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Abstract

Study of Kinesthetic Feedback Control for Compliant Proprioceptive Touch for Soft

Robotic Finger-like Actuators

by

Megan Boivin

The compliant nature of soft robotic components lends itself well to manipulation and contact-

rich tasks. The soft structures naturally form around objects where there could be uncertainty

in shape or orientation and are inherently safer for fragile objects and humans. However, this

compliancy makes the robot’s movement less constrained and less predictable making it difficult

to control the position of the soft robotic manipulator without new types of sensing. To address

these drawbacks, the combination of curvature, inflation, and contact sensors are added to give

the finger the unique capability of somatosensory abilities, enhancing how it interacts with objects

and its controllability. In this dissertation, we present the application of various approaches that

provide a sense of touch for compliant soft robotic fingers. We rethink and validate the role

that sensory feedback can play in the control of soft finger-like actuators with proprioceptive

sensing capabilities. In our method of touch detection, instead of using the sensory feedback to

control precisely the position of a soft finger, we use the disagreement between the controlled

curvature sensor measurement and its reference signal to detect the contact between the soft

finger and an object. We first consider the case of a static characteristic relation between the

inflation pressure and sensor resistance. A control architecture is presented utilizing both the

curvature and force sensors with the aim of providing a firm touch of a soft somatosensitive
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actuator with an object. The first component of the architecture, a reference tracking curvature

controller, sets the finger in motion, which becomes blocked if an object is in its path. The result

of such an event is that the finger bending is constrained, and the tracking error of the curvature

controller increases. Once the error exceeds a predetermined threshold value, there is a switch

from the reference tracking curvature controller to the second component, a force controller,

which maintains the finger in contact with the object for a certain pressure using the force sensor

measurement. We next consider a method for a kinesthetic touch approach for object detection

that does not require the force sensor; therefore, it overcomes the necessity for the co-location

between the point of contact and the corresponding sensor. The control architecture uses only the

finger’s proprioceptive curvature sensor to detect contact with an object and maintain contact by

switching to a different reference to hold at a constant curvature. Lastly, we focus on a method for

identifying the dynamic finger curvature model to improve the closed-loop control. The proposed

method addresses environmental variations as well as variations in material or human factors

during the fabrication process that can have an effect on the finger dynamics. The approach uses

the reference tracking error as a measure of the finger stress resulting from a contact with an

object. The approach for contact detection has been tested in various tasks, including keeping

the finger in a firm touch with an object, detecting the object edges and visualizing the operating

space based on the sense of touch. These tasks demonstrate that the error signal contains robust

information regarding the finger’s sense of touch and how it interacts with the environment.

Findings are demonstrated across both a proxy of a soft finger, a simulated compliant multi-link

actuator with flexible joints, and a real soft robotic finger.
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Chapter 1

Introduction

1.1 Motivation

Conventional rigid-bodied robots are excellent at performing well defined repetitive

tasks in highly structured environments where they deal with contact that has been planned such

as assembly lines in the manufacturing industry. However, they are not as good at dealing with

uncertainty in contact in unstructured environments that we experience in every-day life and can

pose safety hazards to humans in cooperative tasks due to the amount of force they can exert

from their rigid structure and the lack of inherent compliance and adaptability. There has been

some work in designing force controllers for rigid manipulators where the focus is on the force

position relation from how the robot interacts with its environment [2, 53] that improves some

of the safety hazards, but does not address unstructured environments. The desire to design

robots to interact with humans and in unstructured spaces where contact with the environment is

necessary has encouraged the robotics community to invent new pathways, among which is soft
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robotics.

Inspired by soft flexible manipulation often found in nature [64,79], soft robots that are

designed to be compliant either using flexible joints or composed of soft materials are an attractive

alternative to rigid manipulators [67,105]. Their inherent compliance reduces the harm that could

be inadvertently caused by traditional rigid robotic systems for human-centric environments as

well as handling delicate objects where safety and adaptability to uncertainties are fundamental

requirements [98, 105]. There are many areas and applications in which soft robots are well

suited for example the biomedical industry [25] including: surgical [18], prosthetics [97, 129],

and exoskeletons [70, 100, 125]; search and rescue [51, 115]; deep sea exploration [41, 72]; and

the agricultural industry [54].

Many tasks in robotics require physical interactions between the robot and its environ-

ment. Due to their compliant nature, soft robots not only improve safety concerns for human

interaction but can also simplify some contact tasks such as grasping, by adaptively conforming

to objects where there could be uncertainty in shape and orientation as well as handling fragile

objects making them extremely versatile [14]. However, due to the flexibility, soft robotic

components have less constrained motion that are challenging to model and control [42, 105].

The motion is even more unpredictable when the component makes contact with objects in

the operating environment. To deal with the complexity of its motion we want to infer the

configuration of the component at a given moment using advanced internal sensing approaches

like proprioception. As sensor technology advances, robotic manipulators are being fit with

sensors [71] at the finger tips for detecting contact with objects. Soft robotic components are

among this category that are becoming increasingly popular, and benefit from sensory feedback
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for knowledge about their shape for closed-loop control. Embedding stretchable, distributed

sensors [24] in or on soft robotic components improves knowledge about the robot’s configura-

tion and how they interact with objects [110]. In addition, this also increases how they can be

controlled for both physics-based and data-driven models.

Even with advanced sensing, there are still challenges in robot operations related to

interactions with objects of unknown location, shape, orientation and surface characteristics.

Force sensors at the tip of the fingers are sensitive to the collocation between the sensor and

point of contact on the object to trigger contact detection reducing the effectiveness in real world

scenarios. To address these challenges, many contact-dependent tasks combine multiple sensing

modalities from vision and touch, and manipulators rely on processing visual data from cameras

and detecting contact through dedicated force sensors. However, the information from vision

modalities could become unreliable if line of sight becomes blocked, the light source fails [68],

or when dealing with transparent objects [57, 107]. In these situations, humans have learned how

to adapt when vision becomes unreliable by using the sense of touch through the somatosensory

system of their bodies. Inspired by the human sensory system, our work focuses on the design

of a dynamically based kinesthetic feedback control architecture for a finger-like soft robotic

component with embedded sensors to enable touch through proprioceptive sensing. By enabling

the robot to have a robust sense of touch at the end-effector the robot’s workspace can still be

visualized when combining that data with image processing techniques without needing to rely

on precise vision data or contact location at the finger tip.

In humans, the sense of touch is described by two modalities, cutaneous and kinesthetic

[27]. The cutaneous sense of touch refers to the modality that is often thought of as haptic or
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tactile sensing where the sensory input is from the receptors embedded in the skin, while the

kinesthetic sense refers to the awareness of how the body is moving in space and receives sensory

inputs from the receptors within muscles, tendons, and joints [27]. Proprioception on the other

hand, cares only about where the body is in space, regardless of how it got into that position.

When creating an analogy for robots, the cutaneous sense corresponds to the sense of touch

provided by dedicated sensors of touch [11, 12, 27, 52, 126] and the kinesthetic sense of touch is

the one derived from a tension or stress from actuation, which is the focus of this dissertation.

In this dissertation, we are motivated by the problem of designing control architectures

that enable the sense of touch for compliant soft robotic fingers with sensing capabilities.

There are challenges in producing the desired controllable behavior from a soft robot due to

the soft nonlinear materials. The softer and more compliant the robot becomes the more it’s

unconstrained, making its movement unpredictable and difficult to control. The decreased

predictable movement makes the robot’s configuration at a given time unknown, especially when

it is interacting with objects or the environment. However, by integrating a sensory system, we

can make observations from open-loop experiments to infer properties of the finger’s motion and

how it interacts with its environment. We make use of the benefit that the soft material dissipates

energy through deformation when coming into contact with objects, and use the embedded

sensors to determine the hand’s configuration for defining whether the finger has made contact

with an object. We consider speed and precision as having less importance than safety and

reliability when performing tasks within unstructured environments inhabited by humans.

Our method focuses on designing a framework for a kinesthetic touch approach based

on inferring models for a finger-like shaped soft robotic actuator innervated with sensors. We
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design a reference tracking controller, which uses the finger’s curvature measurements and

enables the sense of touch. The tracking control allows the finger to follow a desired curvature

reference signal, which results in a controllable motion of the finger over configurations in the

range between full flexion and extension of the finger or maintaining a constant curvature. The

tracking error of the control loop is negligible when the finger’s motion is unimpeded, i.e., not in

touch with any object. When the finger makes contact with an object, the error increases and

its intensity acts as the amount of stress on the finger. The proposed method for identifying

the model of the finger curvature addresses environmental variations as well as variations in

fabrication due to material or human factors that can have an affect on the finger dynamics. We

explore a variety of tasks where the sense of touch approach allows for the robot’s workspace to

be visualized. If the finger is dragged, the curvature is reduced as it comes into contact with an

object and returns to the reference curvature once it is no longer in contact. The tracking error

can be used to detect objects, their edges, and the level of the error can be used as an indication

of change in object heights. Controlled motion of the finger also allows for tapping objects

and visualizing objects. Moreover, this method of touch detection can be used for other soft

robotic fingers with curvature sensors [55, 89, 128, 129]. All these capabilities of a single finger

can be further exploited on a multi-finger robotic gripper and used as a building block for its

controlled grasp. Our work is a significant step towards control principles and mode of uses of

such soft robotic grippers in contact focused tasks. To the best of our knowledge, information

about a finger-like actuator position and an effort to control it as measured by a tracking error of

feedback control loop for the curvature of the finger has not been previously considered to detect

and maintain a contact between the actuator and an object in its operating space.
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1.2 Thesis Contributions

The research presented in this dissertation is applied in nature and pursues four main

contributions. The primary problem studied revolves around feedback control approaches for

the sense of touch for compliant finger-like actuators. We aim to develop new frameworks that

apply existing methods for modeling and feedback control of both static and dynamic models

describing the finger curvature. The contributions of the research are the following:

1. utilize the properties of how a somatosensitive capable soft finger-like actuator interacts

with their environment to develop a control architecture that motivates the finger and is

capable of detecting and maintaining contact with an object

2. rethink how force contact sensing can be realized without the use of a force sensor to

develop a kinesthetic feedback approach for contact detection and validate the control

architecture on a newly designed low-cost soft finger for a static model

3. improve the kinesthetic feedback controller by identifying the dynamics of the finger

curvature sensor

4. demonstrate the kinesthetic feedback approach for contact-rich tasks that visualize the

robot’s workspace

There is a rich body of work exploring different methods of modeling and control

for soft robotic components. However, many of these works focus on the challenges that the

soft body presents such as how its compliant nature can make it difficult to predict positioning

and interactions with external objects, and some are attempting to apply traditional rigid-link

6



manipulator techniques. For contribution (1), we choose instead to observe how the soft actuator

operates in both a free and blocked displacement, where we refer to free displacement as an

operating space with no external objects in the actuators path, and a blocked displacement as

there being an object in the actuators path that interferes with it’s motion. In this work, we focus

on soft robotic actuators that are embedded with at least a proprioceptive curvature sensor along

the dorsal ridge of the finger and may also contain a tactile force sensor on the underside of the

finger. By observing how the sensory system of the actuator responds in these two scenarios we

can design a control architecture that benefits from the compliant nature of the actuator.

We analyze previously published data collected on both the curvature and force

sensor of a soft somatosensitive actuator [118] for free and block displacements to define static

characteristic relations between the change in resistance of the sensors with respect to inflation.

