was modelled for accurate motions from an
anthropomorphic prosthetic.
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Understanding human grasping behavior attempts to create a knowledge base for
robotic hands to use for various grasping tasks. [42] compares different methods of
understanding these human behaviors (referred to as ‘synergies’) and encodes the data for
reduced computation when operating the robotic counterpart. The first method was
Principal Component Analysis (PCA) and the second was the Gaussian Process Latent
Variable Model (GP-LVM). These methods offered the possibility of reducing the human
data while avoiding linearity in the result which reduces the accuracy of the robotic
grasps. PCA was found to extract the synergies but GP-LVM found correlations in nonlinear relations. It was determined that GP-LVM outperformed PCA for encoding the
data when comparing the reconstruction error.
To acquire human grasping behaviors, software was developed using supervised
learning to predict a human’s grasp from a wearable camera [43]. The ability to predict
the type of grasp required to accomplish a task is an important part of the knowledge base
stated earlier. This set of knowledge was collected and processed from a machinist
conducting normal tasks. The neural network was trained in a supervised manner where
each task was labeled for the network to learn the relations between the given
environment and the required grasp. The final network created the “Visual Structures of
hand grasps”. In a controlled environment, the software was 92% accurate in its
predictions and 59% accurate in real-world scenarios. It was concluded that the software
would be more accurate with a larger sample of training data. The success of this
software would reduce the number of sensors on robotic hands as the predetermined
grasp would simplify the action for the hand.
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Another challenge for relating human grasping behavior to robots is when the robot
does not share the same kinematics as the human. This is typically found in robotic hands
with a different number of fingers or a robotic limb with more joints. The goal of the
research in [44] was to create a unified control system for robotic hands with dissimilar
kinematics. This includes the number of fingers or the degrees of freedom if the hand in
underactuated. This control method was summarized as a device-independent control
framework. Using a common attribute across all devices created a unified control system
therefore, a virtual object method was developed. The virtual object method created a
high-level controller that provides the goal of the grasp rather than the end posture of the
robotic hand. The simulated example used a sphere shape as the grasp goal where
different robotic hands adjusted their poses to match the goal. This resulted in the robotic
hands of different numbers of fingers creating a pose that could grasp a sphere. Having a
unified control system allows multiple robotic hands to be operated by the same
controller which potentially reduces training and system architectures in real-world
applications.
Supernumerary robotic limbs offer a similar challenge for controlling their behavior
from a dissimilar kinematic counterpart. These extra limbs are discussed in [45] with the
development of the intuitive control system for their operation. The specific application
of the controller is for extra fingers on a user’s hand that offer extra capabilities in onehanded tasks. The purpose of these extra limbs is for patients that have lost function in
one hand and must complete all tasks with the remaining functional hand. The proposed
controller for these limbs uses a synergistic approach were hand poses can be classified
into synergies and these groupings can be assigned to respective supernumerary limb
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positions. The use of a glove with stretch sensors provides data about the user’s hand
position which the controller applies an algorithm to label the synergy and operate the
limbs accordingly. Preliminary tests validate the control scheme; however, more
advanced applications require a different approach due to the foreseen complexity.
Complex robotic hand designs create a challenge to mathematically model the
movements and dexterity for control purposes. This is noticed in underactuated designs
and tendon mechanisms due to their non-linearity and compliance during operation. A
solution to this issue is proposed in [46] using machine learning to determine the control
scheme. Reinforcement learning was used to control a tendon driven robotic hand to
complete various tasks. These tasks included operating different light switches such as a
switch, sliding dimmer, and rotational dimmer. Reward functions such as voltage versus
time and time of completion for each task offered feedback to the controller. Initially,
experiments were conducted with just the index finger to reduce the number of outputs
for the neural network. However, the thumb and index were used together in later
experiments due to the success of earlier trials. The final trained network offered a
model-free controller that was able to operate all switches with the complex tendon
design.
Pneumatics offers another complex component to robot control due to their
hysteresis and compliant behavior under external load. [47] offers an equation to model
the behavior of pneumatic actuated manipulators for accurate position control. The
backstepping equation acts as a control loop to a larger control loop of the robotic system.
It was determined that a nonlinear, second-order system offers the best representation and
control for a pneumatic gripper. The control method was tested in simulation and was
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determined to have a good response and steady-state error for the given angle input. The
success of the controller was observed in the steady air pressure during each specific
angle. Future work of the controller entails force control to complete the full control
system for pneumatic robots.
Machine learning was also applied to pneumatic robotics in [48], specifically PAM
(Pneumatic Artificial Muscle) driven robots. Reinforcement learning was used to operate
a pneumatic hand smoothly and accurately. This method uses a value function as
feedback to the controller and attempts to understand the high-degree of computation
associated with these types of robots. The specific process developed for the controller
was “Local Update Dynamic Policy Programming” (LUDPP). This method proved to be
successful compared to traditional Q-Learning where its value function becomes unstable
with the high dimensionality of a robotic system and its limited samples for training.
Testing was conducted through simulation and experimental trials of a single finger on
the Shadow Dexterous Hand. LUDPP offers a low computation solution to situations
with high dimensionality and nonlinearities which was validated in its control of PAM
driven robots.

2.2.2.2 Feedback Control
A control scheme utilizing tactile sensors is tested in [49] for pick-and-place tasks.
Tactile force sensors implanted in the robotic hand offers feedback to the controller
during the grasping task. The system is able to detect slip by the deformation of the gel
on top of the force sensor and the varying force readings from the sensor itself. Once the
software detects slip, more force is applied by the actuators to compensate. However, if
slip is still present, the controller can apply another finger to the grasp until slip no longer
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occurs. Tests were conducted with a universal robotic hand and it was determined that the
controller successfully compensated for slip throughout the task.
Slip is also prevented with the software developed in [50] which focuses on a
proactive solution to the issue. The proactive approach uses the idea of modulating the
grasp of an object during a task were high external forces are expected. The research
conducted involved the experience of arm movements inducing centripetal forces on the
grasped object. The kinematics of one and two joint rotations were computed during an
operation where the grasp of an object was altered based on the expected forces from the
arm movement. The system was validated through experimental trials where the control
system was progressively added to the situation of a pick and place action. With no
implementation, the object was dropped during the task. The implementation of the
control system was conducted in phases where each new phase accounted for another
expected force from the task. The final controller was able to complete most trials
without dropping the object. This controller offers a low computation solution without
that is advised to be paired with reactive slip solutions for a full control system.
Tactile sensors are also used in [51] but for the ability to classify grasped objects.
Researchers demonstrated the ability of machine learning and simple hardware to replace
the need for vison identification systems. An underactuated two-finger gripper with
barometric pressure sensors was used to identify the shape, size and stiffness of various
objects from a single grasp. The neural network was trained to identify the object from
the inputs of joint angles and readings from the 16 pressure sensors in the gripper. Once
the network was trained, it could classify simple shapes such as boxes and spheres and
their respective size and stiffness. This method of object classification eliminates the
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extra hardware for vision systems that could interfere with the robot’s dexterity if
mounted on the end effector. The accuracy of the final prototype was not as high as other
methods, but the method was still validated from successful experiments.
The research presented offers solutions to main control topics for robotic hands. A
common theme was the use of machine learning to overcome complex problems
specifically with tendons and pneumatics. Limitations are seen in computation time,
where the solution with the best accuracy is not viewed as the optimum as it would not
operate effectively in real-time operation.

2.3. Conclusion
The reviewed literature outlines the recent developments in anthropomorphic robotic
hands and their supporting technologies. Recent focus has been towards underactuated
and compliant systems for human-robot interaction. These systems offer an efficient and
safe design for cooperative interactions and prosthetics due to their low power
consumption and adaptive nature. Tendon operation allows a smaller form factor for the
fingers with space in the palm and wrist used for the mounting of actuators. Pneumatic
systems have also shown success in actuation due to their natural complaint behavior.
Solutions to the common issues of these types of systems have also been developed. For
example, their mathematic model complexity required the use of machine learning and
other techniques for accurate control. With advancements in computing speeds, the use of
machine learning and computationally heavy grasp evaluation software has been more
attainable for real-time control methods. Also, feedback sensors have become more
common in robotic designs due to the decrease in size and complexity. These offer the
necessary data for the controller to adjust to unexpected events during operation such as
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the occurrence of slip. As summarized in the review of soft robotics, [30], a goal for this
area of research is to focus on integrating soft robotics and ridged components into a
single hybrid system. To further this goal would include the tactile sensing capabilities
integrated into this hybrid system. Also noted was the success of the KITECH hand due
to its modular design with standard components. If a single solution can offer the safety
and adaptability of a soft robot, with the predictable kinematics and direct actuation
found in a ridged system, then the system can be deemed superior compared to the
segmented counterparts.
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Chapter 3. The Anthropomorphic Finger
3.1. Introduction
In Chapter 2, the common types of designs were presented for robotic fingers. These
designs were generalized by being fully actuated or under-actuated, and compliant or
non-compliant. Having an under-actuated design reduces weight and cost by replacing
some drive units with joint coupling methods. A complaint system offers a degree of
safety and improved grasp quality. Although a complaint behavior can be programmed
into the control strategy, it is beneficial to have intrinsic compliance in the mechanical
design to reduce computation during operation and default to complaint behavior during
the loss of power. From these benefits, it is determined that having an under-actuated and
complaint design is an ideal design for a robotic finger.
This type of mechanical design is not uncommon as seen in [16, 17, 18]. However,
these designs present opportunities for improvement which created the design objectives
for this system. The biomimetic design in [16] required the actuators to be outside of the
hand which increases the size and weight of the system. The underactuated system in [17]
required interference to operate the coupled joints therefore a curled tip grasp was not
achievable. Although the X-hand in [18] was highly capable with limited actuators, the
custom drivetrain and intricate tendon system is a limitation to the potential production of
this design. Hence, the success of the KITECH hand in [5] that uses a more standard set
of components. The design presented in this work overcame the negative aspects of these
designs by achieving the following goals:
•

Be the same size as a human finger

•

Fit all drive units within the hand
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•

Have an adaptable under-actuated strategy

•

Use standard components

The accomplishment of these goals resulted in a superior design compared to the
presented literature. The design is a human-sized finger using standard components that
are attractive for production purposes. The drive units reside in the finger eliminating the
need for a wrist enclosure and the actuation strategy results in a safe and effective
grasping performance.
As the design of the system mimics a human finger, the anatomy nomenclature is
applied to the various parts of the system. The bones of a human finger are referred to as
phalanges and are ordered as proximal, middle and distal moving from the palm to the
fingertip. The joints that are connected by these phalanges are the metacarpophalangeal
(MCP), proximal interphalangeal (PIP) and distal interphalangeal (DIP) joint [52]. Figure
3.1 is a labeled diagram of the final design that includes the corresponding terminology
for the different areas of the finger.
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Distal
DIP

Middle
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MCP

Figure 3.1 Annotated design with anatomy terminology

3.2. Design
3.2.1 Overview
The finger design consists of three joints in parallel with two motors that control all
three. The MCP joint is controlled by a linear actuator while the PIP and DIP joints are
controlled by a BLDC motor and a coupled harmonic drive. The overall size of the finger
is similar to a human finger with the largest diameter being 24mm and the length from
the MCP joint to the tip of the finger is 115mm. These dimensions fall within the typical
measurements of a male hand defined by [53]. This design was integrated into a human
hand model [54] to allow grasping functionalities with a fixed thumb and grasp the size
of the full system.
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Figure 3.2 Full hand and finger assembly

3.2.2 Drive Units
The design for the finger began by selecting the drive units using the design
requirements presented earlier. These components needed to fit within the finger itself
while still having enough power to operate it. To satisfy the need for standard
components, commercially available drive units were the goal during this phase. Having
off-the-shelf components, rather than custom motors, reduces the cost of the design and
improves maintenance procedures if replacements are required through the finger’s
lifetime. Consideration was made towards rotary servos, stepper motors and other unique
actuators before selecting linear actuators and BLDC motors. These two actuation styles
have positives and negatives which was the influence to use both in the finger design.
Having both as possibilities presented the opportunity to compare actuation methods.
Therefore, the linear actuator was chosen to operate the MCP joint and be mounted in the
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palm, while the DC motor was chosen to operate the PIP joint and reside in the middle
phalange.
Both options were offered in acceptable sizes for these roles and have feedback
methods for closed-loop control. The linear actuator uses a potentiometer to determine its
stroke position and the BLDC motors have incremental encoders, specifically hall effect
encoders. For linear actuators, the chosen model was the Actuonix (PQ12-63-12-P) with
a peak power point of 30N at 8mm/s and a maximum output force of 45N. Next, the
chosen BLDC motor was the Faulhaber (2214 012 BXT R) with a nominal rotary speed
of 2590RPM and torque of 10mNm.
A downfall for the BLDC motor includes the need for a gearbox to increase the
output torque of the unit. When using small DC motors, their output torque is limited, but
their rotary speed is sufficient enough to use a gearbox. Since the driven joint only rotates
100°, the speed of the motor can be heavily reduced and therefore have a much larger
torque applied to the joint. To increase the torque to the required specification, a large
reduction was needed. Typical planetary gearsets become longer in overall length as the
reduction ratio increases. This causes an issue as the motor and gearbox were chosen to
reside in the middle phalanx which limits the length to 50mm for the motor, gearbox and
bevel gearset. Therefore, a harmonic drive was chosen to replace the planetary gearbox.
Harmonic drives, the trademarked version of strain wave gears, use a different form
of speed reduction instead of common spur gear meshes found in most gearboxes. It uses
a flexible inner ring that meshes with an outer firm ring. The motor drives an elliptical
cam inside the flexible ring that causes it to mesh with the outer portion where an unequal
tooth ratio results in the output from the harmonic drive to rotate slowly. This method
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allows a much larger gear reduction in a smaller package while eliminating backlash [55].
With a required torque of 1Nm, the reduction needed for the BLDC motor was 100:1.
This resulted in a reduced output speed that is investigated in Chapter 7.
The need for an additional component to meet the design requirements can be
observed as a downfall. However, this allows the capability to tailor the design for a
user’s needs. If a user requires faster motion or more force, a different gear ratio can be
chosen to meet these needs. This option is limited for linear actuators due to their
predetermined outputs. The adjustment of force and speed must be made with the
mounting locations of the actuator. Moving the linear motion further or closer to the pivot
point increases or decreases the torque, respectively, while inversely affecting the speed
of rotation. This adjustment, however, is confined to the design envelope of the overall
system and the interferences caused by potential kinematic constraints.