We show that both relations are monotonically increasing and thus can be used to inform simple

linear controllers. We utilize the prior knowledge and characteristic equations that quantify

the resulting change in resistance on the curvature sensor when the finger makes contact with

external bodies to design a control architecture. The constrained bending is used in a threshold

based switching rule as a way to determine if it is in contact with an object, and signals the

control architecture to maintain contact on the object by switching to force control designed

around the force sensor. The resulting control architecture provides a firm touch of a soft robotic

finger with an object, which we see as a prerequisite for the robust grasping of an object with a

soft robotic multi-finger gripper.

Force control is a challenging and open problem. The previous approach used the

force sensor to maintain contact with an object. However, force sensor can be unreliable due
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not only to being noisy but also because of the dependence on the physical location of where

contact is made with the object. This location will determine whether enough contact is made

between the object and the sensor to activate the sensor. Our second contribution addresses this

issue and we rethink our control approach and design a control architecture that only relies on

the curvature sensor as feedback. To achieve a control architecture that does not require the force

sensor we consider different reference inputs for a reference tracking curvature controller. To set

the finger in motion we use references that simulate a periodic flexion and extension motion such

as a triangular or sinusoidal wave. Once contact is detected, we maintain contact by holding

a constant curvature reference. We continue to employ the threshold based switching rule for

contact detection but now we command the controller to switch between reference signals instead

of controllers for different sensors. We refer to this as a kinesthetic feedback approach to touch

inspired by the human kinesthetic sense modality. The approach is validated for a new soft

pneumatic actuator with embedded intrinsically soft fluidic sensors that is designed to minimize

the need for specialized equipment. While this approach has limitations, data recorded during

the experiments of the system presented further insight into the dynamics of the soft finger and

actuating system.

Using the static characteristic relation approach, we are required to limit how quickly

the finger can move since we have not designed the controller to account for the dynamics of the

finger. In many scenarios it is desirable for a robotic system to have the ability to move quickly.

For contribution (3) we apply a system identification method to identify the dynamics of the

finger curvature. System identification approaches to modeling and control are well suited for

soft robots. Due to their compliant nature, soft robots pose less of a physical threat to themselves
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or their surroundings when subjected to random control inputs than conventional rigid-bodied

robots. This makes it possible to safely automate collecting input-output data over a range of

operating conditions as long as the inputs remain within the soft robots own constraints, i.e. not

using a pressure that will cause a bladder chamber to rupture. We examine two approaches for

determining the best order of the model for two different compliant fingers. The first approach

applied to a simulated compliant multi-link finger with flexible joints assumes nothing about

the model and identifies not only the parameters, but also the order of the model. To check that

the identified model does not overfit to noise, we apply a model reduction technique to look for

pole-zero pairs that could be canceled and still provide a good approximation of the originally

identified model. To decide if removing a pole-zero pair still provides a good approximation

we analyze the model approximations in the frequency domain along with the original model.

The second approach applied to the same physical soft actuator developed from contribution (2)

benefits from the compliant nature of the soft actuator. To determine the model order we first

apply informative open-loop experiments where the finger is tapped to visualize the transient

response to an impulse. From this experiment we were able to select an order for the model and

identify the unknown parameters.

Lastly, this dissertation demonstrates the effectiveness of the kinesthetic feedback

approach through contact-rich tasks that visualize the robot’s workspace. We incorporated the

finger system onto a Stretch RE1 mobile robot and planned trajectories for the robot with the soft

finger as the end-effector. The tasks include keeping the finger in a firm touch with an object,

detecting the object edges and visualizing the operating space based on the sense of touch. To

perform these tasks, we collect data about the tracking error for the finger that is mounted on a
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robot arm, and use these tracking error data along with varying references to motivate how the

finger interacts with the environment. These contact based tasks highlight that the error signal,

which acts as a measure of the finger stress resulting from contact with an object, contains robust

information regarding the finger’s sense of touch and how it interacts with the environment.

In this work, we infer models from observations and utilize the properties of how soft

finger-like actuators interact with their environment. We focus on creating a closed system that

does not rely on any external sensing such as motion capture systems for determining positioning

of the actuator or contact with objects. By not relying on external sensing our approaches are

more applicable to real-world unstructured environments. We show that while soft robots have

less predictable movement due to their compliant nature that the compliance overall is a benefit

that allows for simpler control methods. The methods focus heavily on the type of actuator

presented, and admittedly, many applications in soft robotic systems would be more appropriately

tackled by other means of modeling and control. However, it is our hope that this dissertation

will provide evidence for some of the benefits to the simple linear feedback control approach as

applied to nonlinear, soft robotic systems with embedded sensing capabilities. Moreover, it is

intended to help illuminate the role of kinesthetic sensing in designing feedback control policies

for soft robots.

1.3 Outline

This dissertation is organized as follows. Chapter 2 summarizes the state of available

literature. Chapter 3 introduces some of the preliminary modeling and mathematical concepts
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and tools used in this dissertation. In doing so, we also present a road map of the remainder

of the dissertation and further motivate the inclusion of the results in the sequel. Chapters 4-7

consist of appended papers detailing research results. Brief summaries of each of these papers

appear below. Chapter 8 concludes the dissertation with a summary of discussion and directions

for future research.

I Chapter 4: Movement Error Based Control for a Firm Touch of a Soft Somatosensi-

tive Actuator

In this paper, we propose a control architecture with the aim of providing a firm touch of a

soft somatosensitive actuator (SSA) finger with an object. The two main components of

the architecture are a reference tracking curvature controller and a force controller. The

first one sets the finger in motion which is blocked if the finger comes into contact with

an object. The result of such an event is that the finger bending is constrained, and the

tracking error of the curvature controller increases. Once the error exceeds a predeter-

mined threshold value, there is a switch from the reference tracking to the force controller,

which maintains the finger in contact with the object. Therefore, the proposed architecture

accounts not only for sensory data, but also for the error of the movement towards the

touch. The proposed control architecture is illustrated with numerical simulations.

I Chapter 5: Controlled Multilayered Soft Actuator Containing Embedded Intrinsi-

cally Soft Sensors

With this paper, we rethink and validate the role that feedback control can play in the

control of soft finger-like actuators. In our method of touch detection, we use feedback
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control to create a reference tracking for a curvature sensor resistance. The presented

method uses the disagreement between the controlled curvature sensor resistance and its

reference signal to detect the contact between the soft finger and an object. Once the

contact is detected, the soft finger stops moving and keeps in contact with the object,

which is a prerequisite for the use of soft fingers for grippers with controlled grasping.

Our method of touch detection does not require a dedicated force sensor at the distal end

of the actuator, therefore, it overcomes the necessity for the co-location between the point

of contact and the corresponding sensor. To fully validate our method, we present the

manufacturing method and components of our test system showing that the system is built

without exceptional requirements. The results are illustrated with experiments in which

the finger uses only its proprioceptive curvature sensor resistance to detect contact with an

object and remain in contact with it.

I Chapter 6: Compliant Proprioceptive Touch without a Force Sensor: A Kinesthetic

Feedback Control Approach

The focus of this paper is on an approach that provides a kinesthetic sense of touch for

compliant soft robotic fingers. The approach is based on a reference tracking feedback

control for the finger curvature. The approach uses the reference tracking error as a

measure of the finger stress resulting from a contact with an object. The study is based on a

computer simulation model that mimics essential properties of a real soft finger. To achieve

the control, we identify the finger model. The model combined with the reference signal

informs the controller order and parameters. Then, we collect data about the tracking
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error for the finger that is mounted on a robot arm. We use these tracking error data and

references to define tasks requiring the sense of touch. The tasks include keeping the finger

in a firm touch with an object, detecting the object edges and visualizing the operating

space based on the sense of touch. All of these tasks are successfully demonstrated in the

result section of the paper.

I Chapter 7: Proprioceptive Modeling and Control of a Soft Somatosensitive Actua-

tor for a Kinesthetic Feedback Approach to Touch

This paper presents a framework for a kinesthetic touch approach based on system identifi-

cation for a finger-like shaped soft robotic actuator innervated with soft fluidic sensors.

We design a curvature sensor signal reference tracking controller utilizing the embedded

curvature sensor for proprioceptive sensing. The approach uses the reference tracking error

as a measure of the finger stress resulting from contact with an object. We collect data

about the tracking error for the finger that is mounted on a robot arm, and use these tracking

error data and references to accomplish tasks requiring the sense of touch. The tasks

include keeping the finger in a compliant touch with an object, detecting the object edges

and visualizing the operating space based on the sense of touch. These tasks demonstrate

that the error signal contains robust information regarding the finger’s kinesthetic sense of

touch and how it interacts with the environment.
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Chapter 2

Related Works

In this chapter, we identify and describe some previous research efforts on topics that

are relevant to this dissertation. A key challenge in producing desired behavior from a soft

robotic component is to deal with the complexity of its motion. We begin with a review of some

results in the field of soft robotics, modeling and control, and sensing capabilities, in particular,

we focus on results related to manipulators and finger-like actuators. This includes a review of

analytical kinematics and dynamic models, and data-driven approaches to modeling; control

methods; and sensor technologies that have been used with soft actuators to improve control and

modeling. Many of these topics are coupled together, therefore much of the literature touches on

two or more of these areas.

2.1 Modeling and Control

Due to the variety of soft robotic systems, a standard approach to modeling soft

robots does not exist yet. The literature presents a variety of approaches from static kinematic
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to dynamic models as well as data-driven approaches for control [42, 105]. Many of these

approaches are dependent on the type of soft robot system as well as its application. We identify

and describe selected analytical kinematic and dynamic modeling approaches, respectively,

and present some recent data-driven approaches to modeling. Analytical models are based on

material properties and classical mechanics that define the system’s behavior prior to putting

the system to use. Data-driven approaches on the other hand require inferring models from

observations of data collected during experiments with the physical system.

2.1.1 Kinematics Modeling and control

One of the most common kinematic models presented in the literature is the constant

curvature (CC) model that provides a description of the shape of continuum robots under the

assumption that bending occurs of constant curvature [124]. This model has been found to be a

good approximation if the manipulator is uniform in shape and symmetric in actuation design,

external loading effects are negligible, and there are little to no torsional effects. The CC model is

often used to form a piece-wise constant curvature (PCC) model for multi-segment manipulators

where the assumption that each section of bending occurs of a constant curvature. The PCC

model has been used for a multi-segment planar manipulator for closed-loop curvature control

using an external camera tracking system for visual feedback about the position [32, 61, 81, 83].

The design uses a two-staged cascaded PI/PID control approach to adjust the drive cylinders

affecting the curvature of individual segments for the planar multi-segment arm. A single finger

gripper is add onto the same manipulator design and uses an open-loop controlled bending motion

for grasping [62]. The same model and low-level control was also applied to a multi-segment
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manipulator that moves in three dimensional space [84]. The PCC model is limited to soft robots

where each body segment has to be assumed to deform with constant curvature. In the case of

finger-like actuators with a single soft segment, linear PID controllers have been demonstrated to

achieve position control [45, 89, 128].

While analytical modeling of soft robots is challenging due to the soft materials, control

designs for soft robots often benefit from that same softness. Due to the compliance of the

materials, soft manipulators and grippers more robustly grasp objects and navigate environments

of unknown shapes. Some researchers have even shown how entirely soft and compliant robots

can use collisions to assist in accomplishing the task [28, 81, 85]. The compliance of the hand

in [28] enables it to shape to the surfaces of an object in response to contact forces through

simple open-loop control.

A benefit to using a model is that filters like extended Kalman filters can be used to

produce estimates of unknown or noisy variables for more accurate control. A pseudo-rigid quasi-

static model is used with optical fiber for curvature sensing for an adaptive extended Kalman

filter approach [77]. Modeling uncertainties often still arise due to the simplifying assumption,

and unmodeled dynamics. Although, often times these uncertainties can be addressed by the

compliance of the design.

2.1.2 Dynamic Modeling and control

It is often desirable to move robots quickly in which case a dynamic model is needed.

A Lagrangian approach is often used to describe dynamic models for both rigid-bodied and

soft robots. However, there is a difference in the way energy is stored in soft versus rigid
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manipulators. In a soft pneumatic or fluidic actuators the input pressure energy is stored as both

strain and gravitational potential energy. Both of these forms of potential energy can deform the

manipulator and transfer to kinetic energy. However, there are losses in transmission lines and

system. In [85] they present how to find the different components of energy for a single arm

segment and then use a Lagrangian approach to derive the equations of motion with respect to

the segment’s generalized coordinate. [85] provides one of the first dynamic motion control for

soft manipulator using iterative learning control to plan and execute a grabbing maneuver. The

grabbing is defined as bringing the arm’s end effector to a user specified, statically unreachable

goal point with near zero tip velocity. A feedback control architectures that is able to compensate

for dynamical forces, and stabilize a desired trajectory in the curvature space is presented

in [61] using a motion capturing system. A PD controller is used with dynamics compensation

in a hierarchical controller that uses optimal control for a planning algorithm to control the

tip position. The dynamic model of a soft robot has been shown to be reduced to first-order

dynamical model approximation due to the high damping and low inertial properties [44] for

developing closed-loop task-space dynamic controllers.

2.1.3 Data-driven Modeling and control

The nonlinear properties of soft materials and high dimensionality of soft robots still

presents difficulties for these analytical models. Even with all of the proper modeling and

defining parameters, there will still be some uncertainties. Data-driven system identification

approaches can help to identify unknown parameters in models as shown in [34, 85, 116].

Another approach to coping with it is to use machine learning techniques, like neural networks
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[20, 114], reinforcement learning [113], or nonlinear auto-regressive with exogenous inputs

models (NLARX) [44, 58, 74, 75]. A feedforward neural network is used to learn the reduced

first-order dynamical model approximation presented in [44] for soft robots by simplifying the

planning and sensory feedback process with minimal effects on the controller accuracy. The

Koopman operator theory has been used as a way to construct a linear dynamical model [17]

and combined with model predictive control [16]. Similar to our approach, this method gives an

explicit control-oriented linear model rather than a black-box input-output mapping such as that

given by neural networks.

These methods are useful for handling uncertainties during fabrication where each

robotic component could have slightly different results do to human factor. Some designs are

also sensitive to environmental impacts like humidity and temperature. Elastomers are also

susceptible to wear and fatigue, especially under excessive stretching. One way to reduce the

amount of wear is to avoid regularly inflating at maximal bounds, but high pressure ranges are

often necessary to apply enough grip strength. Some work has shown that adding a reinforcement

helix can help limit the stretching [28]. System identification methods can be reapplied over time

to identify models periodically so that the stretching can be taken into account.

2.2 Sensor Feedback Control for Soft Finger-like Actuators

Soft compliant robot components have less constrained movements which can be

unpredictable. This unpredictability can result in unexpected configurations at a given time,

especially when the component is in contact with objects in the operating environment making
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them more difficult to control [105]. The mechanical finger design and embedded sensors on

soft robotic components can greatly enhance the ways in which finger-like actuators interact

with objects [110] and how they can be controlled. Many closed-loop controllers for soft robotic

systems rely on external motion capture camera systems for feedback on position or curvature

control [62, 83, 85]. However, in order for soft robots to be more applicable in unstructured

environments they need to be able to sense their configurations and external forces without the

use of the external camera systems.

To improve a soft robot’s bodily awareness and how it interacts with its environment,

researchers have embedded commercial sensors like bend and force sensors [38, 45, 56, 74].

Other sensors that have been used for determining curvature are optical [129], magnetic [95],

and strain sensors [118]. Many of the mentioned options show promising results. However

to fully capture the soft bodies sensor technologies that are intrinsically soft and stretch and

compress when the robot is deformed have been developed. These are composed of ionically

conductive fluids used to create soft sensing skins [23, 93] or are embedded directly during the

manufacturing process [118]. The optical waveguides [129] have demonstrated capabilities in

both proprioception and external forces at the fingertip. The anthropomorphic hand demonstrated

detecting shape, texture, and softness in objects, such as selecting a ripe tomato out of other non-

ripe tomatoes. However, this was all done using only open-loop control to focus on demonstrating

the sensing capabilities.

Many of these sensors are used for closing the loop or developing a model for the soft

actuator using the sensor measurements [55, 56, 89]. [114] trained a long short-term memory

(LSTM) network as the kinematic and force model to estimate the tip position and contact force
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of a soft finger with embedded cPDMS sensors. Sensors can also be utilized for designing

filters for state estimation [74, 75, 77] and observers that can improve the position without the

dependence on camera systems. Measurements from an embedded flex sensor were used with an

Extended Kalman Filter to estimate the curvature of a soft finger [74, 75].

A modular gripper formed from three soft fingers was outfitted with additional com-

mercial resistive bend sensors to provide proprioceptive grasping [55] where the bend sensor

was used to determine finger shape to identify grasped objects, and was further improved upon

by incorporating external resistive force sensors on the fingertips for contact detection and

force-controlled grasping [56]. However, the authors found that the force sensor was not always

reliable for determining contact if the object was too small or the fingers did not make contact in

a location that activated the sensor. Our approach presented in Chapters 5-7 alleviates this issue.

Finger-like actuators are usually equipped with sensors closely following the current

shape of the actuator and measuring its curvature [114,127]. While much of the literature focuses

on curvature sensing, the cutaneous sense that corresponds to the sense of touch can also be

provided by dedicated sensors [11, 12, 27, 52, 126] along with force sensors such as [119] which

is attached to the tip of the finger-like actuator or the one which is embedded in the actuator’s

body [56, 117, 118]. The soft finger presented in this work has embedded resistance based

curvature and force sensors. In our design, both sensors are soft and capable of stretching with

the actuator’s body. While the design has a force sensor, we focus on using the curvature sensor

for detecting touch. Using only the curvature sensor along the dorsal ridge of the finger allows

for the collocation of contact between the finger and object to be of less importance.

In order to perform tasks requiring contact there has been many research efforts in
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force control aimed at traditional rigid robot manipulators for contact dynamic modeling using

various methods such as operational space control (OSC) [63], impedance control [53] and

the hybrid position/force controller [101] among others [47]. When working with rigid robots,

instabilities or bouncing of the manipulator against a stiff environment can result during the non

contact to contact detection. To address the bouncing effects against the environment a hybrid

control strategy for a switched position–force controller with hysteresis is considered, where the

controller switches from motion to force control when contact with the environment is made

relying only on contact force measurements [19]. Some of these methods have inspired efforts in

force control of soft robotic manipulators to achieve surface following [31]. While this work

shows promising results, the method is dependent on an external motion camera system for

detecting contact. Another common method for force control seen in the literature is based on

using a dedicated contact sensor. However, many existing robotic fingers with contact sensing

are sensitive to precise location of the object below the contact sensor to be triggered indicating

that contact has been made reducing the effectiveness in real world scenarios. This exact issue

was acknowledged in [56].

With our method, we re-think contact sensing for soft robots and present a novel

approach to contact detection. We use the very compliance which makes soft robots difficult

to control as a source of state information, using the compliance to our advantage. We focus

on a different sensing modality centered around proprioception. Our control architecture is a

two state contact detection strategy that starts with a freely moving finger not in contact, detects

when contact is made, and switches between the non-contact motion to maintaining contact. The

finger is first set in motion assuming it is not already in contact. The pneumatic inflation of the
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finger continues, increasing contact force between the finger and the object, deviating the pose

of the finger from its free-displacement state, which is fundamentally different from traditional

rigid robots (where increased torque would cause minimal deflection of the rigid actuator and

would likely damage the object or motor). Once the touch with an object is detected, the finger

stops moving and keeps contact with an object. We denote this state of the finger a compliant

touch with an object and achieving this state is a prerequisite for controlled grasping with a

soft robot gripper. Note that due to the compliant nature of soft fingers, it is less crucial for

the generalized grasping strategy [55] to limit contact force, as the gripper will simply deflect

rather than crushing the object. The proposed detection method overcomes the necessity for

the co-location between the point of touch and the corresponding sensor. Moreover, while we

have presented our method on a specific finger-actuator, our presented method can be used on a

wide variety of soft robotic fingers with curvature sensors [55, 89, 128, 129]. It is not necessary

for the sensors to be composed of an iono-gel material, but important characteristics of these

curvature sensors being that they have a monotonic relation as bending increases and a detectable

decrease in sensing when becoming impeded compared to moving in free displacement. The

specific values presented in this work for our models and control parameters apply to the actuator

developed for validation purposes of our methods, but the overall framework presented can be

generalized to the broader community using soft fingers with curvature sensing abilities.

To the best of our knowledge, this dissertation and the papers within are the first

attempt at designing a kinesthetic feedback approach for the controlled sense of touch with out a

force sensor for soft finger-like actuators. Our approach utilizes both a static resistance-pressure

model and an identified dynamical model of the finger curvature. The method uses the resulting
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error of the curvature reference tracking controller in such a way to anticipate contact with an

object for visualizing the robot’s workspace.
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Chapter 3

Preliminaries and Road Map

This chapter serves two purposes. First, it introduces some of the preliminary concepts

and mathematical tools that will be used in later sections. This chapter also assists in drawing

a road map of the remainder of this dissertation and motivating the inclusion of the results of

Chapters 4-7. This work relies on the idea of inferring models from observations. Section 3.1

presents standard results from the use of Lyapunov functions to guarantee stability of the closed-

loop system toward some goal. In Section 3.2, we provide brief comments on the formulation

of the feedback control architectures that rely on the finger’s embedded sensory system and

measure of the quality of the finger’s motion necessary to achieve a compliant contact, leading to

a formulation of a threshold based switching rule for the feedback control problem. Section 3.3

introduces the linear least squares method for finding an Auto-Regressive with exogenous inputs

(ARX) model that gives an explicit control-oriented linear dynamical model.
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3.1 Lyapunov Stability for Static Characteristic Relations

We first introduce the methods applied for determining the models used in this dis-

sertation to describe the finger motion through a static characteristic relation of the curvature

relative to inflation pressure, although details specific to Chapters 4 and 5 can be found there.

When inflated, the finger bends freely in an arc. The curvature and contact sensors directly

embedded within the actuator body are designed to deform when stretched or compressed, which

consequently changes the sensors’ resistances when the finger inflates, bends, and makes contact

with external bodies. Data was collected from experiments in which the finger was inflated with a

sequence of pressure values and measured the resistance of the curvature and the contact sensors.

The collected data is used to characterize the change in resistance, ∆R, given by ∆R = R−R0,

where R0 is the initial resistance, for the embedded curvature and contact sensors.