3.2.3 Component Design
Once the drive components were selected, the design of the finger started with the
BLDC motor and harmonic drive package. These components determined the general
size of the finger and created design constraints for other aspects of the finger. As the
BLDC motor and harmonic drive were from different manufacturers, a custom adapter
flange was created to join the units together at the required distance. This component
utilized the bolt pattern of each unit with flat-head M2 bolts that created a flush mount
which minimized the length of the overall package. A common theme in the overall
design of the finger was to allow maintenance and the ability to replace components that
may fail. Therefore, hardware and strategic fixtures were used throughout the design to
ease disassembly if required. To convert the vertical output rotation of the harmonic drive
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to a perpendicular joint rotation, a bevel gear set was used. Standard commercialized
gears were used to meet the design goals outlined earlier and ensure reliable meshing and
sizing. These gears were selected to maximize the gear size while not exceeding the
finger diameter defined by the size of the harmonic drive. To fix the vertical gear to the
harmonic drive, another custom flange was created using the bolt pattern of the output
flange on the harmonic drive. The flange had a shaft that received the gear’s hole and was
fixed with cyanoacrylate glue. The meshing of the two bevel gears defined the location of
the PIP joint. This joint location was a reference to define the location of the other two
joints.
The base of the finger starts with the linear actuator that is secured in the palm. The
piston of the actuator is pinned to a slot in the bottom link of the finger that pivots on
another pin that joins the base link to the palm. As this actuator operates in a linear
direction, this motion must be applied tangentially to a pivot point to create a rotation
motion for the base link. There are two possibilities when mounting the piston to the link;
using a pin, or a slot. Figure 3.3 shows the two possibilities that are considered.
To use a pin mount, consideration must be put towards the mounting of the actuator
in the palm. During the rotation of the link about the pivot point, the line of action from
the actuator must be tangential to this motion to avoid stress on the piston. To accomplish
this, the body of the actuator must be able to rotate to compensate for the change in the xposition of the pin mount with respect to the pivot point. This articulation of the actuator
requires more space in the palm and relies on one pinned support to secure the actuator to
the palm. Due to these drawbacks, a slotted connection was chosen to connect the piston
to the base link.
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a) Slot Configuration

b) Pin Configuration

Figure 3.3 Slot vs Pin Kinematics

A slotted mounting style allows the connection point to move relative to the pivot
location in the base link. This movement provides the opportunity to statically mount the
actuator in the palm which reduces the required design envelope and has a more secure
connection to the palm. The slot’s geometry and position of the base link’s pivot point
(i.e. the MCP joint) was determined to maximize the torque of the pivot while not
extending the envelope which was defined by the size of the upper drive unit. The yposition of the pivot was determined by the required length from the PIP joint and the xposition was set to have adequate material around the hole at the rear of the finger. The xposition of the linear actuator was set to have the body of the unit flush with the front of
the finger resulting in the maximum distance from the pivot point before enlarging the
design envelope. The y-position was determined from the stroke length of the actuator.
While fully extended, the piston’s mounting location was set to have a 45° angle with the
pivot. The length of the slot is calculated as the difference between the hypotenuse and
adjacent side length in the right-angle triangle between the pivot location and fully
extended, or contracted piston location (Figure 3.4). Having a symmetrical triangle for
extension and contraction yields the smallest slot length. Therefore, a 45° angle was
chosen as it results in the smallest slot length for the 90° rotation of the joint. These
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factors determined the final location of the linear actuator and the mounting locations for
the base link of the finger.

10mm
45°
10mm

Figure 3.4 Linear actuator slot mount

Using the bevel gear as the location for the PIP joint, the location of the DIP joint
was also determined. Two vertical links connect the two joints making up the middle
phalanx of the finger. Finally, the tip was pinned to the links at the DIP location
completing the skeleton of the finger. For both the PIP and DIP joints, a torsional spring
was added for an intrinsic complaint behavior. This was accomplished by connecting the
intended link and drive component with a torsional spring. The PIP joint has the middle
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phalanx connected to the bevel gear using a custom holder while the DIP joint has the
distal phalanx connected to a pully. In both cases, if the intended link is impeded, the
drive component can still rotate by twisting the spring. Staying with the use of
standardized components, these springs were sourced to fit the design envelope and offer
the required torque. These springs are available in various sizes and stiffnesses that can
be interchanged depending on the requirements of the application. For this prototype, 90°
0.3Nm torsion springs were used. These values were chosen due to their acceptable size
and the combined torque from the two springs is less than the 1Nm torque output from
the BLDC motor package. Having this feature reduces stress on the drive units and adds
safety to the system when working cooperatively with an operator.

3.2.4 Tendon Design
To manipulate the tip of the finger, a cable system was implemented to curl the
fingertip due to the change of the PIP joint. The wire system is comparable to the tendons
in a human hand where the contraction of the wire operates the link accordingly. This
design uses three separate wires to accomplish an adaptable under-actuation strategy. The
first wire connects the front of the pully in the DIP joint to the back of the proximal
phalange. This cross-configuration curls the fingertip as the middle phalanx curls. As the
effective cord length to the DIP joint increases during the middle phalange’s curling
motion, the fixed length of the wire causes the pully to rotate and curl the fingertip. The
second wire is the mirror of the first which reverses the motion caused by the first wire
when the finger is fully extended. Both wires are installed at the correct lengths for their
intended final positions. The first wire is installed when the tip and middle phalanx is
fully curled, while the second wire is installed when the finger is fully extended. This
45

process ensures that the links will meet their intended positions after the full curling and
extension motions. The third wire connects the PIP joint spring holder to the pully in the
tip. This allows the PIP joint drive unit to rotate the DIP joint even if the middle phalanx
is restricted from moving. Due to the compliant nature of the joints, the PIP joint drive
unit can curl the spring resulting in the connected wire rotating the tip pully. The
combination of the three wires creates an adaptable under-actuation strategy. This
strategy is adaptable as the motion of the non-driven joint is controlled from different
wires based on the restriction of link movements due to external forces. The three-wire
tendon system is depicted in Figure 3.5 and demonstrates the motion caused by each
wire. A limitation of this strategy is the restriction to drive the tip when the finger is fully
extended and restricted from moving. In this position, the second wire is fixed at its
installed length and any curling of the fingertip is restricted due to this constraint.
However, if the finger is restricted during a curling motion, the second wire has slack that
allows the fingertip to curl further if required by the third wire.
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a) Wire 1 for curling

c) Wire 2 for extension

b) Full wire system

d) Wire 3 for tip curling
Figure 3.5 Tendon Design

3.3. Fabrication
3.3.1 Manufacturing
Fabricating the finger utilized different processes including 3D printing and silicone
moulding. All custom links and mounts in the design were produced using a form of 3D
printing while the fingertip used a silicone moulding process presented in Chapter 4. The
initial prototype of the finger strictly used a polylactide (PLA) material due to its ease of
use. PLA requires a lower printing temperature and provides consistent results with
general print settings. Coupled with the small size of the components, this process
allowed multiple revisions of components to be made quickly until the final revision was
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accepted for the final production. Once the design was proven, critical components were
produced using another material for improved performance.
Components that required precise tolerances and/or increased strength were
produced using Stereolithography (SLA) 3D printing. This resin-based printing method
can print wall thicknesses much thinner than standard SLA printing which benefits the
goal to produce a small/compact design. The curing process of this form of printing also
results in stronger components that are desired for key components such as the main links
in the middle phalanx and the thin walls on the u-bracket connected to the harmonic
drive. However, for the PIP joint drive link, SLA printing was unable to produce the gear
with correct teeth geometry (Figure 3.6). This limitation resulted in a 2-part assembly
using the modified purchased gear and adhering the spring holder to its face. For future
improvements, this component could be produced using injection moulding or subtractive
manufacturing techniques that produce finer component features.

Figure 3.6 Gear comparison between purchased product (Left) and SLA printed (Right)
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3.3.2 Installation
Once all the components were manufactured, assembly took place. Using the palm as
the base for the assembly, the linear actuator was installed and secured with a pin. A
relief hole was added under the actuator for easier installation and allowed a pin to
release it if removal was needed. The base link was then added to the palm by being
pinned at the pivot location and to the piston of the linear actuator. Due to the constraints
of the assembly, a floating pin was used to connect the piston to the base link. The palm
structure around the base link prevents the pin from releasing and the floating nature
provides less resistance for the pin to move in the base link’s slot. Next, the BLDC motor
and harmonic drive package were placed in the base link then the fins of the base link
were bonded to the adaptor flange. If service is required for the BLDC motor, the fins are
intended to be cut to release the motor then replaced with a new base link once installed
again.
After installing all the drive units, the middle and distal phalanges were installed.
First, the gear flange was mounted to the output of the harmonic drive, then the shortened
gear was bonded to the flange. In parallel, the PIP joint was constructed by pinning the
components to the u-bracket and setting the torsion spring in place. The tendon system
was then installed to the DIP joint pully and pinned to the rest of the fingertip, spring and
upright links. The free ends of the wires were finally fixed to their corresponding
locations, and the u-bracket was mounted to the harmonic drive completing the assembly
of the finger.
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3.4. Conclusion
The objectives for the development of this anthropomorphic finger design were
derived from the need to create a precise and efficient system that is intrinsically safe for
cooperative applications. These motivations led to the creation of an underactuated and
compliant mechanism that uses two actuators to operate three joints with the
implementation of a tendon system coupled with torsional springs. To meet the next
objective, the actuators needed to reside in the palm and finger to which this was
completed while still having an overall package that is human-sized. The use of
optimized actuators allowed the small package to have the required joint torques while
still needing reasonable electrical power requirements. The final system also had other
secondary benefits including a maintainable design and an adaptable underactuated
strategy for improved manipulation. In Chapter 7, the design was validated using multiple
performance tests thus confirming the effectiveness of this design.
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Chapter 4. A Pneumatic Tactile Sensor
4.1. Introduction
When discussing robotic grippers, an important aspect of these systems is the
feedback signals that allow the control system to accurately interact with and manipulate
objects, provide an amputee with the sense of touch or an industrial operator the
confidence to grasp delicate products. These expected achievements depend on advanced
sensing capabilities, especially force and tactile sensing. Hence, the fingertip of the
anthropomorphic finger, introduced earlier, was developed to use a pneumatic tactile
sensor. This design uses a hollow silicone bladder fixed to a rigid base that connects to
the DIP joint. A silicone tube is connected to this bladder and leads to a pressure sensor
to read the pressure within the bladder. The motivation for this sensor was presented in
Chapter 2 where [30] defines the future progress of soft robotics as a hybrid system
where a mix of rigid links and soft components are integrated for a more effective
system. Not only does the soft nature of the fingertip increase the grasping performance
but the integrated sensor provides the feedback for the desired closed-loop control
scheme.
The objectives of this design were to create an accurate, precise, omnidirectional and
responsive tactile sensor that is easy to produce. As the literature shows, typical tactile
sensors require intricate manufacturing to accomplish these goals whether its complicated
tactile arrays to expand unidirectional technologies to cover multiple directions or microelectronics that require precise manufacturing and signal processing. The presented
sensor is easy to produce using reusable moulds and still provides the required
performance to be an effective tactile sensor.
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4.2. Design
Figure 4.1 shows the completed fingertip with the pressure sensor connected by a
silicone tube. The tip was made from a two-part silicone that was constructed in such a
way to create a void in the center of the tip. The silicone tube allows a pressure sensor to
detect the pressure in this void which changes as contact forces deform the tip’s shape.