The finger was positioned in both free displacement where there are no objects in its

path, and blocked displacement where the motion of the finger becomes obstructed by an object.

We can find a fit to the data to obtain an approximate relation of the inflation pressure against the

change in resistance of the sensor during the free and blocked displacements. From the data and

relations, we observe and conclude that all relations between the inflation pressure and sensor

measurements vary with the pressure and they monotonously increase.

Let us assume that we want to design a single feedback control loop to achieve a certain

configuration, i.e., the position of the free moving finger-like actuator. Under the assumption that

we expect to move the finger slowly, we can realize that this control is equivalent to the closed

loop control of the change in the curvature sensor, ∆Rcf. Therefore, the control that keeps ∆Rcf
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at a reference value ∆Rre f
cf can be designed using the Lyapunov function

V =
1
2
(∆Rcf(p)−∆Rre f

cf )2 (3.1)

where the control variable is the inflation pressure p. Based on the nonlinear control theory,

∆Rcf→ ∆Rre f
cf if we can find such a control p, so that the time derivative V̇ < 0 for all ∆Rcf 6=

∆Rre f
cf . The derivative is

V̇ = (∆Rcf(p)−∆Rre f
cf )

∂ (∆Rcf(p))
∂ p

ṗ (3.2)

and we are free to choose the form of ṗ to obtain V̇ < 0, so we choose

ṗ =−K(∆Rcf(p)−∆Rre f
cf ), K > 0 (3.3)

where K is a tuning parameter of the controller. The substitution of ṗ in (3.2) yields

V̇ =−K
∂ (∆Rcf(p))

∂ p
(∆Rcf(p)−∆Rre f

cf )2 (3.4)

Under the selected control ṗ, it guarantees V̇ < 0 for ∆Rcf 6=∆Rre f
cf as long as ∂ (∆Rcf(p))

∂ p > 0, which

is correct, for a control input, p > 0 (kPa) since the resistance-pressure relation is monotonically

increasing. Consequently, the control law (3.3) guarantees ∆Rcf→ ∆Rre f
cf and can be rewritten as

p =−K
∫
(∆Rcf(p)−∆Rre f

cf )dt. (3.5)

This is an integral control, i.e., I-only controller with the parameter K > 0 which can be tuned to

achieve a desired performance in keeping ∆Rcf = ∆Rre f
cf . However, from linear system control

theory, we know that in our system such a controller cannot guarantee that the error of tracking

references goes to zero for reference signals that are different from the step function. A periodic

reference signal sets the freely moving finger in a motion that resembles the motion of a finger
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that samples points in space to touch. Similar types of motion are also an integral part of

the opening and closing of multi-finger grippers. We consider here the controller for tracking

references that are composed of ramp signals. To account for that and achieve the convergence

of the tracking error to zero, we consider second order linear controllers composed of double

integrator. The control parameters, gain and zero(s), are tuned using the discrete root locus

analysis with criteria of the damping ratio of ζ = 0.707 on the root locus diagram while also

trying to optimize rise and settling times in the step response. Our design choices were chosen

to try and have a responsive controller without too much oscillations or overshoot. Through

the root locus design process we ensure the controller meets our specified requirements for the

desired system performance in tracking the ramp signal. Specific parameter values are presented

in Chapters 4-7.

The controller presented in the following chapters is a curvature sensor reference

tracking controller. The work of this controller results in the curvature sensor change of resistance

∆Rc values to follow the reference ∆RRe f
c signal. This is equivalent to the resistance Rc values to

follow RRe f
c reference signal since ∆Rc = Rc−Rc(0). For a correctly designed reference tracking

controller and freely moving finger, we expect a small tracking error RRe f
c −Rc. Therefore, the

tracking error signal can be used to detect contact of the finger with an object in the operating

environment [13].
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3.2 Threshold Based Switching Rule

In Chapter 4, the control architecture contains two controllers informed from the above

analysis, (1) a closed-loop reference tracking curvature controller that utilizes the curvature

sensor as feedback and (2) a force controller that uses the force sensor feedback to close the

loop. The reference tracking controller sets the finger in motion, and the error signal from

this controller is used to determine when to switch between the two controllers. The control

architecture was motivated by the embedded sensory system of the Harvard SSA, and utilizes

resistive curvature and contact sensor measurements based on previously published data [118].

However, in reality it is common that sensed forces are noisy and dependent on contact location.

This issue is tackled in Chapter 5 where we instead use only the reference tracking curvature

controller and instead switch between reference inputs to maintain contact. This method allows

us to avoid using the force sensor for determining if contact was made which removes the

vulnerability of contact location with the object.

3.3 Auto-Regressive with Exogenous Inputs Model via the Linear

Least Squares Method

We next introduce the methods applied for determining the models used in this disser-

tation to describe the finger motion through a dynamical model of the curvature sensor, parameter

details specific to Chapters 6 and 7 can be found there. For the model of the finger curvature
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dynamics, we use the linear ARX discrete time model [73]

y(z) = G(z)p(z)+H(z)e(z) =
B(z)
A(z)

p(z)+
1

A(z)
e(z), (3.6)

where p(z) is the z-transform image of the discrete time control variable p(tk), y(z) is the

z-transform image of the curvature measurement variable y(tk) = ∆Rc f (tk), and e(z) is the z-

transform of the model error signal e(tk), and k = 1,2, .... The model sample time, tk+1− tk, is

determined for each system based on system capabilities, and B(z) and A(z) are polynomials of

the transfer function G(z) defined as

A(z) = 1+a1z−1 + · · ·+anz−n (3.7)

B(z) = b1z−1 + · · ·+bmz−m, (3.8)

where n≥ m≥ 1. In the time domain, this model results in the linear difference equation

y(tk)+a1y(tk−1)+ · · ·+any(tk−n) = b1 p(tk−1)+ . . .

· · ·+bm+1 p(tk−m+1)+bm p(tk−m)+ e(tk), (3.9)

which describes the relationship between the input p(tk), output y(tk) and the model error e(tk),

k = 1,2, .... For this model, we estimate the vector of unknown coefficients

θ =

[
a1 . . . an b1 . . . bm

]T

, (3.10)

as well as the numbers n and m, i.e., orders of the transfer function polynomials A(z) and B(z).

We estimate them based on the assumption that the sequence of model errors e(tk) is a white

noise zero-mean.
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Procedure: We identify the finger dynamics from an open-loop experiment, in which

the input p(tk) is a biased pseudo random binary sequence within the pressure range defined as

p(tk) = pbias + pb(tk) (3.11)

The bias is added to shift the range of the pseudo random input p(tk) to be only positive since

the finger does not bend backward without an external force.

pb(tk) =


−pb(tk−1) with probability π = 0.5

pb(tk−1) with probability π = 1−π

where pb(0) = {−pb, pb} should be an integer number within the range of acceptable inputs

after the bias is applied, and randomly chosen to start the sequence. As an example,

pb(tk) =


−1 with probability π = 0.5

1 with probability π = 1−π

pb(0) = {−1,1}

For the sequence p(tk), we collect the output data y(tk) and form the vector

φ(tk) =
[
−y(tk−1) . . . −y(tk−n) p(tk−1) . . . p(tk−m)

]T

, (3.12)

which can be used to express a one step prediction of the output ŷ(tk) = φ(tk)T θ , for given θ .

We can then estimate the parameter vector θ by minimizing the sum of squares of one step

prediction errors for tk, k = n+1, ...N and N >> n as

θ̂ = argmin
θ

1
N−n+1

N

∑
k=n+1

(y(tk)−φ
T (tk)θ))2. (3.13)

The minimization of the prediction errors results in the solution

θ̂ =

[
N

∑
k=n+1

φ(tk)φ T (tk)

]−1 N

∑
k=n+1

φ(tk)y(tk), (3.14)
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where the right side of the solution is completely defined based on input and output data recorded

at tk, k = 1, ...N.

Once we have recorded the data, we compute the estimate θ̂ for a nth order polynomial

A(z) n = 1,2, . . . and using m = n for the order of polynomial B(z). To choose the order of the

polynomial we explored two methods

1. increasing sequence of the polynomial A(z) order n = 1,2, . . .

2. perform open-loop experiments to get a rough idea of the polynomial A(z) order

In both cases, once n was defined we used m = n for the order of polynomial B(z). These two

methods are described in section 3.3.1 and section 3.3.2. After determining the model, we

compute the one step prediction for model to show that for the same input sequence, the model

output closely follows the data from our experiments.

3.3.1 Model Reduction

We increase n until we do not see a significant change in the reduction of the sum of

squares of prediction errors, which we use as a criterion to prevent the overfitting of the data. We

obtain a model with the resulting parameters, A(z) and B(z) for the highest order model that we

use to describe input-output relations from our data. To check if the model order can be reduced

without affecting the model properties significantly, we look for poles that show up in pairs with

zeros in their proximity. Pairs of poles and zeros of a transfer function that are in close proximity

of each other can be canceled. Therefore, the presence of such pairs in our model indicates the

possibility of overfitting, i.e., that our model is of a higher order than necessary, or unnecessarily
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complex. To understand the impact of pole-zero pairs, we proceed with the analysis of the model

in the frequency domain.

Model analysis: The analysis consists of a comparison of the original transfer function

G(z) = B(z)
A(z) with the simpler modified model G′(z) obtained from G(z) by removing one or more

pole-zero pairs, while keeping the DC gain unchanged, i.e., G′(1) = G(1). We compare the Bode

plot of G(z) and G′(z), which is obtained by sequentially removing pole-zero pairs, looking for

cases of G′(z) that approximate G(z) well both in magnitude and phase. We consider only the

approximations that are well matched to the frequency characteristics of the original model, and

out of those models choose the transfer function G′(z) with the smallest order of polynomial. Not

all pole-zero pair cancellations will result in a good approximation of the original higher-order

model.

3.3.2 Informative Open-Loop Experiments

The compliant nature of soft robots means they pose less of a physical threat to

themselves or their surroundings when subjected to random inputs than conventional rigid-

bodied robots. This makes it possible to safely collect input-output data over a wide range of

operating conditions. To have a better idea of model order for the soft finger, the non-inflated

finger was tapped to see the transient response to an impulse. We were able to see from the data

that ∆Rc f mimics the response of a damped harmonic oscillator. Therefore, we chose n = 2 and

obtained a 2nd order model to describe the input-output relations from our data. We avoid using

a higher order model than necessary which could result in overfitting to noise in the data.
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Chapter 4

Movement Error Based Control for a Firm

Touch of a Soft Somatosensitive Actuator

This chapter is a reprint of the paper

I M. Boivin, D. Milutinović, and M. Wehner, “Movement Error Based Control for a Firm

Touch of a Soft Somatosensitive Actuator,” in 2019 American Control Conference (ACC).

IEEE, 2019, pp. 7-12.

4.1 Introduction

Soft robotic grippers made of soft materials with compliance that is comparable to the

biological compliance of natural organisms [67, 105] are an attractive alternative to their rigid

counterparts. The soft robotic grippers compliance not only simplifies tasks, such as grasping,

but potentially reduces a risk of harm that could be inadvertently caused by traditional rigid

robotic components and systems in applications where safety and adaptability to uncertainties in
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human-centric operations are fundamental requirements [83, 105]. More detailed insights into

the area of soft robotic systems, as well as challenges associated with creating robots of soft,

nonlinear materials [79] are provided in the following references [67, 105, 110, 122].

A key challenge in producing desired behavior from a soft robotic component is to

deal with the complexity of its motion. Motivated by the recent development of the finger-shaped

Harvard soft somatosensitive actuator (SSA) [118], we propose a feedback control architecture

that relies on the SSA’s embedded sensory system and measure of the quality of the SSA’s motion

necessary to achieve a firm compliant contact, i.e., a touch with an object that is in its way, see

Fig. 4.1. We consider this step as an important one in the development of reliable soft robotic

grippers or hands assembled from multiple SSAs.

The softer and more compliant the robot is, its movements are less constrained, more

unpredictable and more difficult to control [83]. The increased unpredictability of movements

makes the robot configuration at a given time practically unknown, especially when it interacts

with objects in the operating environment [55]. The inference of the hand configuration at

any given moment [56] requires advanced internal sensing approaches called proprioception.

Embedding stretchable, distributed proprioceptive sensors [24] in and exteroceptive sensors on

soft grippers greatly enhances the ways in which the grippers interact with objects [110], and

how the grippers can be controlled. Using these sensors to determine the gripper configuration

can be useful to infer whether a grasp of an object is successful and robust, as well as the pose of

the object [56].

Multiple soft robotic components and systems that already exist include soft fingers

[62, 82, 118], grippers [55, 56, 80, 89], and multi-segment manipulators [81, 83, 85]. However,
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only a subset of these have implemented closed-loop control. Some utilize closed-loop curvature

control using external camera systems for visual feedback about the position [62,81,83,85], while

others closed the loop using sensor measurements [55, 56, 89]. For example, a modular gripper

formed from three soft fingers previously presented in [62, 82] was outfitted with additional

resistive bend sensors to provide proprioceptive grasping [55], and was further improved upon

by incorporating external resistive force sensors on the fingertips for contact detection and

force-controlled grasping [56].

Figure 4.1: Feedback controller that tracks the curvature of the Harvard soft somatosensitive
actuator (SSA) [118] and maintains contact with an object when present. The feedback is based
on the curvature and contact sensor resistances. Once the curvature tracking controller error
passes a threshold, the control switches from the tracking controller Dc(s) to the force controller
Dt(s). Before the movement, the switch that dictates the currently active controller is reset to 0.

A firm touch of a soft robotic finger with an object is a prerequisite for the robust

grasping of an object with a soft robotic multi-finger gripper, or an anthropomorphic soft robotic

hand. To achieve this, we propose here a control architecture that is inspired by the approach to

the control of kinematic problems in which the introduction of a stochastic prior is instrumental

for the design of robust feedback controllers [3, 4, 21, 90] and the corresponding threshold based

switching rule [86]. The control is deterministic and it employs the feedback control to set the
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SSA in a certain type of reference movement, which serves as a prior for the movement, and

uses the discrepancy between that movement and the actual one to robustly infer that the SSA is

in contact with the object, so that the force control can be applied, see Fig. 4.1. Motivated by

the embedded sensory system of the Harvard SSA [118], the control utilizes resistive curvature

and contact sensor measurements. The presented control design uses previously published data

on the Harvard SSA [118] and a deterministic model for the impact of the contact to curvature

sensor measurements.

The paper is organized as follows. Section 4.2 introduces the SSA and the control

problem. The SSA characteristics and preliminary control analysis are described in Section

4.3. The control architecture, reference tracking curvature and force controllers are described in

Section 4.4. Section 4.5 presents numerical simulation results and Section 4.6 gives conclusions.

4.2 Problem formulation

The work in this paper is motivated by the finger-shaped Harvard SSA designed by the

authors of [118]. The SSA is created via multimaterial, embedded 3D (EMB3D) printing and is

innervated with a complex network of sensors. To create the desired bio-inspired sensing and

actuation, the SSA contains multiple ionically conductive and fluidic features within elastomeric

matrices. Proprioceptive and haptic feedback is demonstrated through the embedded curvature,

contact and inflation sensors [118]. The SSA, resistive curvature and contact sensors are depicted

in Fig. 4.2. These SSAs have also been created with temperature and deep-versus-fine touch

contact sensing. Multiple SSAs can be assembled to form a soft robotic gripper.

36



Figure 4.2: Schematic illustration of the Harvard SSA [118] showing the location of the curvature
and contact sensors. A more detailed schematic can be found in [118].

When inflated, the SSA bends freely in an arc. The inflation, curvature and contact

sensors directly embedded within the SSA’s body are designed to deform when stretched or

compressed, which consequently changes their resistances when the SSA inflates, bends, and

makes contact with external bodies. Configurations of the freely moving deflated and inflated

SSA can be seen in Fig. 4.3a-b. Starting from the deflated configuration in Fig. 4.3a, the increase

of the inflation pressure bends the SSA in such a way that its tip moves clockwise along a

circle-like trajectory. If the SSA is deflated from the configuration in Fig. 4.3b, the tip moves

counter clockwise until the SSA is deflated and in the configuration shown in Fig. 4.3a. If

the SSA’s movement is blocked, the SSA’s configurations for the same levels of the inflation

pressures are significantly different, as shown in Fig. 4.3c-d in which the SSA’s free movement

is blocked due to the contact with an object.

Fig. 4.3 illustrates the flexible nature of the SSA’s body and the impact of an object

that is in the way of the inflating SSA to the SSA’s configuration curvature. Given the complexity

of the SSA’s body and its interaction with objects, the problem is to control the SSA to achieve its
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movement and a firm touch with an object that is in its way of motion during the inflation.

Figure 4.3: Images of the deflated and inflated Harvard SSA: a) Free SSA at 0 kPa; b) Free SSA
at 165 kPa; c) Blocked SSA at 0 kPa; d) Blocked SSA at 165 kPa.

4.3 Data and Preliminary Control Analysis

Previously, the authors of [118] characterized the change in resistance, ∆R, given by

∆R = R−R0, where R0 is the initial resistance, for the embedded curvature, inflation, and contact

sensors during the free and blocked displacements. They collected data from the experiment in

which the SSA was inflated with a sequence of pressure values and measured the resistance of

the curvature and the contact sensors.

From the published data, we can plot a diagram of the inflation pressure against the

curvature sensor resistance change (see Fig. 4.4) of the free moving SSA and fit the data to obtain

an approximate analytical relation as

∆Rcf(p) = 0.0064p2 +0.93p+1.1 (4.1)

We repeat the same process for a diagram of the inflation pressure against the contact sensor
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resistance change (see Fig. 4.5) of the SSA in contact with an object, similar to the one in Fig.

4.3c-d, and for which an approximate analytical relation is

∆Rto(p) = 0.4619e0.03763p (4.2)

Finally, we can also obtain from the data an approximate relation between the inflation pressure

against the curvature sensor resistance change (see Fig. 4.6), in the case of the SSA in contact

with the object, and the corresponding approximate analytical relation as

∆Rco(p) = 0.0055p2 +0.019p+5.5 (4.3)

In the original data, the authors of [118] also collected data from the contact sensor of a free

moving SSA, but in that case, the SSA was not in contact with any object and the corresponding

change of the resistance ∆Rtf was negligible, i.e., ∆Rtf ≈ 0. From the diagram and relations

(4.1)-(4.3), we can conclude that all relations vary with the pressure and they monotonously

increase. We illustrate the significance of it by the following preliminary analysis. Let us
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Figure 4.4: Quadratic function fit of the resistance change, ∆Rcf, for the curvature sensor as a
function of inflation pressure during the free displacement.
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Figure 4.5: Exponential function fit of the resistance change, ∆Rto, for the contact sensor as a
function of inflation pressure during the blocked displacement.
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Figure 4.6: Quadratic function fit of the resistance change, ∆Rco, for the curvature sensor as a
function of inflation pressure during the blocked displacement.
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assume that we want to design a single feedback control loop to achieve a certain configuration,

i.e., the position of the free moving SSA using the diagram in Fig. 4.4, i.e., the corresponding

relation (4.1). Note that this approach is valid if we expect to move the SSA slowly and we can

realize that this control is equivalent to the closed loop control of ∆Rcf. Therefore, the control

that keeps ∆Rcf at a reference value ∆Rre f
cf can be designed using the Lyapunov function

V =
1
2
(∆Rcf(p)−∆Rre f

cf )2 (4.4)

where the control variable is the inflation pressure p. Based on the nonlinear control theory,

∆Rcf→ ∆Rre f
cf if we can find such a control p, so that the time derivative V̇ < 0 for all ∆Rcf 6=

∆Rre f
cf . The derivative is

V̇ = (∆Rcf(p)−∆Rre f
cf )

∂ (∆Rcf(p))
∂ p

ṗ (4.5)

and we are free to choose the form of ṗ to obtain V̇ < 0, so we choose

ṗ =−K(∆Rcf(p)−∆Rre f
cf ),K > 0 (4.6)

where K is a tuning parameter of the controller. The substitution of ṗ in (4.5) yields

V̇ =−K
∂ (∆Rcf(p))

∂ p
(∆Rcf(p)−∆Rre f

cf )2 (4.7)

Under the selected control ṗ, it guarantees V̇ < 0 for ∆Rcf 6= ∆Rre f
cf as long as ∂ (∆Rcf(p))

∂ p > 0,

which is correct, since for p ∈ [0,160] (kPa), expression (4.1) results in

0.93≤ ∂ (∆Rcf(p))
∂ p

≤ 3.042 (4.8)

Consequently, the control law (4.6) guarantees ∆Rcf→ ∆Rre f
cf and can be rewritten as

p =−K
∫
(∆Rcf(p)−∆Rre f

cf )dt (4.9)
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This is an integral control, i.e., I-only controller with the parameter K > 0 which can be tuned to

achieve a desired performance in keeping ∆Rcf = ∆Rre f
cf . Although this controller is not a part of

our proposed control architecture, the presented analysis together with (4.1)-(4.3) inform our

control design.

4.4 Control Architecture

Our control architecture has two main parts, see Fig. 4.1. The first one is the reference

tracking controller for the curvature or, more precisely, for the curvature sensor resistance and

the second one is the force controller. In our control architecture for the firm touch, we start with

the reference tracking controller. This controller moves the SSA, i.e., increases its curvature and

is active until the SSA is in contact with an object in its way. Then the control of the SSA is

switched to the force controller to achieve a firm touch with the object.

The idea behind the use of the reference signal to set the SSA in motion is that we

know that if the SSA moves freely, then the error of tracking the reference is small. For example,

if the reference signal is periodic, then during the one period of the signal, the free moving SSA

will move as illustrated in Fig. 4.7a-e. This motion resembles a finger that samples points in

space to touch and is also an integral part of the opening and closing of multi-finger grippers. If

the SSA eventually touches an object, (see Fig. 4.7f-h) the SSA movement is not free and the

error of tracking the reference for the resistance of the curvature sensor will increase. We can

measure that error and once its value exceeds a certain threshold, we can robustly conclude that

the SSA is in contact with the object and we switch to the force controller.
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Figure 4.7: The left side, a-e, is an example of how the SSA configuration changes in the free
motion as the inflation pressure increases and then decreases. The right side, f-h, is an example of
how the SSA configurations change if the motion is blocked and the inflation pressure increases.
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The block that compares the error with the threshold T is depicted in Fig. 4.1 and it

has the set and reset inputs. Before we start the movement, i.e., activate the curvature tracking

controller Dc(s), we reset the output of the block. Once the threshold is reached and

∆Rre f
cf −∆Rcf > T (4.10)

the output of the block is set to 1 and the inflation pressure control is switched to the force

controller Dt(s).