Figure 4.1 Completed fingertip sensor

The overall construction of the fingertip sensor relied on two main processes, 3D
printing and silicone manufacturing. The first stage of the process was to design a
fingertip structure that would accept the silicone component. The challenging
characteristic of silicone is that it does not adhere to most glues or other materials.
Therefore, the components were designed appropriately to overcome this issue. The base
of the fingertip includes pass-through holes located at the upper rim to allow the liquid
silicone to encapsulate the plastic. Once the silicone had cured, the plastic component
was embedded into the silicone tip for a secure bond with no adhesives. 3D printing was
used for the manufacturing of this component due to the complex geometry such as the
pass-through holes. This process allowed flexibility with design changes due to the
minimally invasive and short production times between each iteration.
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4.2.1 Material Selection
Choosing the appropriate type of silicone was imperative to the performance of the
tactile sensor. The reason to select silicone initially was due to the versatility of the
material. If this sensor is to be used in the medical or food industry, then a food-grade
silicone could be selected for the industrial grippers. Other tougher grades of silicone are
also available for applications requiring such a material. These grades of silicone are
generally separated on a Shore durometer scale. This scale is presented in Figure 4.2 from
a supplier of silicone. For this prototype, three options were chosen and compared. The
goal for this sensor was to be sensitive. Therefore, a soft grade of silicone was desired.
The three options in question were Shore A 20, 40 and 60. From this selection, qualitative
tests were performed to understand the attributes of each grade of silicone. A standard
dome shape was produced, then attributes including diameter, wall thickness and
curvature were each independently varied to see the effects of each change. Figure 4.3
shows the 3D printed mould for this test where each letter allowed identification once the
parts were produced. After the bowl shapes were produced, they were laid in a film of the
same grade of silicone to seal the domes, this result is seen in Figure 4.4. This qualitative
test resulted in the decision to use the softest grade of silicone, Shore A 20, with an
increased wall thickness to resist premature wear and allow a more forgiving
manufacturing process.
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Figure 4.2 Shore Durometer Scale [56]

Figure 4.3 Silicone mould for qualitative testing

Figure 4.4 One set of produced parts for examination
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4.2.2 Prototype Construction
The silicone used for this prototype was a two-part mixture that was poured as a
liquid into a defined mould to create desired shapes. Specific thin pouring techniques
were required to reduce bubbles that may be trapped in the final part causing voids that
may release air during operation. Once again, 3D printed moulds were used to make the
fingertip. These printed moulds were treated with paste wax to counteract the porosity of
the part and a release agent was used for consistent results from the cured silicone. To
produce the required void in the center of the tip, a two-stage mould was used. The first
mould created the tip’s outside shape, with a small removable plug to create the void. The
result from the first mould was a tip-shaped bowl. This result then required a layer of
silicone to enclose the void and fix itself to the plastic structure. Therefore, a second
mould was created that encompassed the plastic component. Another batch of silicone
was poured on this shallow mould which flowed through the pass-through holes, and the
result from the first mould was placed on top. The curing of the second phase bonded the
first silicone part to the plastic component and sealed the void to create a “balloon” effect
for the fingertip. This process is illustrated in Figure 4.5. Finally, a silicone tube was
inserted into the tip through a small hole to allow the sensor to read the pressure in the
fingertip. Using a silicone tube allowed another batch of liquid silicone to seal the tube to
the tip preventing any leaks that would produce inconsistent results. The other end of the
tube fits securely over the neck of the pressure sensor creating a sealed connection for
consistent readings.
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Figure 4.5 Moulds and produced parts, a) produces the tip shape, b) fixes the tip to the ridged joint

4.2.3 Electronics
The Honeywell “MicroPressure MPR Series” board mount pressure sensor was used
for this research. The small size and precise reading tolerance were beneficial qualities
for the current research and the future of the research topic. The readings are calibrated
by the manufacture and only require a conversion from the binary output to the physical
pressure value. This conversion is defined by:

𝑃=

(𝑂 − 𝑂𝑚𝑖𝑛 ) ∗ (𝑃𝑚𝑎𝑥 − 𝑃𝑚𝑖𝑛 )
+ 𝑃𝑚𝑖𝑛
𝑂𝑚𝑎𝑥 − 𝑂𝑚𝑖𝑛

(4.1)

where 𝑂 is the hexadecimal output from the sensor with a corresponding maximum and
minimum range. 𝑃 is the physical pressure value, in psi, with corresponding maximum
and minimum values related to the sensor’s capabilities.
Data from this sensor was recorded through a Serial Peripheral Interface (SPI) which
was conducted between the sensor and microcontroller. Using hexadecimal commands
triggered the pressure sensor to transmit its data to the microcontroller. The chosen
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microcontroller for the prototype was the Arduino Mega as it offered the required number
of outputs to control the two motor control boards and had the required speed to operate
the SPI communication in parallel. This data was then sent to the computer at 170Hz via
serial communication for further analysis in MATLAB. This form of communication was
beneficial as multiple sensors can be connected to the controller with minimal wires.
Each new sensor only requires the addition of one wire and is connected to the main
branch of communication wires. This new sensor transmits data from a request to its
unique connection thus identifying the incoming data on the main communication wires.
As multiple sensors are needed to outfit an entire robot hand, having an efficient wiring
and communication method is critical.

4.3. Conclusion
The design of this fingertip allows for easy replication with consistent results. This is
important when considering a robotic hand that requires multiple sensors on one
assembly. Having consistent sensors reduces production and calibration time. Another
benefit involves the external location of the pressure sensor which results in eliminating
the need for micro-electronics reaching the fingertip. The silicone tube allows the sensor
to be mounted in the base of the hand where the main circuit board can reside making the
overall manufacturing process less complex.
The purpose of this sensor development was to satisfy the need for robotic grippers
to have feedback for their respective control systems. Determining grasping force,
material properties and other grasped-based characteristics are necessary to complete the
tasks desired by these robotic systems. Current tactile sensors were often limited in
different readings or complicated to manufacture. This work presented a functioning
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prototype of a soft tactile sensor for anthropomorphic robotic hands. The silicone sensor
is situated on the fingertip and provides feedback about the grasping force and any
occurrences of slip. To test the performance of this sensor, a series of experiments were
conducted and are presented in Chapter 7. These experiments include determining the
relation between force and pressure while the other used machine learning to detect slip
and identify different materials.
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Chapter 5. The Control Strategy
5.1. Introduction
Once the robotic system is developed, the kinematics and control strategy must be
determined. Understanding the kinematics allows the motion to be predictable and thus
an expected result can be achieved from a known input to the system. The next step is
understanding how to provide the inputs efficiently. This involves an effective control
strategy that can operate the physical actuators to obtain the desired result. Ideal
simulations and experimentation are typically different but using speed and position
controllers can tailor the experiments’ behaviour to match the simulated results as closely
as possible. In the following section, the kinematics for the finger is derived while a
controller is introduced to operate the physical actuators in a desired manner to allow the
finger to achieve the ideal motions outlined by the kinematic derivations.

5.2. Finger Kinematics
Typically, a three-joint planar manipulator’s kinematics are trivial and relatively
simple to compute. With the three joints, three degrees of freedom (DOF) can be
controlled. In a planar case, these DOF’s are an x- and y-position and the orientation of
the tool at these coordinates. For the design presented in this work, the kinematics are
altered due to the underactuated joint. As the finger design only consists of two actuated
joints, the controllable DOF’s are limited to an x- and y-position. The third joint, the DIP
joint, moves with relation to the PIP joint rendering it unable to contribute to a third DOF
for the system. Therefore, the following content presents the kinematic solutions for the
finger. The first is the forward kinematics that provides a solution to find the position of
the tip from given joint angles. The following solution is the reverse of this, being the
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inverse kinematics, that determines the required joint angles from a required tip position.
The third section presents the velocity solution that solves for joint rates from a required
instantaneous tip velocity. The final section builds on the third to solve for the set of
discrete joint velocities to follow a given path for the fingertip.
For the set of kinematics presented below, an understanding must be had for the
unique curling motion of the finger. The tip of the finger only curls to 45° while the
middle phalanx rotates to 100°. Also, for the kinematics to be analytically solvable, the
two joints must rotate at the same ratio [57]. This is due to the use of trigonometric
identities in the solution and will be presented later in this chapter. Therefore, to satisfy
these two attributes of the finger’s motion, the tip of the finger only starts to rotate after
the middle phalanx rotates 55°. Then for the final 45° of rotation, the tip rotates at a
uniform ratio. Due to wire actuation on the physical system, the tip only follows this
motion during flexion while the extension motion follows a different set of constraints.
For the kinematics presented in this work, the solutions are only valid for a flexion
motion as this is the most important motion for the finger since it is used during a
grasping task. The extension motion for the finger is primarily used to reset the finger for
a new grasping task.

5.2.1 Forward Kinematics
The general solution for the forward kinematics of a 3R planar manipulator is
defined below:

x = 𝐿1 cos(𝜃1 ) + 𝐿2 cos(𝜃1 + 𝜃2 ) + 𝐿3 cos(𝜃1 + 𝜃2 + 𝜃3 )

(5.1)

𝑦 = 𝐿1 sin(𝜃1 ) + 𝐿2 sin(𝜃1 + 𝜃2 ) + 𝐿3 sin(𝜃1 + 𝜃2 + 𝜃3 )

(5.2)
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However, due to the underactuated joint, 𝜃3 is expressed as a relation to 𝜃2 where 𝜃3
only increases once 𝜃2 ≥ 55°. This relation is expressed below with all angles expressed
in radians.
𝜃3 = 〈𝜃2 − 0.96〉

(5.3)

0,
𝜃2 − 0.96 < 0
(𝜃3 − 0.96),
𝜃2 − 0.96 ≥ 0

(5.4)

where,
〈𝜃2 − 0.96〉 = {

Substituting these expressions into (5.1) and (5.2) yields the following forward
kinematics.

x = 𝐿1 cos(𝜃1 ) + 𝐿2 cos(𝜃1 + 𝜃2 ) + 𝐿3 cos(𝜃1 + 𝜃2 + 〈𝜃2 − 0.96〉)

(5.5)

y = 𝐿1 sin(𝜃1 ) + 𝐿2 sin(𝜃1 + 𝜃2 ) + 𝐿3 sin(𝜃1 + 𝜃2 + 〈𝜃2 − 0.96〉)

(5.6)

From this solution, the workspace of the tip can be defined from the joint limits in
(5.7) and (5.8). Due to the piecewise relationship between 𝜃3 and 𝜃2 the workspace has
two regions that coincide to the two sets of forward kinematics. The upper blue region of
the workspace in Figure 5.1 relates to the motion when 𝜃3 does not change. The lower
orange portion is when the fingertip is curling and 𝜃3 is changing.
0 ≤ 𝜃1 ≤
0 ≤ 𝜃2 ≤

𝜋
2

(5.7)

10𝜋
18

(5.8)
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Figure 5.1 Fingertip Workspace

This workspace is validated as it resembles the workspace seen in other works
involving mechanisms similar to this work [17].

5.2.2 Inverse Kinematics
From the piecewise function in (5.4), two solutions are required for the inverse
kinematics. These two solutions relate to the two workspace areas seen in Figure 5.1.
Each solution for the inverse kinematics can be divided into two parameters; these
parameters are the magnitude and angle of the vector defined by the desired position of
the tip. The magnitude of the vector can be equated to the effective length of the curled
finger as seen in Figure 5.2 and expressed in (5.9).
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𝑦
(𝑥, 𝑦)

𝐿3
𝜃3
𝐿𝑒𝑓𝑓

𝐿2

𝜃2
𝛼

𝐿1

𝜃1
𝑥

Figure 5.2 Governing Parameters

𝐿𝑒𝑓𝑓 2 = 𝑥 2 + 𝑦 2

(5.9)

𝐿𝑒𝑓𝑓 2 = (𝐿1 + 𝐿2 cos 𝜃2 + 𝐿3 cos(𝜃2 + 𝜃3 )2 + (𝐿2 sin 𝜃2 + 𝐿3 sin(𝜃2 + 𝜃3 )2

(5.10)

where:

Subbing (5.4) into (5.10) yields two equations defined by the boundary 𝜃2 < 0.96.
Equation (5.11) applies when 𝜃2 is less than 0.96 while (5.12) applies when 𝜃2 is greater
than the boundary.
𝑥 2 + 𝑦 2 = (𝐿1 + 𝐿2 cos 𝜃2 + 𝐿3 cos(𝜃2 )2 + (𝐿2 sin 𝜃2 + 𝐿3 sin(𝜃2 ))2

(5.11)

𝑥 2 + 𝑦 2 = (𝐿1 + 𝐿2 cos 𝜃2 + 𝐿3 cos(2𝜃2 − 0.96))2
(5.12)
+ (𝐿2 sin 𝜃2 + 𝐿3 sin(2𝜃2 − 0.96))

2

Simplifying (5.11) with trigonometric identities yields:
𝑥 2 + 𝑦 2 = 𝐿1 2 + 𝐿2 2 + 𝐿3 2 + 2𝐿2 𝐿3 + 2𝐿1 𝐿2 cos 𝜃2 + 2𝐿1 𝐿3 cos 𝜃2
Solving this equation for 𝜃2 gives the result shown below:
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(5.13)

𝜃2 = 𝜋 ± cos

−1

𝐿1 2 + 𝐿2 2 + 𝐿3 2 + 2𝐿2 𝐿3 − 𝑥 2 − 𝑦 2
(
)
2𝐿1 𝐿2 + 2𝐿1 𝐿3

(5.14)

As the physical finger is restricted to curl in one direction, the solution used in this
work is (5.15) that yields a positive angle for the desired workspace.

𝜃2 = 𝜋 − cos

−1

𝐿1 2 + 𝐿2 2 + 𝐿3 2 + 2𝐿2 𝐿3 − 𝑥 2 − 𝑦 2
(
)
2𝐿1 𝐿2 + 2𝐿1 𝐿3

(5.15)

For the solution past the angle offset where the fingertip curls at a ratio to the PIP
joint, a more extensive solution is required. As noted in [57], the 1:1 ratio between 𝜃2 and
𝜃3 allows an analytical solution to be derived. The more complicated solution for 𝜃2 is
seen in (5.12) where the simplification with trigonometric identities yields:
𝑥 2 + 𝑦 2 = 𝐿1 2 + 𝐿2 2 + 𝐿3 2 − 2𝐿1 𝐿3 sin (

157𝜋
) + 2𝐿1 𝐿2 cos 𝜃2
900

157𝜋
157𝜋
) (cos 𝜃2 )2 + 2𝐿2 𝐿3 cos (
) sin 𝜃2
+ 4𝐿1 𝐿3 sin (
900
900

(5.16)

157𝜋
157𝜋
) cos 𝜃2 + 4𝐿1 𝐿3 cos (
) cos 𝜃2 sin 𝜃2
+ 2𝐿2 𝐿3 sin (
900
900
This result is substituted with cos 𝜃 = 𝜇 and using the trigonometric identity, 1 =
cos 𝜃 2 + sin 𝜃 2 , then sin 𝜃 = √(1 − 𝜇 2 ). The result from these substitutions into (5.16)
is shown in:
𝑥 2 + 𝑦 2 = 𝐿1 2 + 𝐿2 2 + 𝐿3 2 + 2𝐿1 𝐿2 𝜇 + 2𝐿2 𝐿3 sin (

157𝜋
)𝜇
900

157𝜋 2
157𝜋
) 𝜇 + 2𝐿2 𝐿3 cos (
) √(1 − 𝜇 2 )
+ 4𝐿1 𝐿3 sin (
900
900
+ 4𝐿1 𝐿3 cos (

157𝜋
157𝜋
) 𝜇√(1 − 𝜇 2 ) − 2𝐿1 𝐿3 sin (
)
900
900
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(5.17)

This result yields a 4th order equation with respect to 𝑎 that can be solved and
subsequently the solution for 𝜃2 is found from the Arcos of 𝑎.
Solving for 𝜃2 in both cases provides the inverse solution for the second joint and
consequently 𝜃3 from (5.4). The solution for 𝜃1 is derived from the angle component of
the vector for the desired fingertip position. Figure 5.3 depicts the parameters from the
curled fingertip and desired tip position. To solve for 𝜃1 the angle 𝛼 must be computed
which occurs from the result of the curling motion. The difference between this angle and
the vector angle of the tip position is 𝜃1 .

(𝑥, 𝑦)

𝐿3

𝜃3
𝛾
𝑑
𝑓

𝛾2
𝛾1

𝑒
𝐿2
𝛽
𝛼

𝐿1

𝜃2

𝜃1

Figure 5.3 Trapezoid Parameters for Curled Finger

𝑦
𝜃1 = tan−1 ( ) − 𝛼
𝑥

(5.18)

To solve for 𝛼, the parameters outlined in Figure 5.3 must be determined; these
solutions are shown in the following equations that use rearranged Cosine Law functions.
𝛽 = 𝜋 − 𝜃2

(5.19)

𝛾 = 𝜋 − 𝜃3

(5.20)
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𝑒 = √𝐿1 2 + 𝐿2 2 − 2𝐿1 𝐿2 cos 𝛽

(5.21)

𝑓 = √𝐿2 2 + 𝐿3 2 − 2𝐿2 𝐿3 cos 𝛾

(5.22)

𝐿2 2 + 𝑒 2 − 𝐿1 2
(
)
2𝐿2 𝑒

(5.23)

𝛾1 = cos

−1

𝛾2 = 𝛾 − 𝛾1

(5.24)

𝑑 = √𝐿3 2 + 𝑒 2 − 2𝐿3 𝑒 cos 𝛾2

(5.25)

𝐿1 2 + 𝑑 2 − 𝑓 2
(
)
2𝐿1 𝑑

(5.26)

𝛼 = cos

−1

This concludes the solution for the inverse kinematics of the finger that includes a
piecewise solution for 𝜃2 relying on the relative workspace due to the under-actuation
strategy that only curls the fingertip after an offset angle.

5.2.3 Velocity Kinematics
The velocity kinematics of the finger rely on the use of the Jacobian with the forward
kinematics to determine the joint rates for a required velocity vector of the fingertip.
Equation (5.27) defines the governing equation.

𝜃̇
𝑥̇
[ ] = J [ 1]
𝑦̇
𝜃2̇

(5.27)

As the design only actuates the first and second joints, the third joint is not included
as a variable in the velocity equation. This joint rate is determined as the 1:1 ratio to the
second joint or has no velocity depending on the workspace currently in question. The
Jacobian is defined by:
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𝑑𝑥
𝑑𝜃1
J=
𝑑𝑦
[𝑑𝜃1

𝑑𝑥
𝑑𝜃2
𝑑𝑦
𝑑𝜃2 ]

(5.28)

Once again, from the piecewise nature of the system, two Jacobians are required for
the full solution.

J1 = [

−𝐿2 sin(𝜃1 + 𝜃2 ) − 𝐿3 sin(𝜃1 + 𝜃2 ) − 𝐿1 sin 𝜃1
𝐿2 cos(𝜃1 + 𝜃2 ) + 𝐿3 cos(𝜃1 + 𝜃2 ) + 𝐿1 cos 𝜃1

𝑑𝑥
𝑑𝜃1
J2 =
𝑑𝑦
[𝑑𝜃1

−(𝐿2 + 𝐿2 ) sin(𝜃1 + 𝜃2 )
]
(𝐿2 + 𝐿2 ) cos(𝜃1 + 𝜃2 )

𝑑𝑥
𝑑𝜃2
𝑑𝑦
𝑑𝜃2 ]

where:

𝑑𝑥
157𝜋
) − 𝐿2 sin(𝜃1 + 𝜃2 ) − 𝐿1 sin 𝜃1
= 𝐿3 cos (𝜃1 + 2𝜃2 +
𝑑𝜃1
900

𝑑𝑦
157𝜋
) + 𝐿2 cos(𝜃1 + 𝜃2 ) + 𝐿1 cos 𝜃1
= 𝐿3 sin (𝜃1 + 2𝜃2 +
𝑑𝜃1
900

𝑑𝑥
157𝜋
) − 𝐿2 sin(𝜃1 + 𝜃2 )
= 2𝐿3 cos (𝜃1 + 2𝜃2 +
𝑑𝜃2
900

𝑑𝑦
157𝜋
) + 𝐿2 cos(𝜃1 + 𝜃2 )
= 2𝐿3 sin (𝜃1 + 2𝜃2 +
𝑑𝜃2
900
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(5.29)

(5.30)

To solve for the joint rates, the inverse of the Jacobian is required. However, as the
matrix in both cases is not square, the pseudo-inverse of the matrix is taken. The general
solution for the joint rates is shown in:

𝜃̇
𝑥̇
[ 1 ] = J† [ ]
𝑦̇
𝜃2̇

(5.31)

5.2.4 Path Planning
The solution from the velocity kinematics can be used in an iterative method for path
planning. In the simple case, the desired trajectory and travel distance can be specified
where the velocity of the fingertip is calculated at specific steps to create the desired
motion. This process uses timesteps and tracks the position of the fingertip to calculate
the next set of joint rates to follow the path at the desired velocity. A further check is also
needed during this process to use the correct kinematics depending on the current
workspace the fingertip is occupying.
Figure 5.4 shows the result of the path planning technique. The desired velocity of 10mm/s in the x-direction was requested for a length of 70mm. The initial joint positions
were 30° and 45° for 𝜃1 and 𝜃2 respectively (yielding 0° for 𝜃3 from (5.4)). The plotted
line was generated by calculating the forward kinematics from the result of adding the
discrete timestep joint velocities to the tip positions. The three plots show the change in
result from varying the timesteps. As the timestep becomes smaller, the path becomes
more congruent to the defined path thus validating the overall algorithm.
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a)

b)

c)
Figure 5.4 Path Planning Results from a) 1 sec b) 0.5 sec and c) 0.1 sec Timesteps
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5.3. Control Loop
Once the kinematics of the system is determined, the control strategy for the physical
unit is required to have a functioning prototype. For this section, the control strategy
involving a force feedback controller was used. The general control loop is introduced in
Figure 5.5.
Linear
Actuator

PID

Set
Force

+

Finger

PID

Output
Force

BLDC Motor

Sensor
Conversion

Tactile Sensor
Reading

Figure 5.5 Overall Control Loop

As visualized, two proportional-integral-derivative (PID) controllers are introduced
for the different actuators as their control methods are different and each controller is a
single-input single-output controller. Both motors use their respective control boards to
convert pulse width modulation (PWM) signals to the proper voltage patterns to actuate
the drive units. For the linear actuator, the PWM signal defines a position setpoint and
using the absolute encoder, the motor is actuated until the encoder reads the desired
position. Therefore, the PID controller outputs a PWM signal related to the desired
position target for the linear actuator. Figure 5.6 shows a more detailed control block for
the linear actuator that includes the motor control board’s pots that dictate the response of
the linear actuator from the desired position.
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Linear Actuator
+
PWM

-

Pot Gains

DC Motor

Linear Piston

Linear
Postion

Potentiometer

Figure 5.6 Linear Actuator Control Loop

This feedback control is different for the BLDC motor. The motor control board for
the BLDC motor uses PWM signals as a speed input. Therefore, the PID controller in the
main control loop operates as a speed controller that alters the PWM signal to control the
joint rate rather than the position itself. The BLDC motor controller does not offer direct
measurement of feedback for absolute position and velocity. Therefore, these parameters
must be estimated using the output from the incremental encoder to create the required
speed controller.
The movement of the finger then induces a change in grasping force that is captured
by the tactile sensor. As the tactile sensor reads pressure, a conversion is required to
convert the pressure value to a normal force reading. This result is compared to the set
force and the loop continues until the required grasping force is achieved.

5.4. Conclusion
Robot manipulators rely heavily on their implemented control systems to perform at
a high level which is desired by its operators. The main topic of this control is the
kinematics of the system. These derivations are a necessity to understand how the system
will react to given inputs and see the capabilities of the system, for example, the
reachable workspace. Chapter 6 extrapolates the kinematics presented earlier to
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understand the capabilities of an entire hand that would use the underactuated system
found in the presented finger.
After kinematics, the next step was to develop the controller to provide the required
inputs to the system. Once the controller was created, the system was ready for testing.
The following sections demonstrate the various tests that were conducted. An example of
the force feedback controller is shown in Chapter 6 where an object is grasped with a
defined force. The validation of the tactile sensor is also demonstrated which provided
the required information to create the sensor conversion block seen in the overall control
loop.

Chapter 6. Inverse Kinematic Solution for In-Hand Manipulations
6.1. Introduction
Expanding on the kinematics presented in Chapter 5, this idea can be used for the
control of a full robotic hand. The drawbacks of these robotic systems are their
complexity. This challenge is magnified during in-hand manipulations. Once an object is
acquired, reorienting it within the manipulators grasp is an advanced technique that can
be useful for precise movements.
A possible solution to understanding the in-hand manipulation kinematics is to treat
the system as a parallel manipulator. Each finger acts as a serial link and the grasped
object acts as the end-effector. Using this method provides the basis to compute the
kinematics of a grasped object during in-hand manipulations. Figure 6.1 demonstrates an
example of a common grasping technique. This “Quadpod” grasp can be compared to the
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delta robot shown where the grasped object is treated as the end effector in a parallel
system.

Figure 6.1 Quadpod Grasp (left) [58] Delta Robot (right) [59]

This chapter consists of a few areas of investigation with corresponding deliverables
in each section. The first portion of the chapter includes a mathematical approach to
determine the model for the kinematics of the robotic system. The use of the DenavitHartenberg (D-H) parameters, found in [60], provides the basis to develop the rest of the
model. Another variable to consider includes the size of the grasped object. A cylinder
was used as the intended object with different diameters to analyze the change in motion
due to the change in size. An important assumption for this model includes a no-slip
condition. Assuming the grasped object does not move within the grasp allows the model
to stay consistent throughout the in-hand manipulation.
The following phases of the chapter involve a simulation to verify the calculated
model. A position and orientation of the object will be requested with a simulated
model’s attempt to achieve that pose. The completion of this task will verify the model’s
accuracy. Calculations and simulations will be conducted in a MATLAB environment to
enhance productivity in both phases of the work.
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To develop an anthropomorphic robotic hand, biological research must be conducted
initially to understand the mechanics of the human hand. This research provides the
foundation for robotic systems as a reference to compare the design. The research in [60]
outlines the structure of the human hand. This identifies the joint and link configurations
to achieve the dexterity of a human hand with corresponding methods to determine link
lengths and other offsets. Many robotic hands use similar structures that validate the
work. This is seen in the DLR/HIT Hand II and the MPL as they use the same
configuration for the index and middle finger [1, 8].
The difference from the structure presented in [60] is the configuration of the thumb.
The presented configuration uses two consecutive universal joints; however, this is not
seen in many physical robotic applications. The MPL, KITECH and X-Hand all remove a
degree of freedom from the second universal joint to create a R⊥R⊥R∥R thumb
configuration [1, 5, 18]. Another common practice for these types of robotic hands is the
coupling of joints to create an underactuated system. Researchers in [9] used a cable and
pulley system between the two distal joints of each finger to allow the CEA hand to have
one actuator control both joints. The result was a joint that rotated at a ratio to its coupled
joint.
These design considerations inspire the solution presented in this work. The modified
Pitarch hand structure along with common coupling practices exemplified by the CEA
hand provides the foundation and assumptions that make the final control solution
possible. Other research has been conducted in this field such as the work in [41], but this
was limited to one motion of screwing and unscrewing. The purpose of this research is to
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develop a more general solution to in-hand manipulation for a specific grasp
configuration.

6.2. Methods
6.2.1 Kinematic Derivation
In this chapter, the specific grasp that will be analyzed is the tripod grasp. This
involves the object being gripped by the thumb, index, and middle finger. Therefore, the
structures for each of these fingers are required to determine an inverse kinematic
solution. Using the modified Pitarch configuration introduced earlier, these structures can
be determined.
The following shows the Modified D-H parameters for each finger. The parameters
for the index and middle finger directly correlate to Pitarch’s research, however, the
thumb parameters have been modified to correspond to common robotic hands introduced
earlier.
Table 6-1 D-H Parameters for Index and Middle Fingers

a
0
0
Li2
Li3
Li4

α
0
π/2
0
0
0

d
0
0
0
0
0

θ
θi1
θi2
θi3
θi4
0

Table 6-2 D-H Parameters for The Thumb

a
0
0
L11
L12
L13

α
0
π/2
-π/2
0
0

d
0
0
0
0
0
75

θ
θ11
θ12
θ13
θ14
0

Figure 6.2 Joint and Link Configuration for A) Index/Middle and B) Thumb

This result allows for the derivation of the inverse kinematics. Two types of solutions
are used for the overall hybrid solution of the robotic hand. The index and middle finger
can use a geometric inverse solution while the thumb uses a conventional inverse
kinematic solution involving the transformation matrix from its base to the tip. For both
solutions, the position of the fingertip is required; however, the orientation is not a
requirement. The contact point on the object is assumed as a passive spherical joint so the
orientation is not needed to complete the motion of the object.
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6.2.1.1 Index/Middle Finger Inverse Kinematic Solution
For the task of grabbing and manipulating the cylinder, the center of the cylinder
must be defined in the world frame {o} and is denoted by oP𝑐 . As the hand is intended to
grab the cylinder on the upper rim, the point of contact is represented as a point with
respect to the cup frame {c}, cP𝒊 where 𝑖 indicates the finger. Figure 6.3 shows the points
of interest with the transformation from P𝑐 to P𝑖 defined by (6.1) where 𝜎 denotes the
angle that is unique for each finger contact point.
𝑐𝑜𝑠 𝜎
0
𝑠𝑖𝑛 𝜎
c
P𝒊 = [ 0 ] + [ 0 ] CR
0.5 ∗ CH
0
1

𝜎

Figure 6.3 Components of Cup Position

For the inverse solution, all points of interest are referred to in the world frame.
Therefore, the contact point must be transformed to the frame {o} using:
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(6.1)

𝒐

P𝒊 = 𝒐𝒄𝑻 ∗ 𝒄P𝒊

(6.2)

The transformation matrix is shown in (6.3) where the orientation of the cup is
defined by XYZ Euler angles.