4.4.1 Reference Tracking Curvature Control

The Lyapunov function analysis in Section 4.3 shows that an I-only controller is

sufficient for the curvature control and indicates that a PI controller may be needed for an

improved response of the control loop. However, from the linear system control theory, we know

that such a controller cannot guarantee that the error of tracking references goes to zero for

reference signals that are different from the step function.

We consider here the controller for tracking references that are composed of the so-

called ramp signals. Therefore, based on the linear theory to achieve the convergence of the

tracking error to zero, we have to consider the following 2nd order linear controller

Dc(s) = Kc
s+ zc

s2 (4.11)

which is given in the form of a transfer function, where s is the Laplace domain variable.

The controller parameters are gain Kc and the so-called zero of the transfer function zc. The

characteristic polynomial of the linearized closed loop control for the curvature control is

Lc(s) = 1+Dc(s)
∂ (∆Rcf(p))

∂ p
= 1+Kc

s+ zc

s2
∂ (∆Rcf(p))

∂ p
(4.12)
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in which ∂ (∆Rcf(p))
∂ p ∈ [0.93,3.042] varies as a function of the inflation pressure p, which is the

control variable, see Section 4.3.

Given Lc(s), we used the root locus analysis to analyze and tune the parameters of the

controller so the gain, Kc, was within the possible range of pressure, and the zero, zc, was chosen

to have reasonable time response for reference signal tracking. We ultimately decided to use

zc = 2, Kc = 50 and illustrated the parameter selection with the simulation result in Fig. 4.8.

In the simulation of the controller, we chose a periodic triangular signal with the peak

value corresponding to the maximal measured value in the data, see Fig. 4.4. The period of

the reference is 5 seconds, which dictates that the SSA completely flexes and extends. This is

a relatively slow motion for the SSA, but it is decided upon intentionally, so that we can base

our control design without taking into account higher frequency modes of the SSA’s dynamics.

Fig. 4.8 shows that the controller designed for tracking the curvature of the finger follows the

reference input very closely, it only differs at sharp changes, which is to be expected, and the

tracking error settles to zero between direction changes.

4.4.2 Force Control

Based on the Lyapunov function analysis in Section 4.3, we know that a PI controller

is sufficient to follow the reference input of a step if the system we control is sufficiently well

modeled by a nonlinear characteristic such as (4.2). For the force control, we use the step

reference input because of the intention to establish the controlled force between the SSA and an

object quickly after their contact is detected.
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Figure 4.8: The curvature tracking controller: the reference input is the triangular signal that
results in the flexing and extending of the SSA depicted in blue, the result of the curvature sensor
tracking the reference is in yellow and overlaps with the reference input, and the the tracking
error is in red.

The Laplace transfer function of the PI controller we consider here is

Dt = Kp +
Ki

s
(4.13)

= Kt
s+ zt

s
(4.14)

with the control parameters Kt and zt . This controller yields the characteristic polynomial of the

closed loop for the force control as

Lt(s) = 1+Dt(s)
∂ (∆Rto(p))

∂ p
= 1+Kt

s+ zt

s
∂ (∆Rto(p))

∂ p
(4.15)

in which based on (4.2), we have 0.01738≤ ∂ (∆Rto(p))
∂ p ≤ 8.6410.

Using the root locus analysis, we played with Kt and zt to obtain Kt = 50 and zt = 5

such that the gain was within the possible range of pressure and the zero chosen to have

reasonable time response characteristics, and illustrated results with the simulation in Fig. 4.9. In

the simulation, the amplitude of the step was chosen based on the corresponding higher inflation

pressure, which is important for a firm contact with the object.
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Figure 4.9: The force controller: the reference input for keeping the constant force is depicted in
blue, the output, which is the contact sensor resistance, is in orange, and the control error is in
red.

4.5 Results

We present in this section the simulation resulting from the proposed control strategy

and using the control parameters from the previous section. The SSA’s curvature and contact

sensor signals are modeled with the pressure dependent relations (4.1) and (4.2). The threshold

T = 5kΩ (see expression (4.10)) is determined as a value that is higher than any value of the

curvature reference tracking error plotted in Fig. 4.8, which results from tracking the triangular

reference while the SSA is free from any contact.

To simulate a firm touch with an object, a disturbance on the SSA curvature sensor is

introduced. The disturbance is additive in the form of a decrease in resistance, which accounts

for a change that the curvature sensor resistance as a function of pressure would hypothetically

experience during the blocked displacement. This disturbance is introduced as the SSA flexes

when reaching the object and is maintained for the remainder of the simulation to simulate steady,
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Figure 4.10: The top plot shows the reference input (blue) which results in the SSA flexing. The
force disturbance (yellow) simulates the SSA coming into contact with an object. The bottom
plot shows the result of the curvature tracking controller under the disturbance. The tracking
error is in red and the contact sensor resistance is in orange.

Figure 4.11: The output of the feedback controller that actuates the SSA.
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firm contact with the object.

The top plot in Fig. 4.10 shows the ramp reference required for the curvature controller

to set the free moving SSA in motion and the disturbance used to create the decrease in the

curvature sensor’s resistance once in the blocked displacement. The bottom plot in Fig. 4.10

shows the reference input, the impact of the disturbance on the curvature sensor, and the reference

tracking error. At the time t = 2 seconds, the disturbance begins to be introduced, simulating

contact with the object. This creates an increase in pressure since the finger has changed from

the free to the blocked displacement, which can be seen in Fig. 4.11. As the pressure increases,

the finger continues to bend. However, since the finger is now in the blocked displacement,

the curvature sensor is not able to track the reference input. The divergence from the reference

input causes the error to increase, which gives the overall controller the signal that the finger

has a firm touch with the object, and the control switches from the curvature to the force control.

The top plot in Fig. 4.12 shows that the error passes the threshold around the time t = 3.95

seconds, which is indicated in the bottom plot of Fig. 4.12. This plot shows the curvature sensor

resistance before and the contact sensor resistance after the switch time at t = 3.95 seconds.

After that point, the force controller maintains the resistance of the contact sensor to sustain the

firm contact with the object.

4.6 Conclusion

In this paper, we presented the control for the SSA to achieve a firm contact with

an object. The control is based on the curvature reference tracking and force controllers. The
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Figure 4.12: Switching point and outputs of the two controllers: the top plot illustrates the event
of the curvature tracking error (blue) passing the threshold (red). This time point of the event is
illustrated with the dashed line on the bottom plot. The blue line on the bottom plot shows the
resistances of the active controllers. The curvature tracking controller is active at the time before
the dashed line and the force control is active after the dashed line.
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tracking controller sets the SSA in motion which becomes impeded if the SSA is in contact

with an object on its way. This increases the tracking error and once its level passes a threshold,

the control switches to the force controller. Each controller’s structure and parameters were

developed taking into account both the unique features of the problem and experimental data.

The results were tested in the simulations to prove the concept. The future work is aimed at

comparing the simulation data with signals recorded in experiments with the controlled SSA.

This comparison will give a better insight into the dynamics of the SSA from data recorded

in closed-loop experiments, which will allows us further progress towards developing control

algorithms for the control of the SSA-based multi-finger robotic grippers and anthropomorphic

robotic hands.
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Chapter 5

Controlled Multilayered Soft Actuator

Containing Embedded Intrinsically Soft

Sensors

This chapter is a preprint to the paper

I M. Boivin, C. Conrad, M. Wehner, and D. Milutinović, “Controlled Multilayered Soft

Actuator Containing Embedded Intrinsically Soft Sensors,” (in prep).

5.1 Introduction

The development of a controllable finger-like soft robotic component is a prerequisite

for the development of robust, controllable multi-finger soft robotic grippers or hands. Inspired

by humans who use proprioceptive and haptic sensing, we present here the design of a finger-like

soft robotic component with embedded sensors (Fig. 1A and B). The sensors are the curvature
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sensor along the dorsal ridge of the finger and the force sensor at the finger’s tip. We use this

finger as a platform to introduce a novel control enabled touch detection method, which does not

require the force sensor.

The proposed detection method overcomes the necessity for the co-location between

the point of touch and the corresponding sensor. Many existing soft fingers require a precise

positioning of an object directly in contact with the most sensitive point of the force sensor,

reducing the effectiveness in real world scenarios. Moreover, while we have presented our

method on a specific soft finger, our method can be used on a wide variety of soft robotic fingers

with curvature sensors [55, 89, 128, 129]. Once the finger is in touch with an object, the finger

stops moving due to the contact with an object. In our approach, the pneumatic inflation of the

finger continues, increasing the contact force between the finger and the object. It also results in

deviating the pose of the finger from its free-displacement state until the touch is detected. This

is fundamentally different from traditional rigid robots (where an increased torque would cause a

minimal deflection of the rigid actuator and would likely damage the object or motor). After

the touch is detected, the finger is in the state of a compliant touch with an object and achieving

this state is a prerequisite for controlled grasping with a soft robot gripper. Note that due to the

compliant nature of soft fingers, it is less crucial for the generalized grasping strategy [55] to

limit contact force, as the gripper will simply deflect rather than crushing the object.

Soft robotic components show promising results in areas like grasping [110] and

biomedical applications [25] through various forms of locomotion and sensing [67]. However,

soft compliant robot components have less constrained movements which can be unpredictable

and difficult to control [105]. This unpredictability can result in unexpected configurations
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Figure 5.1: The soft somatosensitive actuator (finger) design. (A) The finger is deflated. (B)
The finger is inflated and holding onto a foam ball to show how it curls around objects. (C)
The complete system setup needed to collect data and control one of the fingers. The central
component of the system is the Arduino Nano which is used for both controlling the finger and
collecting data from the sensors. These data are then sent via serial port to the computer.
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at a given time, especially when the component is in contact with objects in the operating

environment [55]. The mechanical finger design, embedded proprioceptive sensors [24], or

exteroceptive sensors on soft robotic components can greatly enhance the ways in which finger-

like actuators interact with objects [110] and how they can be controlled. In this respect, finger-

like actuators are part of a general trend of the larger area of soft robotics [99, 102, 120, 122].

Finger-like actuators are often equipped with a sensor closely following the current

shape of the actuator and measuring its bending, i.e., its curvature. These sensors can be either

off-the-shelf curvature sensors embedded in the actuator’s body [45, 55] or embedded sensors

created within the finger. The latter are based on a variable resistance [117, 118], magnetic [95]

and optical sensors [129]. Many soft finger actuators include a force sensor [119] embedded in

or attached to the finger’s tip to detect pressure or contact with another object [56, 117, 118].

Inspired by the finger-like actuator [118], the soft finger presented here has embedded

resistance based curvature and force sensors, see Fig. 2A. Both sensors are soft and capable of

stretching with the soft finger’s body. We connect the soft finger to a pressure regulator and

electronics hardware to create the validation system, schematically represented in Fig. 1C, which

we use to introduce and test our control enabled touch detection method. Although the force

sensor is present in our system, it is not required for our method, freeing it for other uses such as

haptics or temperature sensing.