𝑜
𝑐T

=

𝑐(𝜃𝑦 )𝑐(𝜃𝑧 )

𝑠(𝜃𝑥 )𝑠(𝜃𝑦 )𝑐(𝜃𝑧 )
+ 𝑐(𝜃𝑥 )𝑠(𝜃𝑧 )

−𝑐(𝜃𝑥 )𝑠(𝜃𝑦 )𝑐(𝜃𝑧 )
+ 𝑠(𝜃𝑥 )𝑠(𝜃𝑧 )

𝑜

−𝑐(𝜃𝑦 )𝑠(𝜃𝑧 )

−𝑠(𝜃𝑥 )𝑠(𝜃𝑦 )𝑠(𝜃𝑧 )
+ 𝑐(𝜃𝑥 )𝑐(𝜃𝑧 )

𝑐(𝜃𝑥 )𝑠(𝜃𝑦 )𝑠(𝜃𝑧 )
+ 𝑠(𝜃𝑥 )𝑐(𝜃𝑧 )

𝑜

𝑠(𝜃𝑦 )

−𝑠(𝜃𝑥 )𝑐(𝜃𝑦 )

𝑐(𝜃𝑥 )𝑐(𝜃𝑦 )

𝑜

0

0

0

P𝑐𝑥

P𝑐𝑦

(6.3)

P𝑐𝑧
1

Since the system is treated as a parallel manipulator, the inverse kinematics for such
a system can be utilized for the derivation of this scenario. A Stewart-Gough platform
uses the length of each joint to translate and orient the platform using (6.4) as the
governing equation.
𝐿𝑒𝑓𝑓 = ‖ 𝒐P𝒐𝒔𝒊𝒋 − 𝒐r𝒐𝒊 ‖

(6.4)

Where 𝒐P𝒐𝒔𝒊𝒋 is the joint’s mounting position on the platform, and 𝒐r𝒐𝒊 is the vector
from the origin of the base to the start of the joint. Using this method, the vector length
from the base of the finger, 𝒐bf𝒊, to the contact point on the cylinder is defined in:
𝐿𝑒𝑓𝑓 = ‖ 𝒐P𝒊 − 𝒐bf𝒊 ‖

(6.5)

Therefore, the distance from the base of the finger to the fingertip must be equal to
this length; See (6.6). This length is adjusted by curling the finger using 𝜃3 and 𝜃4 and
results in a vector addition of the fingertip’s Z and Y displacement seen in Figure 6.4.
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𝐿𝑒𝑓𝑓

Figure 6.4 Finger Y-Z Components

𝐿𝑒𝑓𝑓 = √Fy𝑖 2 + Fz𝑖 2

(6.6)

Fy𝑖 = L𝑖2 +L𝑖3 𝑐𝑜𝑠 𝜃𝑖3 + L𝑖4 𝑐𝑜𝑠(𝜃𝑖3 + 𝜃𝑖4 )

(6.7)

Fz𝑖 = L𝑖3 𝑠𝑖𝑛 𝜃𝑖3 + L𝑖4 𝑠𝑖𝑛(𝜃𝑖3 + 𝜃𝑖4 )

(6.8)

Using the common technique of mechanically coupling joints together as seen in [9],
(6.7) and (6.8) are altered to only contain the unknown θi3 with the introduction of the
coupling ratio ‘c’.

Fy𝑖 = L𝑖2 +L𝑖3 cos 𝜃𝑖3 + L𝑖4 cos(𝜃𝑖3 + 𝑐𝜃𝑖3 )

(6.9)

Fz𝑖 = L𝑖3 sin 𝜃𝑖3 + L𝑖4 sin(𝜃𝑖3 + 𝑐𝜃𝑖3 )

(6.10)

Substituting (6.9) and (6.10) into (6.6) allows for the solution of 𝜃𝑖3 and coincidently
𝜃𝑖4 for each finger with their corresponding contact point. The remaining unknowns
include 𝜃𝑖1 and 𝜃𝑖2 which are determined from the vector angles of the contact point with
respect to the finger base frame {f}. The vector angles can be described as ZX Euler
angle rotations where the Z-rotation is denoted as ε and X-rotation as 𝜏. Equations (6.11)
and (6.12) define the two angles.
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𝑜

ε = tan

−1

P𝑖𝑥 − 𝑜bf𝑖𝑥
(𝑜
)
P𝑖𝑦 − 𝑜bf𝑖𝑦
𝑜

𝜏 = tan−1

(6.11)

P𝑖𝑧 − 𝑜bf𝑖𝑧
2

2

(6.12)

𝑜
𝑜
𝑜
√ 𝑜
( ( P𝑖𝑥 − bf𝑖𝑥 ) + ( P𝑖𝑦 − bf𝑖𝑦 ) )

Angle ε and 𝜏 are accounted for by 𝜃𝑖1 and 𝜃𝑖2 respectively and are shown in (6.13)
and (6.14). The angle φ is created from the curl of the finger shown in Figure 6.4.
Isolating for 𝜃𝑖1 and 𝜃𝑖2 in the equations offer the last portions to the overall inverse
kinematic solution.

ε = 𝜃𝑖1

(6.13)

𝜏 = 𝜃𝑖2 + 𝜑

(6.14)

Figure 6.5 All Joint Components

6.2.1.2 Thumb Inverse Kinematic Solution
Due to the thumb’s variance in configuration compared to the index and middle
finger, a different method is required to solve the inverse displacement problem. The
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method used is a traditional approach that utilizes the transformation matrix from the base
of the finger to the fingertip. Using the D-H parameters in Table 6-2, the transformation
matrix was computed as seen below.

𝑜
𝑐𝑇

=

A1
A2
A3
0

B1
B2
B3
0

C1
C2
C3
0

D1
D2
D3
1

(6.15)

Where:
A1 =

− 𝑐(𝜃14 )(𝑠(𝜃11 )𝑠(𝜃13 ) − 𝑐(𝜃11 )𝑐(𝜃12 )𝑐(𝜃13 )) − 𝑠(𝜃14 )(𝑐(𝜃13 )𝑠(𝜃11 ) +
𝑐(𝜃11 )𝑐(𝜃12 )𝑠(𝜃13 ))

A2 =

𝑐(𝜃14 )(𝑐(𝜃11 )𝑠(𝜃13 ) + 𝑐(𝜃12 )𝑐(𝜃13 )𝑠(𝜃11 )) + 𝑠(𝜃14 )(𝑐(𝜃11 )𝑐(𝜃13 ) −
𝑐(𝜃12 )𝑠(𝜃11 )𝑠(𝜃13 ))

A3 =

𝑐(𝜃13 + 𝜃14 )𝑠(𝜃12 )

B1 =

𝑠(𝜃14 )(𝑠(𝜃11 )𝑠(𝜃13 ) − 𝑐(𝜃11 )𝑐(𝜃12 )𝑐(𝜃13 )) − 𝑐(𝜃14 )(𝑐(𝜃13 )𝑠(𝜃11 ) +
𝑐(𝜃11 )𝑐(𝜃12 )𝑠(𝜃13 ))

B2 =

𝑐(𝜃14 )(𝑐(𝜃11 )𝑐(𝜃13 ) − 𝑐(𝜃12 )𝑠(𝜃11 )𝑠(𝜃13 )) − 𝑠(𝜃14 )(𝑐(𝜃11 )𝑠(𝜃13 ) +
𝑐(𝜃12 )𝑐(𝜃13 )𝑠(𝜃11 ))

B3 =

−𝑠(𝜃13 + 𝜃14 )𝑠(𝜃12 )

C1 =

−𝑐(𝜃11 )𝑠(𝜃12 )

C2 =

−𝑠(𝜃11 )𝑠(𝜃12 )

C3 =

𝑐(𝜃12 )

D1 =

L11 𝑐(𝜃11 )𝑐(𝜃12 ) − L13 (𝑐(𝜃14 )(𝑠(𝜃11 )𝑠(𝜃13 ) − 𝑐(𝜃11 )𝑐(𝜃12 )𝑐(𝜃13 )) +
𝑠(𝜃14 )(𝑐(𝜃13 )𝑠(𝜃11 ) + 𝑐(𝜃11 )𝑐(𝜃12 )𝑠(𝜃13 ))) − L12 (𝑠(𝜃11 )𝑠(𝜃13 ) −
𝑐(𝜃11 )𝑐(𝜃12 )𝑐(𝜃13 ))

D2 =

L12 (𝑐(𝜃11 )𝑠(𝜃13 ) + 𝑐(𝜃12 )𝑐(𝜃13 )𝑠(𝜃11 )) + L13 (𝑐(𝜃14 )(𝑐(𝜃11 )𝑠(𝜃13 ) +
𝑐(𝜃12 )𝑐(𝜃13 )𝑠(𝜃11 )) + 𝑠(𝜃14 )(𝑐(𝜃11 )𝑐(𝜃13 ) − 𝑐(𝜃12 )𝑠(𝜃11 )𝑠(𝜃13 ))) +
L11 𝑐(𝜃12 )𝑠(𝜃11 )

D3 =

𝑠(𝜃12 )(L11 + L13 𝑐(𝜃13 + 𝜃14 ) + L12 𝑐(𝜃13 ))
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As the required solution only involves the position of the fingertip and not its
orientation, the inverse solution is obtained by using D1-3 from the transformation matrix
and creating the following equations.

𝑓

𝑓

P1𝑦

s(θ11 )s(θ13 ) −
)+
c(θ11 )c(θ12 )c(θ13 )
= L11 c(θ11 )c(θ12 ) − L13
c(θ13 )s(θ11 ) +
)
s(θ14 ) (
c(θ11 )c(θ12 )s(θ13 ) )
(
s(θ11 )s(θ13 ) −
)
− L12 (
c(θ11 )c(θ12 )c(θ13 )

(6.16)

c(θ11 )s(θ13 ) +
)+
c(θ14 ) (
c(θ11 )s(θ13 ) +
c(θ12 )c(θ13 )s(θ11 )
) + L13
= L12 (
c(θ12 )c(θ13 )s(θ11 )
c(θ11 )c(θ13 ) −
)
s(θ14 ) (
c(θ12 )s(θ11 )s(θ13 ) )
(
+L11 c(θ12 )s(θ11 )

(6.17)

c(θ14 ) (

P1𝑥

𝑓

P1𝑧 = s(θ12 )(L11 + L13 c(θ13 + θ14 ) + L12 c(θ13 ))

(6.18)

As the 4DOF manipulator is given a 3DOF task, the system becomes redundant.
Redundant manipulators have complex inverse kinematic solutions as the number of
possible configurations increases due to the extra joint. For this work, these equations
were solved for each angle using a numerical solver from a MATLAB toolbox that will
be presented in the following section.

6.2.2 Simulation Environment
Simulation is required as a preliminary validation of the derived solution presented
earlier. This process was conducted with the use of a software package available in
MATLAB. MATLAB is a generic coding environment with applications in many
industries that require control, simulation and any other computations that aid in solving
an engineering problem. Specifically, the Robotics System Toolbox was utilized along
with MATLAB’s base functions to produce a simulated robot to visualize and analyze the
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motions computed from the derived inverse kinematic solution. The toolbox allows the
user to create a ‘RigidBodyTree’ model that acts as the skeleton for the robot. Info from
the D-H parameters and other user-defined parameters create the joint and link
dependencies that constrain the robot to a simulated representation of how a physical
system may act in the real world.
Along with the model construction, functions for kinematics and dynamics of the
generated system are also available for the user to test the robot’s capabilities. The native
inverse kinematic solver found in the toolbox provides a basis for comparison against the
derived solution stated earlier. This function solves the problem numerically and takes
advantage of a computer's fast processing power to optimize the joint positions to achieve
the desired pose. Utilizing the model generating functions and graphical tools provides
visual feedback to the derived inverse solution while the native solver provides a baseline
to test the performance of the solution.

Figure 6.6 Rendered System from MATLAB Robotics Toolbox
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6.3. Results
Two forms of analysis were used to evaluate the derived solution. The first test
measured the computation speed of the function and compared it to the native function in
the Robotics System Toolbox. This comparison provided a quantitative reference to
determine how well the function performed. The second test computed the mathematical
workspace of the robotic system. As the hybrid inverse kinematic function is an
analytical solution, there is a potential for the math to become unsolvable when the
required contact point is unreachable. Therefore, a workspace can be computed to outline
the space where the solution provides a result.

6.3.1 Performance Test
The performance test as conducted in the simulated MATLAB environment. The two
inverse kinematic functions were required to conduct the same task, with the computation
time recorded for each solver. The test involved the cylinder starting at a position below
the hand where a grasp was successfully achieved. The cylinder was then moved
outwards along the y-axis where five iterations of the inverse kinematics were computed.
The results for each solver are shown below.

6.3.1.1 Robotics System Toolbox
The computational time for the task was an average of 8.5 seconds and the results
from one trial are shown in Figure 6.7. The discontinuous nature of the solutions between
each step represents a flaw in the solver that requires further computations of path
planning for a physical implementation to be successful.
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Figure 6.7 Joint Positions from The Robotic System Toolbox
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6.3.1.2 Hybrid Inverse Kinematics
The computational time for the task was an average of 5.7 seconds. This result is
33% faster than the native toolbox solver. As seen in Figure 6.8, the solutions are also
more continuous between steps. This makes a predictable system with a lower
computational cost. These positive results open opportunities for physical implementation
in further research.
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Figure 6.8 Joint Positions from Hybrid Inverse Kinematics
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6.3.2 Workspace Determination
The mathematical workspace for the robot was also determined in a MATLAB
simulated environment. The process involved translating the cylinder throughout the
world frame of the robot and attempting a grasp at each location. The grasp attempt
would fail is the mathematical solution was unattainable for a given cylinder position.
This test was conducted for two cylinders of different diameters, 10cm and 15cm. The
results of the two computations are shown in Figure 6.9.
The plotted points represent the center of the cylinder while the fingers are tasked
with grasping the upper rim of the object. Although the general shape and size of the
workspace are consistent for both trials, there is a difference in the workspace due to the
different diameters.
Figure 6.9 shows the overlay of these two workspaces. The larger diameter cylinder
can be translated further behind the hand and the smaller diameter can be grasped further
forward along the X-Y plane. Another area of focus is at the center of the workspace
close to the palm. This central location also hinders the possible grasps as the fingers are
unable to curl to their base joint due to the lengths of each link.
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Figure 6.9 Overlapping Workspaces (larger cup: blue, smaller cup: orange)

6.4. Conclusion
This work focused on a hybrid inverse kinematic solution for an anthropomorphic
robotic hand. Specifically, the solution was tailored for in-hand manipulations involving
the manipulation of a grasped cylinder. Using a geometric method inspired by parallel
manipulators, the index and middle finger joint angles were able to be determined for a
specified position and orientation of the cylinder. The thumb joint angles were
numerically determined using a classic inverse solution involving the position portion of
the transformation matrix.
This hybrid method was compared to a native inverse solver found in the Robotics
System Toolbox where it was determined that the new solution was 33% faster. Also, the
mathematical workspace was determined and compared to two sizes of cylinders.
Overall the proposed hybrid solution offers an efficient method to solve the inverse
kinematics for in-hand manipulations and early success offers potential for physical
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implementations. This future work can test the abilities of a real robotic hand using this
solver with further development towards the physically constrained workspace and
inverse dynamic solutions. As the derived kinematics only relate to the configuration of
the index, middle, ring and pinky fingers; future work can also be with regards to a new
solution for the thumb as its joint configurations, seen in the D-H tables, differ form the
other fingers.
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Chapter 7. Performance
7.1. Introduction
In this chapter, several tests for the finger and tactile sensor are presented. These
tests demonstrate the performance of the overall system that is required to determine the
success of the concept. The first test measures the speed to contract and extend the finger
for both actuators. The second experiment determines the precision of the system by
measuring the repeatability of its position control. Third, the total grasping force is
measured which represents the power of the system. The following test utilizes the force
feedback from the tactile sensor to demonstrate a closed-loop controller for grasping
objects with consistent pressure. The final two experiments using the pressure signal from
the tactile sensor with a classification strategy to determine the presence of slip and
identify surfaces. This collection of experiments provided the necessary results to deem
the design successful and validate the design choices presented in earlier chapters.

7.2. Speed Test
The first test for the finger aims to determine the speed profile for each actuator.
From this, the responsiveness of the finger can be defined, and the total time to curl and
extend the finger can be determined. This is necessary information to conduct more
complicated tests such as force and motion control. Results from this test also contribute
to the comparison between BLDC motors and linear actuators.

7.2.1 Methodology
As both actuators have integrated position feedback methods, these systems were
used to determine the speed during a curling and extension motion. Using the
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microcontroller’s timing function, the time and position were recorded in parallel. As
each actuator has a different control method, the linear actuator and BLDC motor were
tested separately and compared upon completion.
For the linear actuator, absolute position feedback comes from the embedded
potentiometer which is read through analog pins on the microcontroller. To record the
motion, the potentiometer value and timestamp from the microcontroller’s timer was
saved to a file during the trial and processed afterwards to determine the speed profile.
Three trials were conducted for flexion and extension to show the repeatability of this
design. To determine the angular velocity of the joint, the linear motion of the actuator
was converted to the joint’s angular position using (7.1) where 𝐿𝑝𝑜𝑠 is the range of
motion from the linear actuator. From this profile, the angular velocity could then be
determined from its derivative.
𝜃1 = |tan−1 (

𝐿𝑝𝑜𝑠
𝜋
− 1) − |
10
4

(7.1)

The BLDC motor, on the other hand, uses an incremental encoder to provide position
feedback. This method is not an absolute measurement as it increments independently
from the direction of rotation. The embedded digital hall sensor produces an output for
every increment as the motor spins which was recorded through the digital pins on the
microcontroller. These pulses were coded as interrupts that update the count and
timestamp the new total with the microcontroller’s timer. To increase accuracy, the
updated position and time were recorded during the interrupt. Therefore, the timestamp
and new positions were recorded at the same time. Once again, the data was recorded and
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saved to a file for three trials of each motion. As the data directly represented rotational
motion, a frame transformation was not needed. However, the ratio of encoder counts to
joint angle was required as 2°: 25𝑐𝑜𝑢𝑛𝑡𝑠 .
Since the recorded data from these experiments were a discrete-time series of
timestamped data, the derivative was computed as a difference quotient for each
timestamp (7.2). This methodology produced four-speed profiles; flexion and extension
for each actuator, and the length of time to complete each motion.
𝜃̇ =

𝜃𝑡 − 𝜃𝑡−1
∆𝑡

(7.2)

7.2.2 Experimental Setup
The speed test required minimal equipment as the recoded data was handled by the
same unit that was controlling the finger. Therefore, the equipment in the experimental
setup was the finger, two motor drivers for the actuators, microcontroller, DC power
supply, and computer to log the serial communication.
For the linear actuator trials two scripts, flexion and extension, with hardcoded
position commands were used. With the units powered, the controller was started, and the
desired position was called to the motor controller and the potentiometer value was
recorded during its motion.
The BLDC motor uses the same script for both flexion and extension as an inputted
angle is sent to the microcontroller and processed to use the incremental encoder to
complete the motion. Since the data recording occurred during the interrupt, the data
would only be recorded once the motor started rotating, eliminating unnecessary bulk
data.
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7.2.3 Results
Figure 7.1 and Figure 7.2 show the position data of the linear actuator for flexion and
extension, respectively. The linear trends and similar profiles in each trial prove the
capability of the actuator. The angular conversion of the linear motion is plotted in Figure
7.3 and Figure 7.4. This plot also yields a linear trend with a slight deviation. This
predominantly linear plot demonstrates the effectiveness of the slot design. The decision
to have an equal distribution above and below the pivot point for the slot location reduced
the variance in its angular motion. This decision reduces the change in the trigonometric
component in the conversion expression and yields a more linear trend seen in the plots.
Finally, the velocity for the angular motion is presented in Figure 7.5 and Figure 7.6. The
curve visualizes the change in velocity seen as the change in slope in Figure 7.3 and
Figure 7.4 where the variance in this plot was due to the discrete data calculations. It was
found that the average time to extend or contract the finger was ~1.2 seconds with an
average angular velocity of 1.3 rad/s.
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Figure 7.1 Linear Actuator Position (Contraction)

Figure 7.2 Linear Actuator Position (Extension)
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Figure 7.3 MCP Joint Angle (Contraction)

Figure 7.4 MCP Joint Angle (Extension)
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Figure 7.5 MCP Joint Rate (Contraction)

Figure 7.6 MCP Joint Rate (Extension)
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Similarly, the results from the BLDC motor were also plotted. As the rotation of the
motor is directly correlated to the joint angle, the first set of plots (Figure 7.7 and Figure
7.8) show the joint position with respect to time. The joint was rotated to 60° to mitigate
premature wear on the prototype from repetitive trials at maximum speed. This range of
motion was adequate to determine the maximum velocity of the joint. The variance
between the trials can be attributed to the variance in power delivery from the motor
control board which can be minimized with a better performing board. The characteristic
of the variance seems to be related to capacitance in the board as the acceleration profile
is different in some trials. However, the maximum velocities in all trials are reasonably
consistent once again reaffirming the capacitive characteristics of the board affecting
results. As seen in the results from the linear actuator, the joint rate plots (Figure 7.9 and
Figure 7.10) also have variance due to the discrete data calculations, yet the profiles for
each trial are generally consistent. The maximum joint velocity was found to be 3.1 rad/s
and 2.8 rad/s for contraction and extension respectively. This would result in a time of
~0.6 seconds to fully rotate the PIP joint.
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Figure 7.7 PIP Joint Position (Contraction)

Figure 7.8 PIP Joint Position (Extension)
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Figure 7.9 PIP Joint Rate (Contraction)

Figure 7.10 PIP Joint Rate (Extension)
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7.3. Position Repeatability
This experiment was proposed to test the precision of the system’s position control.
Having a robot complete the same task with repeatable results makes the overall system
more capable of fine tasks. This performance transitions into accurate path planning and
repeatable grasping. As the design includes an underactuated joint, testing the
repeatability of its motion is crucial to deem the actuation strategy successful.

7.3.1 Methodology
To conduct this experiment, a measurement of the fingertip’s position was needed.
Therefore, dial gauges were used at set locations to measure the deviation in the tip’s
position at their location. Dial gauges offer precise and accurate measurements by
measuring the displacement of its pin using a potentiometer. For this experiment, the dial
gauges were set to be tangent to the joint’s rotation and the fingertip would press the pin.
Any inaccuracy in the tangential position of the dial gauge was mitigated by the roller in
the pin itself. This roller bearing allowed the tip to slide when in contact, resulting in a
strictly normal force on the gauge to provide an accurate reading. The variance in the
dial’s reading between each trial determines the precision of the system. This experiment
was conducted three times; for the linear actuator, BLDC motor, and the combination of
both. For each configuration, two dial gauges were used to measure the flexion and
extension position. Both locations were hand recorded from the dial gauge for the extent
of the trials with a 0.01mm tolerance. The calculated precision from these trials was then
represented as a distance-based tolerance. As the linear measurement was affected by a
rotational motion, the readings are dependent on the distance from the center of rotation.
For the linear actuator, this distance is referenced from the base MCP joint location.
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However, for the BLDC motor, the two rotating joints create an instantaneous center of
rotation for the fingertip. This center is calculated from the vector addition and graphical
method for free body motion.
When a body moves with inconsistent velocities throughout its volume, the resultant
motion can be defined as a rotation about a specific point, known as an instantaneous
center (IC) [61]. The point of this rotation is found from the intersection of the
perpendiculars from these velocities seen in Figure 7.11. The distance from the contact
point to the instantaneous center defines the radius similarly used for the linear actuator
trials. Once this radius is found, the linear reading from the dial gauge is converted to an
angular precision. Figure 7.12 shows the graphical representation of the fingertip’s
instantaneous center. This method is used for the BLDC motor scenario and the
combined actuator scenario.
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Figure 7.11 Instantaneous Center Definition [61]
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Figure 7.12 Fingertip IC
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7.3.2 Experimental Setup
Figure 7.13 shows an example of the experimental setup where the dial positions are
altered depending on the actuation scenario. The hand is fixed, and the dial gauges are
clamped in a position the tip is expected to reach for each motion. The dial positions are
altered between each scenario as the expected contact point varies depending on the
actuation method. For the linear actuator, the set flexion angle was 45°, next the BLDC
motor scenario angle was 70° and finally, the combined actuator scenario was set to 45°
and 80° for the linear actuator and BLDC motor respectively. These angles represent the
positions to calculate the instantaneous centers presented in the methodology of this
experiment.

Figure 7.13 Position Repeatability Setup

Operating the finger was conducted similar to earlier experiments where a DC power
supply was used, and the microcontroller is preloaded with the script to alternate between
flexion and extension for the desired scenario. The finger was then run, and the dial
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readings were recorded once the value settled between each iteration from the
predetermined delay in the code.

7.3.3 Results
Table 7-1 shows the results from each trial for the three scenarios. The overall
tolerance for each set of data was determined by determining the maximum variance seen
as the difference between the maximum and minimum recording. The distribution of the
recorded data is seen in the box plot (Figure 7.14). This depicts the precision of the
BLDC motor package as its variance is less than the linear actuator. This linear tolerance
was then converted to an angular tolerance using the respective instantaneous centers
with the results for all tolerances shown in Table 7-2. These small values are acceptable
results for the precision of this prototype. Even with the complaint and underactuated
attributes, the resultant tolerances were still less than 0.5°.
Table 7-1 Results from Repeatability Tests

Lin Position (mm) DC Position (mm) DC & Lin Position (mm)
Extend Contract Extend Contract Extend
Contract
Min
6.02
2.28
12.57
2.70
3.01
8.00
Max
6.31
2.96
12.69
2.90
3.58
8.59
Max Variance
0.29
0.68
0.12
0.20
0.57
0.59
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Figure 7.14 Box Plot of Repeatability Data
Table 7-2 Angular Variance

Lin Position
Extend

DC & Lin
Position

DC Position

Contract Extend Contract

Extend Contract

Max Linear Variance
(mm)

0.29

0.68

0.12

0.2

0.57

0.59

Effective Radius (mm)

90

96

55

53

71

96

Max Angular Variance
(deg)

0.18

0.41

0.13

0.22

0.46

0.35

7.4. Force Calibration
The first test involving the tactile sensor was conducted to calibrate its readings to an
applied force. The sensor outputs the pressure of the fingertip bladder and when an
applied force deforms the bladder, the pressure increases from the reduced volume. This
change in pressure must be related to the applied force to use the sensor as an effective
tactile sensor. The overall idea for this experiment was to have a proven sensor read the
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force in tandem with the pressure sensor and determine the relationship between the two.
This relation was also needed for the different areas of the fingertip as its non-uniform
shape required various amounts of force to deform the bladder in different locations.