Kinematics and dynamics of soft robotic components are typically highly nonlinear

which is also reflected in the complexity of control [43]. One approach to coping with it is

to use data-driven techniques, like neural networks [20, 114], reinforcement learning [113], or

a combination of data-driven and model-based approaches [85, 116]. Another approach is to
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simplify models taking into account the range and dynamics of motion [124], which has been

successfully used for soft actuators with multiple soft segments [32] and with motion capturing

touch detection [61]. In the case of finger-like actuators with a single soft segment, linear

PID controllers can be used to achieve position control [45, 89, 128]. The existing works on

control report the use of proprioceptive sensing for position control [45, 89, 128] or control for a

compliant motion of the finger [61] using a motion capturing system.

In this paper, we rethink the role that feedback control can play in the control of

soft finger-like actuators. Instead of using feedback control to control precisely the position

or motion of a soft finger, we propose to use feedback control for touch detection. In our

method, we design a linear feedback control loop in which a curvature sensor resistance tracks a

reference signal. If the finger flexing is unimpeded, then the reference tracking error is negligible.

However, if the flexing of the finger is impeded by a contact with an object, then the tracking

error increases. This increasing error is used to detect that the finger is in touch with the object.

Once the touch is detected, the reference signal is changed from a free-displacement reference to

a blocked-displacement reference, ensuring that the finger remains in the compliant touch with

the object.

The notable contribution of our work is the use of a feedback control loop not to

precisely position the finger, but to obtain the closed-loop controlled curvature sensor resistance

and use the resistance reference tracking error to detect the touch with the object and maintain

contact with it. A preliminary numerical simulation-based version of a portion of this work

appeared in the conference paper [13], which introduced the idea of using a reference tracking

controller for soft robotic fingers. The work presented here greatly extends that simulation-based
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work and validates the concept through experiments on a physical device.

As part of the validation, we provide (1) details about our manufacturing method with

embedded liquid sensors and other components of our test system, including electronics and

air pressure control. Our system can be constructed without specialized or expensive materials

or equipment. Then we provide (2) the characterization of our embedded sensors as useful

information for a comparison between our and similar physical platforms. Finally, we use (3) the

reference tracking feedback control loop of the curvature sensor resistance and the resistance

tracking error in our touch detection method. The design of the feedback control highlights that

our results are due to the applied method, rather than a sophisticated analytical or data-driven

model of the finger.

The paper is organized as follows. The following Materials and Methods section

presents the resulting soft sensor-actuator system design, the fabrication of the soft finger, and

design verification with sensor characteristics followed by the closed-loop reference tracking

control of the curvature sensor resistance. The Results section presents the validation of the

closed-loop reference tracking for touch detection. It also includes a summary of the results. The

paper finishes with the conclusion section.

5.2 Materials and Methods

The physical device used in this work is a pneumatically actuated soft finger containing

embedded ionically conductive fluidic sensors (Fig. 2A). The finger is made out of multiple

materials (Fig. 2B) to maximize grip strength without sacrificing sensor responsiveness. In our
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experiments, the finger was mounted to a frame where it was instrumented with pneumatic and

electrical connections. Next, we describe features of all components from our validation system

(Fig. 1C).

5.2.1 Soft Finger Design Features

Our work presented here requires that a soft finger contains at least one integrated

curvature sensor and the design of the finger we use (Fig. 2A) is inspired by the work of Truby

et. al. [118]

In addition to a network of pneumatic bladders for actuation, the finger contains a

curvature sensor along the length of the dorsal ridge (Fig. 2A). We use this sensor in our touch

detection approach. The other sensor, the force sensor, is not used in our approach and can be

used for other haptic tasks (sensing contour or temperature).

The finger body layers are constructed of two kinds of silicone elastomers, Ecoflex-

0030 and Dragon Skin 10 as depicted in Fig. 2B. The curvature sensor layers were constructed

entirely of Ecoflex-0030 to maximize deflection and elongation with inflation pressure, while

the force sensor layers were constructed of Dragon Skin 10. The finger bladder assembly is

constructed of Dragon Skin 10 and adhered to a layer of the same material. Upon inflation, this

non-homogeneous assembly yields asymmetric actuation, and results in the finger bending.

Sensor channels were filled with the ionic fluid 1-ethyl-3-methylimidazolium ethyl

sulfate (1E3MES) [118]. The channels were extended to the proximal end of the assembly,

and terminated within the frame-mount system in order to allow secure interface with electrical

connectors leading to the controller.
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Figure 5.2: Soft robotic finger with embedded soft sensors model. (A) The schematic of the
complete finger that was developed. The curvature (top) and force (bottom) sensors are shown in
green, and inflation chambers in blue. (B) Elastomer layers of the finger that was developed. It
features multiple types of silicone rubber which allow it to retain sensitivity while exerting more
force. The layers in blue are made out of Ecoflex 00-30 while the layers in orange are made out
of Dragon Skin 10. (C) A mount was created to reduce stress and prevent the wires and the air
supplying needle from being pulled out. The mount is designed to be filled with uncured silicone
behind the finger to fully lock in the components. (D) The bottom force sensor mold is filled
with Dragon Skin 10. (E) The top curvature sensor mold is filled with Ecoflex 00-30, so the
material remains easily flexible.
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The general fabrication method for both sensors is the same. The sensors have the

same working principle of varying electrical resistance with changes in geometry. A channel

of an initial geometry (length and cross-section) exhibits an initial resistance. If that channel

is stretched, the resulting geometric change would increase resistance (greater length, smaller

cross section area). If an external force compresses a portion of a channel, the local cross section

will decrease and electrical resistance will rise, allowing us to infer pressure from the resistance

change. Various sensing modes can be obtained utilizing this correlation between geometry and

resistance, and designing sensor channels accordingly.

We chose the associated names for each sensor based on the intended use. The

curvature sensor was placed along the dorsal edge of the soft finger, where it stretched with

bending (because it is on the far side of the neutral axis of bending). The force sensor was placed

on the underside of the finger to measure the force upon a contact with an object. The force

sensor could also be used for a general cutaneous sensing, i.e. tactile or temperature sensing.

The complete fabrication process used to create the soft finger is provided in the Supplementary

Materials.

5.2.2 Validation System

The schematics of the validation system is depicted in Fig. 1C. An Arduino Nano

outputs a control signal (through a digital-to-analog converter) to a digital pressure regulator

analog input, which sets the air pressure supplied to the soft finger. The pressurized air results in

the finger bending, which deforms the curvature sensor, changing both length and cross section

area, thus changing resistance in the contained ionic gel sensor. This resistance is a part of a
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relaxation oscillator depicted in Fig. 3 and represented with Rs. The relation between Rs and the

oscillator frequency fs, i.e., its period Ts is

fs =
1
Ts

=
1

2RsC ln 1+a
1−a

, (5.1)

where a = R1/(R1 +R2), R1 = 680 Ω,R2 = 9.9 kΩ,C = 10 nF . The oscillator generates a

symmetric voltage signal across Rs without a DC component, which prevents the electrolysis

of the ionic fluid 1E3MES and the sensor damage [23]. Each sensor of the finger has its own

relaxation oscillator of the same type. The frequency of the signals are measured by the Arduino

using interrupt and timer services.

Figure 5.3: The relaxation oscillator circuit. The circuit used to measure the sensor fluid
resistance. The relaxation oscillator outputs a variable frequency square wave based on the
sensor resistance Rs.

5.2.3 Curvature Sensor Resistance Characteristics

To characterize the finger assembly, we mounted it horizontally, so that it could bend

freely without disturbance, as shown in Fig. 4A. The initial tilt of the finger due to the effects

of gravity was a result of the finger’s nonrigid nature (shown in Fig. 1A). The digital pressure
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regulator added some oscillatory noise to the system as its valves opened and closed, and had

a delay in response to the commanded pressure, which in turn affected the response of the

curvature sensor resistance, see Fig. S1-S2 in the Supplementary Material.

In performing the test, pressure for the regulator started at 0 kPa and was increased in

increments of 0.7 kPa (0.1 PSI) to 50 kPa (7.25 PSI). Each pressure state was held for 15 seconds

to capture the variation in sensor measurement. To prevent rupture, the pressure was limited to

50 kPa.

The change in resistance, ∆Rcf(p), is given by ∆Rcf(p) =Rcf(p)−Rcf(0), where Rcf(p)

is the curvature sensor resistance for the pressure p and Rcf(0) for the pressure p = 0. We found

a polynomial approximation to the characterized data of the free moving finger (Fig. 4B) to

obtain an approximate empirical relation as

∆Rcf(p) = 4.964 ·10−5 p4−0.002687p3

+0.05297p2 +0.7648p+0.1988, (5.2)

where p is in kPa and ∆Rcf(p) in kΩ. The function ∆Rcf(p) is a monotonously increasing

function and its first derivative with respect to p is

∂ (∆Rcf(p))
∂ p

∈ [0.1988,10.7293]. (5.3)

If the soft finger is in contact with an object as in experiments depicted in Fig. 4C, 4E

and 4G, we see that the relation between the pressure and the change of resistance is different

as can be concluded from Fig. 4D, 4F and 4H, respectively. In the last case, we obtained an
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Figure 5.4: Free and Blocked displacement tests for characterizing the sensors. (A) The
finger deflated (left) and inflated (right) in free displacement. (B) The corresponding data for free
displacement. (C) The finger inflated on a flat surface. (D) The corresponding data for blocked
displacement on a flat surface. (E) The finger inflated on a post for a fine contact point. (F)
The corresponding data for blocked displacement on a post. (G) The finger inflated on a round
object. (H) The corresponding data for blocked displacement on a tube. For all data shown, the
curvature sensor change of resistance is in blue with the fit to data shown in purple and the force
sensor in gold with the fit to data shown in dark orange. The applied force is shown in green.
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empirical relation

∆Rco(p) = 2.27 ·10−5 p4−0.001145p3

+0.02184p2−0.4481p+0.2213, (5.4)

where ∆Rco(p) = Rco(p)−Rcf(0) and Rco(p) is the resistance of the curvature at the pressure

p while the finger is in contact with the cylinder. The relations for the contacts in Fig. 4C

and 4E are different, yet similar enough to be written as the 4th order polynomials with the

positive derivative of ∆Rco with respect to p. To test the repeatability of our results, an additional

soft finger with embedded sensors was characterized using the same process and the plots are

shown in Fig. S3. All of the relations were fitted with the 4th order polynomials and the positive

derivative of ∆R with respect to p. The significance of this was illustrated by the preliminary

analysis presented in our previous work [13].

5.2.4 Force Sensor

Many soft robot fingers include a dedicated force sensor at their distal end which

directly measures contact force or pressure between the finger and an object being manipulated.

While our method does not require the sensor in order to function, we have included a force

sensor at the distal end of the finger. We use this sensor to verify that the finger is in contact with

an object in the validation of our touch detection method (see Fig. 7D and 7F). In future systems,

this force sensor could either be eliminated or used for other purposes such as temperature

sensing or haptics. To characterize the force sensor, we performed experiments with the finger

in contact with an object. For each experiment, the soft deflated finger was mounted, so that it
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rested on an object (see Fig. 4) that was placed on top of a scale for measuring force, and then

the finger was pressurized up to 50 kPa (7.25 PSI) using a digital regulator. The top curvature

sensor resistance and the bottom force sensor were recorded. The force value on the scale along

with the pressure was captured through video data.

The first experiment consisted of placing the finger in contact with a flat surface and

the inflation pressure was increased holding at each pressure for 15 seconds; this setup and the

results are shown in Fig. 4C and 4D. The finger was placed so that at least half of it rested on the

flat surface. The finger tended to lift when on a flat surface due to its design and it curved around

an object. However, there was still an overall change in resistance, ∆R≈ 20 kΩ, and an applied

force of approximately 0.25 N across inflation pressure.