7.4.1 Methodology
As stated, the goal of the experiment was to validate the new tactile sensor by using
an existing product to measure the real applied force and compare the readings to
determine the relationship between the two. To accomplish this, both sensors were
integrated into a common operating system, Robot Operating System (ROS). This
software allowed the simultaneous recording of the two sensors where each set of data
was timestamped to a common clock for accurate relations. For the tactile sensor, the
microcontroller script was modified to publish its readings through serial communication
and act as a node from which ROS pulled data. The commercial sensor utilized specific
ROS drivers to also allow its data to be added to the ROS network. This data was
published as a WrenchStamped data type that included the force and torque data in a
single data message. Data was collected by writing a subscriber to the microcontroller
node and the force component of the wrench data then writing the collected data to a
single file with individual time stamps. Using a custom subscriber allowed the data to be
recorded at the same 100Hz for both sensors thus simplifying the post-processing from
the experiment. The collected sensor data could then be plotted with respect to each other
to determine the relationship. It is important to note that the magnitude of the force vector
was the topic of comparison. As the tactile sensor is influenced by a normal force on the
bladder; the normal force is equal to the summation of its components outlined by the
commercial tactile sensor. For the three force locations of the fingertip, it was expected to
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observe three different relations showing that pressure is a function of the magnitude of
applied force, 𝑃(‖𝐹‖).

7.4.2 Experimental Setup
The chosen product for the commercial force sensor was the Robotiq FT300 force
and torque sensor. This 6 DOF sensor can measure all components of a force vector and
the resultant torque. This sensor was coupled with a compatible gripper that held the
fingertip with its incorporated tactile sensor. From this setup, any force that was applied
to the fingertip would be translated to the FT300. However, due to the weight of the
gripper and other initial force imbalances, the initial readings from the FT300 sensor
were zeroed and any force thereafter was solely from an applied force on the fingertip.
Figure 7.15 shows the experimental setup mounted to a robotic arm as it is intended to be
from the manufacturer.

Figure 7.15 FT300, Gripper and Tactile Sensor
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Two sets of trials on three locations were conducted to test the differences between
force locations; the top of the fingertip, front and side were the described areas and are
depicted in Figure 7.16. These trials were recoded separately to distinguish the data
during post-processing. As the commercial sensor was used, an arbitrary force could be
applied rather than a defined weight since the reading from the commercial sensor was
the basis for the calibration of the tactile sensor. For the initial set of trials, a gradual
force was applied and removed. This allowed the general relationship to be observed
while the second set of trials had a random set of forces applied to observe the response
of the tactile sensor. All trials are observed in the following section.

a)

b)

c)

Figure 7.16 Force Locations a) Top b) Front c) Side

7.4.3 Results
Figure 7.17, Figure 7.18 and Figure 7.19 show the raw data from the first set of trials
where a smooth increase and decrease of force were applied to the fingertip. The tactile
sensor correlates to the force sensor while having a reduced amount of noise. This is
beneficial as the tactile sensor requires minimal filtering to have a useable reading. For all
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locations of applied force, this attribute holds where the commercial sensor has
considerable noise compared to the tactile sensor. Therefore, for determining the relation
between pressure and force, the force sensor was fileted then plotted against the pressure
data. This result is shown in Figure 7.20. The three locations of applied force have a
different relationship as expected, yet all are represented as a 2nd-degree polynomial.
These relations are shown in (7.3).

Figure 7.17 Top Location Force and Pressure Data
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Figure 7.18 Front Location Force and Pressure Data

Figure 7.19 Side Location Force and Pressure Data
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Figure 7.20 Pressure vs. Force Relation

𝐹 = A𝑃2 + B𝑃 + C

(7.3)

where:
Top // A = −3.7 ∗ 10−7 ; B = 11.2 ∗ 10−4 ; C = −8.4 ∗ 103
Front // A = −6.7 ∗ 10−12 ; B = 2.1 ∗ 10−4 ; C = −1.6 ∗ 103
Side // A = −1.9 ∗ 10−11 ; B = 5.7 ∗ 10−4 ; C = −4.3 ∗ 103
The second set of trials was conducted to demonstrate the responsiveness of the
tactile sensor by applying arbitrary loading types to the sensor including pulses and
sustained modulations. The results from the FT300 sensor and new tactile sensor are
presented in Figure 7.21, Figure 7.22 and Figure 7.23. Once again, the pressure and force
data correlate and the response from the sensor matches the performance of the
commercial counterpart.
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Figure 7.21 Top Location Response Data

Figure 7.22 Front Location Response Data
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Figure 7.23 Side Location Response Data

7.5. Force Control
In Chapter 5, a control loop was presented for the system to operate with the use of
force feedback from the new tactile sensor. This type of control is imperative for grasping
tasks as the grasping force on an object must be moderated to sustain grip without
damaging the grasped object. Therefore, this experiment was conducted to test and tune
the system to grasp an object with a specified force.
As each actuator has an independent PID controller, seen in Chapter 5, the
parameters of the controller must be tuned accordingly. Other parameters also include the
analog inputs on the linear actuator control board. These tunable pots determine the speed
and accuracy of the board as the internal feedback attempts to meet the goal defined by
the incoming PWM signal. For this experiment, the only analog input that was adjusted
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was the accuracy as it was found to negatively affect the performance of the actuator if
set too high.

7.5.1 Methodology
To accomplish this task, the robotic hand was given a goal to grasp a block between
the controlled finger and static thumb. The force on the block was recorded by the tactile
sensor and the task of the finger was to modulate the actuators to sustain the desired force
specified before the grasping task. During operation, the microcontroller continually read
the tactile sensor to which an error was calculated, and the control loop adjusted the
actuator. Each trial was initiated from a state of flexion which resulted in the control
system’s need to mitigate the impact force on the object once initial contact was made. A
preprogrammed pincer grasping motion was used for each trial where the tip of the index
and thumb would attempt to meet or grasp any object between the two. The object to be
grasped was a 3D-printed block that was placed on the tip of the thumb. As the finger
was attempting the grasp, the block was held in place until initial contact was made. At
this moment, the block was released, the force feedback controller attempted to maintain
the grasp for the duration of the trial. Once a stable grasp was made, the hand was reset,
and the process was repeated for multiple trials. Figure 7.24 shows the steps of the
process for a single trial. The readings from the tactile sensor were then plotted in
MATLAB to observe the performance of the system. The response of the system then
dictated the required adjustments to the parameters. Once all parameters were tuned, the
final responses from multiple validation trials were outputted to show the performance of
the system.
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Figure 7.24 Example Trial

7.5.2 Experimental Setup
The setup for this experiment consisted of the robotic hand secured to a surface with
the thumb in a pincer-grip position. The electronics from previous experiments were used
once again including the microcontroller, motor control boards, power supply, pressure
sensor and finally the computer to record the readings from the tactile sensor. The 3Dprinted object was made form the same rigid acrylonitrile butadiene styrene ABS material
as the hand. The operator was used to hold the block in place until initial contact was
made from the finger upon which, the operator released the block. Figure 7.25 shows an
example of the grasped object.
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Figure 7.25 Object Grasp

7.5.3 Results
Figure 7.26 shows the response data from the final tuned system. The system has a
consistent behavior between multiple trials and was able to settle to the required force
value.
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Figure 7.26 Force Control Response

During the tuning phase, it was discovered that the BLDC motor was more
appropriate to finely adjust the pressure on the object rather than the linear actuator. This
is due to the difference in angle conversions for their respective joints. As the BLDC
motor uses a gear reduction to operate the joint, more precise joint angles can be
accomplished from larger rotations of the motor. On the contrary, the linear actuator
articulates its joint in a scenario where small changes in the piston length result in larger
joint angle changes. Therefore, a small joint angle change requires an even small motion
of the actuator. Also, the fingertip is relatively further away from the MCP joint than the
PIP joint thus a small change from the linear actuator on the MCP joint causes a larger
change in the tip position thus affecting the tips force more drastically. To achieve the
response shown in Figure 7.26, a small error in the control system was compensated by
the BLDC motor rather than the linear actuator.
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7.6. Slip Detection
The next experiment aims to demonstrate the expansion of the sensor’s capabilities
by introducing machine learning to detect the occurrence of slip between the sensor and
an object. Being able to evaluate the grasp on an object is crucial for object handling as
this provides confidence to the operator of the gripper. Humans rely on a sense of touch
that determines if an object is slipping to avoid dropping a fragile glass or a heavy box
that may harm oneself. Therefore, this feedback is essential for robotic grippers where
this sensory capability is absent. By monitoring the readings from the new tactile sensor,
a trained classifier is expected to identify the occurrence of slip for multiple types of
objects in various situations. This is the goal of the following work.

7.6.1 Methodology
Using the same one-dimensional sensor to detect a more complicated characteristic,
such as slip, requires an advanced signal analysis technique. This is the motivation to use
machine learning to classify the signal from the sensor readings. This technique requires
multiple processes to generate an effective model. The first process is to collect data that
is labeled as a slipping occurrence. This is accomplished by purposefully sliding the
fingertip across multiple surfaces (smooth wood, rough wood and soft foam) for multiple
trials and recording the sensor’s readings. To obtain a variety of signals, the force and
speed were both varied between each trial. Data was also collected for the fingertip in a
resting state and other non-slip situations such as varying the force on one contact point.
The recorded data was then segmented into equal-length time signals with a
corresponding label for each segment. To produce the data for the classifier, a conversion
to the frequency domain is needed. For each sample, a Fast-Fourier-Transform (FFT) is
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conducted to show the dominating frequencies of the signal. The top five frequencies and
their amplitudes were used for the classifier training phase (Figure 7.27).

Figure 7.27 Sample FFT

The data is split into portions to complete the training process in MATLAB. From
309 observations, 30% of the data is withheld from the training set to act as validation for
the trained model. Finally, multiple classifiers are trained and compared to determine the
best type of classifier for this application. The accuracy levels are measured during the
validation stage of the learning process. The data that is withheld initially is introduced to
the trained classifier and the results from its predictions are used to measure the
classifier’s performance.

7.6.2 Experimental Setup
To collect the data used for the training process, the fingertip was secured in a
custom holder. This mounted the tip in an adjustable position that allowed various
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materials to be dragged across its surface. These materials included the smooth and rough
surfaces of a plank of wood and also included a softer foam surface on the third side of
the plank. Having the adjustable mount allowed control over the amount of force on the
tip and provided consistent results at a specified setup. Figure 7.28 shows the two-post
mount where the threaded rod allowed the ascent and descent of the fingertip thus
decreasing or increasing the applied pressure, respectively. Two operators were required
for the test; the first operator slid the materials across the mount while the second
operator recorded the data. A crucial part of the experiment was to record data only
while the material was sliding to mitigate false training data. Other non-sliding data was
required. Therefore, other trials included the fingertip being mounted in a static
environment with varying pressure between iterations. During these trials, the
microcontroller was connected to the computer for data recording and data processing
was accomplished after all trials were conducted.

Threaded Rod
Tip Holder
Selected
Material
Frame

Figure 7.28 Fingertip Mount with Plank
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7.6.3 Results
Table 7-3 shows the accuracy levels for the classifiers that are trained with the
chosen classifier highlighted. The most accurate classifiers were the ensemble of trees,
which has 80.4% accuracy. This type of classifier is a collection of decision trees that are
separately trained, then pooled to create a group of classifiers where the average
prediction is taken from the population of models [62]. The performance of these
classifiers was further inspected by examining the confusion matrix which is created
during the validation stage of model training. The matrix displays the amount of correct
and incorrect predictions compared to the true classes. The even distribution of data
between the different combinations shows the lack of bias in the model which is
desirable.
Table 7-3 Slip Classifier Accuracy Results

Classifier
Fine Tree
Medium Tree
Coarse Tree
Linear Discriminant
Quadratic Discriminant
Logistic Regression
Gaussian Naïve Bayes
Kernal Naïve Bayes
Linear SVM
Quadratic SVM
Cubic SVM
Fine Gaussian SVM
Medium Gaussian SVM
Coarse Gaussian SVM
Fine KNN
Medium KNN
Coarse KNN
Cosine KNN
Cubic KNN
Weighted KNN
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Accuracy
75.0%
77.2%
73.9%
65.2%
67.4%
68.5%
67.4%
73.9%
68.5%
70.7%
70.7%
71.7%
69.6%
67.4%
68.5%
67.4%
56.5%
67.4%
67.4%
70.7%

Boosted Tree Ensemble
Bagged Tree Ensemble
Subspace Discriminant Ensemble
Subspace KNN Ensemble
RUSBoosted Tree Ensemble

80.4%
80.4%
68.5%
71.7%
80.4%

Figure 7.29 Bagged Tree Ensemble Confusion matrix

The effectiveness of using a machine learning technique for this research is shown in
the high accuracy among most of the classifiers that are trained. Having multiple
classifiers above 70% offers the ability to pursue different options in future research and
still be confident that the process is effective. This may be apparent if various classifiers
perform better once more factors are introduced to the system. Although the measure of a
classifier’s performance during the validation stage is the presented accuracy, other
factors contribute to its effectiveness. If a selected classifier is truly effective, the amount
of data needed to train it should be minimal. This means the classifier can learn quickly
without overfitting to the data set. By restricting the training data to 70%, the classifier
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was challenged to learn the trends on reduced observations. The resulting 80.4% accuracy
from this reduced data set shows the effectiveness of this classifier and allows the
progression to real-time uses in the future. Another area of focus for this process was the
length of the samples used to train the classifier. Each of the 309 observations was a
result of a 1.5 second time signal. This time allowed a broad range of frequencies to be
measured after the Fourier transform. Understanding the Nyquist Rate implies that the
sampling rate must be double the intended observable frequency [63]. Therefore, with a
sample of 1.5 seconds, the lowest frequency that can be observed is 1.3Hz as shown in
(7.4). The impact of this concept and the effectiveness of the classifier will be prominent
in the reaction time for the robot to detect slip in real-time. However, the ability to adjust
the signal length and retrain the classifier should mitigate this issue.

𝑓𝑚𝑖𝑛 =

2
𝑡𝑠𝑎𝑚𝑝𝑙𝑒

(7.4)

7.7. Surface Identification
Expanding on the concept from the slip detection experiment, classifying the signals
can also be used to detect the type of surface that the fingertip is in contact with.
Following the same general procedure as before with the introduction of more
sophisticated classifying techniques, the goal to identify surfaces can add another
capability to this novel tactile sensor.

7.7.1 Methodology
For this experiment, two materials were chosen, and the third set of data was set
towards a non-contact condition. As this problem is more sophisticated than the general
slip versus non-slip condition, two methods were used in an attempt to classify the
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material. The first uses the FFT method similar to the previous experiment while the new
method uses CNN to attempt to classify the material. CNN is used to find sequences in
data that are expected to be the defining characteristics of the categorical outcomes.
Typically, this method is used for image classification however, it is common to use the
technique to classify 1-dimensional data (e.g. time signals) [64]. The technique uses
defined filters to comb through the input sequence where the output of the filter is then
used in a connected neural network to classify the input based on the characteristics
found from the filters. Neural networks are a structure of interconnected nodes that take
inputs from other nodes, apply a unique bias to it, and output to the next one. These
biases are trained through an iterative process where known data is used to teach the
network and reduce the error between the predicted guess and the true label [65]. The
goal of this specific network was to identify a category based on the inputs provided by
the convolutions. The structure of the CNN in [66] to classify electroencephalography
(EEG) signals were used as the base architecture for the network developed for the
experiment presented in this section. The structure is defined by the layers below and was
inputted into a MATLAB environment for execution. As the time signal in this work is
smaller than the EEG comparison, the last convolutional and max-pooling layer was
removed. Other characteristics of the network in [66] were also used in this network
including the cascading filter size and the number of fully connected neurons. The filter
sizes were adjusted to the size of the specific input data, but the same diminishing
attribute was used.
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CNN Layers:
•

Input Layer (1x170)

•

Convolutional Layer (3 Filters: 1x30, Stride 1)

•

Max Pooling Layer (1 x 2, Stride 2)

•

Convolutional Layer (3 Filters: 1x15, Stride 1)

•

Max Pooling Layer (1 x 2, Stride 2)

•

Convolutional Layer (3 Filters: 1x5, Stride 1)

•

Max Pooling Layer (1 x 2, Stride 2)

•

Fully Connected Layer (30 Neurons)

•

Fully Connected Layer (10 Neurons)

•

Fully Connected Layer (3 Neurons)

•

Softmax Layer

•

Classification Layer

The collected data for this experiment was 407 one-second time signals with an even
distribution between the two materials and non-contact data. Each category was
translated into a numerical label for the computation to understand; 1 – Fabric Pad, 2 –
Metal and 3 – Non-Contact. The data was processed differently depending on the
classification method. For the CNN method, the collected data was 170 pressure samples
per time signal that became 170 inputs into the CNN. For the FFT classifier, a similar
method from the slip detection experiment was conducted by transforming each time
signal to the frequency domain and taking the peaks as inputs to train traditional
classifiers. Unlike the earlier experiment, it was decided to take the most peaks from the
samples to add to the classifier. A redundancy in inputs could be determined using
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Principal Component Analysis (PCA) therefore the most inputs were used for this
classification. In both methods, 60% of the data was used for training while the remaining
40% was used in the validation stage to determine the accuracy of the method.

7.7.2 Experimental Setup
Data collection used the UR5 robot arm gripping the tactile sensor in its gripper and
dragging it across the different materials with similar pressure and varying speeds. This
setup is similar to the force validation experiment as the same gripper and tactile sensor
are used for each scenario. These materials included a soft fabric pad and a metal plate.
These materials were chosen due to their different surface finishes and hardness. The use
of the arm motivated the collection of non-contact data to capture noise or other
influences from the arm itself. This non-contact data became a third classification that
was included in the training process for both methods. This standardized slip method was
used to provide the optimal data for the validation of the classification methods. Before
each trial, the sensor was lowered onto the material until a specified pressure output was
achieved. Trials were conducted by running the arm for the length of the material and
recording the pressure data. Data recording was controlled to record only when the sensor
was moving to remove the chance for false data. Post-processing of the data including
separating the data into one second time signals with correct labels for the type of
material that was used for the specific signal.
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Figure 7.30 UR5, Gripper and Tactile Sensor Slide Example

7.7.3 Results
7.7.3.1 FFT Classifier
The results from training the classifiers using the peaks from the FFT of each time
signal are shown in Table 7-4. Most of the classifiers were able to have validation
accuracies of ~70% with the highest accuracy seen in the Kernel Naïve Bayes and Linear
Support Vector Machine (SVM) at 75.9% accurate. This result was deemed successful
due to the high validation percentage from the original data and the consistent results
across multiple classifiers. It was also determined that PCA was negligible in improving
the results as the highest validation accuracy was still from a classifier using all of the
initial inputs. From the two leaders, the Linear SVM was chosen as the best classifier
upon further inspection of the confusion matrix (Figure 7.31). The distribution shows
minimal bias however it is noted that the classification of non-contact data is more
consistent than the two materials in question.
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Table 7-4 Material Classifier Accuracy Results

Classifier
Accuracy
Fine Tree
62.3%
Medium Tree
63.0%
Coarse Tree
60.5%
Linear Discriminant
69.1%
Quadratic Discriminant
72.8%
Gaussian Naïve Bayes
71.6%
Kernal Naïve Bayes
75.9%
Linear SVM
75.9%
Quadratic SVM
72.8%
Cubic SVM
66.0%
Fine Gaussian SVM
43.8%
Medium Gaussian SVM
72.8%
Coarse Gaussian SVM
71.6%
Fine KNN
63.6%
Medium KNN
70.4%
Coarse KNN
71.0%
Cosine KNN
72.2%
Cubic KNN
67.3%
Weighted KNN
71.0%
Boosted Tree Ensemble
69.8%
Bagged Tree Ensemble
72.8%
Subspace Discriminant Ensemble
71.0%
Subspace KNN Ensemble
71.0%
RUSBoosted Tree Ensemble
71.0%

Figure 7.31 Linear SVM Confusion Matrix
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7.7.3.2 CNN
In an attempt to improve the results from the FFT method, CNN was implemented
and trained. After adjusting the hyperparameters for the training phase the training
accuracy settled at 74%. The parameters included a learning rate of 1 ∗ 10−9 , batch size
of 100 samples and a maximum epoch amount of 20. The training progression is shown
in Figure 7.32. The convergence of the training progression and minimal oscillation
between iterations shows the current network has yielded its best results for the structure
and hyperparameters. Unfortunately, during validation, the resultant accuracy was 22.4%.
Tuning the hyperparameters of the network yielded similar accuracies which imply that
the structure of the network and the collection of more data may provide a more general
solution and yield better results.

Figure 7.32 Training Progress for CNN
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Although the more sophisticated classification technique of CNN has high potential
in the field of signal analysis, more work is required to develop the network to provide
successful results. Therefore, at the current status of this work, the better classification
technique for the pressure signals is seen with the FFT method.

7.8. Conclusion
In this chapter, multiple experiments were conducted on the newly developed finger
and an accompanying tactile sensor. The goal of these tests was to determine the
capabilities of the different aspects of the system including mechanical performance
measures and software-enabled sensory capabilities. From the speed and position
repeatability tests, the mechanical system and its actuation strategy were validated to
deemed successful due to its high precision and adequate joint rates.
The tactile sensor was validated using a commercialized force and torque sensor
which yielded positive results due to the matching responses and consistent relationship
between the pressure and force readings. This was then used for a force feedback
controller to control the grasping force on an object. Successful results from this
experiment validated the overall system however more sophisticated control methods
would provide the optimal response in this situation.
The final category of experiments included the extension of the tactile sensor’s
capabilities using classification techniques and machine learning. Using classifiers
applied to the peaks of a signal’s FFT allowed the ability to determine the presence of
slip and identify the surface material during a slip occurrence. Another technique using
CNN’s was also applied to classify materials and although the training data demonstrated
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the technique's potential, further development is still required for it to perform better than
the FFT method.
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Chapter 8. Conclusions
Reviewing the objectives outlined in Chapter 1, the requirements for this thesis were
as follows:
•

Design and manufacture a functioning prototype of a human-sized
anthropomorphic finger

•

Integrate the prototype into a static hand that can grasp basic objects with the use
of a static thumb

•

Design the electronic architecture to operate the prototype for position and force
control

•

Develop the low- and high-level controllers to accomplish the task stated above

•

Design and manufacture an omnidirectional tactile sensor that provides feedback
from the interaction of contacting other objects

•

Validate the tactile sensor for accurate force readings

•

Investigate the characterization of signals from the tactile sensor to determine slip
occurrences and surface identification

The final prototype of the anthropomorphic finger satisfied the need for a hybrid soft
and ridged robotic structure discussed earlier while being human-sized. This design
utilized the soft silicone as the fingertip while using an underactuated rigid design for
articulating the joints. The actuation strategy also included a compliant characteristic to
improve the adaptability and safety aspects of the system. These are important as the
benefit of soft robotics are specifically these attributes, therefore when designing a hybrid
system, these characteristics should be maintained. This finger was then integrated into a
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hand and utilizing the developed controllers, was able to conduct simple grasping tasks
and validate the control method and component selection.
The development of a novel tactile sensor is also defined in this work. The final
design was integrated as the fingertip to satisfy the need for soft robotics in the overall
design. This integration provides an advantage to this design as other sensors are
typically retrofitted on a pre-existing robotic system and result in a bulky product not
conducive to real-world applications. This soft tactile sensor uses a sealed hollow bladder
with a pressure sensor to determine the applied force based on the increase in pressure
from the deformation of the tip itself. As these readings can be obtained independently of
the force location, the final sensor was deemed an omnidirectional sensor without the
need for complicated sensor arrays and micro-electronics.
Further development was also conducted on the sensor to expand its capabilities
using machine learning techniques applied to the time signal of the pressure. The first
capability was the determination of slip across the sensor. This was accomplished by
conducting an FFT of the sensor’s time signal and extracting the dominant peaks which
were then used as training data for a bagged tree ensemble to identify the presence of slip.
The other capability involved the classification of material based on the same time
signals. As this problem increased the difficulty from the previous capability, a second
classification technique was investigated. This technique used CNN to analyze the signal
based on filtering and other neural network techniques. The comparison between the two
classification methods offered promising results to have a one-dimensional sensor
accomplish multiple forms of feedback which is highly valuable for the robotic hand.
These classification results were also promising as the experimental setups for the data
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collection were tailored for more real-world scenarios to provide a more robust classifier.
The implementation of classifiers and other machine learning techniques offer a unique
advantage to other sensors that operate in a similar fashion and provides a major research
contribution to the overall work.

8.1. Performance Summary
After conducting multiple experiments on the developed prototype, the results
demonstrated the potential of this design. The linear speed profiles for both drive units
demonstrate the success of the mounting method and output power of the small drive
units. The precision of the prototype is also a result of the actuation method and adds to
the successful performance measures for the system.
The tactile was validated with the use of a commercial sensor and it was seen that the
novel sensor provides superior results compared to the noisy readings from the
commercial counterpart. If an impactful amount of noise was present, the successful
results from the force controller may have been affected, however, this as not the case as
seen with the repeatable behaviour of the system.
The implementation of signal classification amplified the potential of this system as a
tactile sensor using modest electronics was able to determine slip and material
classifications. Two classification methods were applied to the sensor where it was found
that the applied CNN architecture was inferior to the initial FFT method and thus the
technique for slip detection and material classification was the same. However, the
potential of the CNN method motivates the need to continue development even though
the SVM and Bagged Tree classifiers are superior at the current state of research.
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8.2. BLDC vs. Linear Actuator
In parallel to the main purpose of this research, the prototype also offered a testing
platform to compare linear actuators and BLDC motors as drive units for robotic hands.
The pros of each unit are shown in the table below.
Linear Actuator
• Integrated absolute encoder
• Simple low-level control
• Consistent motion with modest
electronics
• Inherently high stall torque

BLDC Motor
• Ability to tailor speed and torque
depending on an application
• Smaller design envelope
• Continuous rotation for complaint
systems requiring extended motion
• Direct relation to the joint motion

These attributes conclude that the BLDC motor has more adaptable attributes to the
specific application with the need for more sophisticated controllers; in terms of both
hardware and software. The linear actuator offers a more simplistic control package at the
cost of size and the need to adapt the linear motion to rotational joint motion.

8.3. Future Work
Future work related to this topic includes further investigation and development in
the major areas of this thesis. The first area is the mechanical design where further
development can be made towards refining the design of the electronics and replicating
the design to construct a full robotic hand. With this goal, an investigation must be
focused on the design of the thumb. This complex mechanism requires an actuation
strategy that differs from the one used in this work due to the saddle joint that connects
the thumb to the palm.
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The next area of focus is the tactile sensor. Development can be focused on the
hardware to integrate the pressure sensor into the other electronics for one common PCB
that compliments the whole hand. Continued investigation in signal classification is also
required. For slip detection, real-time testing is required where the minimal signal length
must be determined to detect slip with the quickest reaction time. The use of CNN may
also be investigated for real-time slip detection. For material classification, improvements
to the CNN method is required whereby altering the structure of the network and
collection of more data may improve the performance.
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