The next test was performed with the finger in contact with a post (see Fig. 4E and 4F).

The post was chosen because it would allow the finger to apply force over a much smaller area.

The post was placed so that when the finger was at rest, the force sensor channel at the tip of

the finger was centered on the post. Fig. 4E shows that the finger’s tendency was still to curve

around the post, but the post remained in contact with the force sensor. Just below 30 kPa, an

increase in sensor response was noticed and the applied force increased to approximately 0.35 N

across inflation pressure.

The final test had the pressurized finger placed against a cylinder, as shown in Fig. 4G

and 4H. This test was performed in the same way as the previous tests and had the cylinder

centered under the force sensor. Overall, the results were similar to the force test on the post.
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5.2.5 Control Architecture

The controller in Fig. 5 is a curvature sensor reference tracking controller. The work

of this controller results in the curvature sensor change of resistance ∆Rc values to follow the

reference ∆RRe f
c signal. This is equivalent to the resistance Rc values to follow RRe f

c reference

signal since ∆Rc = Rc−Rc(0). For a correctly designed reference tracking controller and freely

moving finger, we expect a small tracking error RRe f
c −Rc. Therefore, the tracking error signal

can be used to detect contact of the finger with an object in the operating environment [13]. A

periodic reference signal sets the freely moving finger in a motion that resembles the motion of a

finger that samples points in space to touch. Similar types of motion are also an integral part of

the opening and closing of multi-finger grippers.

Figure 5.5: The block diagram of the feedback control loop. The controller Dc outputs
pressure p, which results in the curvature sensor resistance Rc tracking of the reference values
Rre f

c . Once the tracking error exceeds a threshold, the periodic signal Rre f
c is changed to a

reference signal which maintains the contact with an object.

5.3 Results

The characterizations of the curvature and force sensor (see Materials and Methods)

show that both sensors are responsive and have potential in applications of the soft finger.
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However, the signal level of the force sensor strongly depends on the collocation between the

force sensor position and the point of contact with an object. Because of that, our feedback

control enabled touch detection method (see Materials and Methods, Control Architecture and

Fig. 5) relies only on the curvature sensor.

It is important to note that we decided to forgo the process of mapping the position

and angle of the tip of the finger since our control architecture utilizes the error in the curvature

sensor resistance when tracking a reference. The control architecture is designed so that it is not

focused on a specific position or angle, but on whether the finger can detect when it has made

contact with an object.

A critical part of our control architecture is the reference tracking feedback controller

depicted as Dc in Fig. 5, which we present and validate in the next subsection. This is followed

by the validation results of the feedback control enabled touch detection proposed in this work.

5.3.1 Design and Validation of Reference Tracking Curvature Control Dc

Our previous work [13] shows that for a soft finger with a curvature sensor charac-

terized by the polynomial approximation (2), the reference keeping control can be achieved

by

p =−K
∫
(∆Rc(p)−∆Rre f

c )dt. (5.5)

This is an integral control, i.e., I-only controller with the parameter K > 0 which can be tuned to

achieve a desired performance in keeping ∆Rc = ∆Rre f
c . A further performance improvement

could be achieved by a PI controller. However, from linear system control theory, we know that

in our system such a controller cannot guarantee that the error of tracking references goes to zero
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for reference signals that are different from the step function.

We consider here the controller for tracking references that are composed of ramp

signals. To account for that and achieve the convergence of the tracking error to zero, we consider

the 2nd order linear controller

Dc(s) = Kc
s+ zc

s2 , (5.6)

which is given in the form of a transfer function, where s is the Laplace domain variable. The

controller parameters are gain Kc and the so-called zero of the transfer function, zc. In our

controller implementation we used an Arduino Nano computer platform. Therefore, for the

implementation we convert the transfer function (7) to the discrete time domain as

Dc(z) = Kc
z+ zc

(z−1)2 (5.7)

This transfer function, after the forward approximation method sample-hold step [9], replaces

Dc(s) in Fig. 5. In that case, the steady state of the error ess = limt→∞ e(t) for tracking the ramp

signal reference is

ess = lim
z→1

(z−1)
1

1+Dc(z)
∂ (∆Rcf(p))

∂ p

∆Rre f
cf (z). (5.8)

For the zero error tracking of a unit ramp signal reference which has the z-transform hz/(z−1),

where h = 0.2s is the sample time, we need limz→1(z−1)Dc(z)
∂ (∆Rcf(p))

∂ p = ∞. We can confirm

that due to (3), i.e., the bounded derivative ∂∆Rcf(p)
∂ p , the controller Dc(z) satisfies that condition,

but we have to tune the gain Kc and place the zero zc of the controller. To tune these parameters,

we use the discrete root locus analysis with criteria of the damping ratio of ζ = 0.707 on the root

locus diagram while also trying to optimize rise and settling times in the step response. From

these, we selected Kc = 0.07 and zc = 0.955.
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For testing the controller, we chose a periodic triangular signal where the range for the

reference signal was chosen based on the data we collected to characterize the curvature sensor

(see Fig. 4). The period of the reference was approximately 5s, and during that time the finger

completely flexed and extended. This period allowed us to use the simple controller and was a

safeguard against higher frequency modes of the system’s dynamics. The finger was mounted on

a test stand and placed in free displacement for validating the reference tracking curvature sensor

resistance controller.

The performance of the controller is illustrated by data in Fig. 6. The controller worked

for multiple orientations of the finger. In Fig. 6A the finger was curling down toward the ground,

in Fig. 6B the finger was rotated on its side, and in Fig. 6C it was curling up toward the ceiling

against gravitation. For all of these configurations, the controller designed for tracking the

curvature of the finger followed the reference input closely. As expected, the tracking error was

larger around time points at which the reference slope changed its direction. The tracking error

settled around zero between direction changes. For the case of the finger curling up, the resulting

control data showed that the finger struggled to curl to the maximum reference. This was due to

the sensor being in an orientation in which gravity acted against the direction of curvature of the

inflated finger in the sagittal plane. This meant that the curvature sensor resistance range shifted,

so more pressure was required to reach a curvature resistance reference that was designed for

when the finger curled down with the help of gravity. However, to prevent the inflation chambers

from rupturing, there is a limit to the amount of pressure that can be applied. Due to the limits

on the amount of pressure that the finger could withstand, anti-windup was included to stop the

integration and accumulation of error when reaching the saturation limits [9]. The control data
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presented in the final plot, see Fig. 6D, tested the limit of the maximum pressure and showed that

the anti-windup designed to stop integration worked to keep the finger from becoming unstable.

Figure 5.6: The curvature sensor resistance tracking controller for different orientations
of the finger. In all four plots, the top section shows the reference signal as ∆Rre f

c = Rre f
c −Rcf(0)

(orange) and the curvature sensor change of resistance ∆Rc = Rc−Rcf(0) (blue), the middle
portion shows the tracking error Rre f

c −Rc (red), and the bottom section shows the control input
for the set pressure (dark green) and the measured pressure (light green). Gravity in all scenarios
is acting down. (A)-(C) the pressure used to compose the reference signal is within the working
range of the finger. (A) The finger is curling down, (B) the finger is curling to the side, and (C)
the finger is curling up. (D) The anti-windup keeps the finger from becoming unstable when
the reference resistance exceeds the working range saturating the pressure; the finger is curling
down.
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5.3.2 Feedback Control Enabled Touch Detection

After the validation of our controller Dc with the triangular signal (Fig. 6) and freely

moving finger, we experimented with a sinusoidal reference signal with an idea to smooth out

the transition between positive and negative reference slopes which are associated with the finger

flexion and extension, respectively. From this, we found that the magnitude of the reference

tracking error is not necessarily smaller, but more evenly distributed in time (see Figs. 6A and

7B). We found that this is beneficial for our method of touch detection, therefore, the experiments

we present here are done with the sinusoidal reference signal with a period of 4s.

In the experiments presented here, the finger base was perpendicular to the surface

with the object and mounted 0.057m above the top of the surface. The box had the dimensions of

0.03m×0.03m×0.03m. The height between the tip of the finger and the surface was 0.0358m,

and the horizontal distance between the tip of the finger and the front edge of the box was

0.0174m.

The reference tracking controller puts the finger in motion, tracking a sinusoidal

reference, flexing the finger, and increasing the curvature sensor resistance until it has come in

contact with an object. The blocked movement causes the tracking error between the reference

signal, Rre f
c , and curvature sensor resistance, Rc, to increase. Once the threshold, T , is reached

and ∣∣∣Rre f
c −Rc

∣∣∣> T, (5.9)

contact with the object is maintained by switching the reference to a constant curvature, which

allows the finger to maintain its contact. The threshold is chosen to be a value slightly higher
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than any error value seen while the finger is in free displacement (shown in Fig. 7B).

Once the the threshold had been reached, we experimented with two reference switch-

ing methods. The first one resulted in a permanent, but lighter touch between the finger and the

box (Fig. 7C), and the other one resulted in a firm touch between the finger and the box (Fig. 7E).

We show in Fig. 7C an example of maintaining a lighter touch, which is achieved

by the reference signal dropping to the value achieved by the curvature sensor when the touch

has been detected (shown in Fig. 7D). If the value ∆RT corresponds to the value ∆R at the

discrete time step kT at which the threshold is reached, which is marked by the vertical dotted

light blue line in Fig. 7D, then the reference of the digital controller ∆Rre f
c is substituted with

∆Rre f
c (k) = a∆Rre f

c (k−1)+(1−a)∆RT , i.e., with

Rre f
c (k) = aRre f

c (k−1)+(1−a)(∆RT +Rcf(0)), (5.10)

for all subsequent discrete time steps k > kT , where Rcf(0) the curvature sensor resistance

for p = 0, a = e−λh, h is the sample time of the digital controller and λ is a constant of the

exponential transition. This exponential transition prevents a sharp change in the reference signal

to the new value. This smooth transition allows for fewer oscillations as the curvature controller

adjusts to tracking the new constant level ∆RT of the reference signal.

In Fig. 7E we present the data from the case when a firm touch is achieved by the

sinusoidal reference signal switching to maintain a constant value given by the value of the

reference signal at the time of touch detection (shown in Fig. 7F). In other words, once the

threshold is reached at the discrete time step kT , which is marked by the vertical dotted light blue
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Figure 5.7: The threshold based switching for the curvature tracking controller when de-
tecting a touch. (A) The finger is positioned above the box prior to beginning a flexing motion.
(B) The reference signal ∆Rre f

c = Rre f
c −Rcf(0) is a sinusoidal signal while the finger is unim-

peded in free displacement used to determine the threshold. (C) The finger after the contact
is detected and the reference signal ∆Rre f

c is reduced to a value to maintain a light touch. (D)
The motion is impeded at t ≈ 1.54s, the touch is detected at t = 1.72s and the finger maintains
the light touch on the object (t > 4.65s). (E) The finger after the contact is detected and the
reference signal ∆Rre f

c is held at a value to maintain a firmer touch. (F) The motion is impeded
at t ≈ 1.54s, the touch is detected at t = 1.72s and the finger maintains the firmer touch on the
object (t > 4.23s). In all data plots, the reference signal is plotted as Rre f

c −Rcf(0) (orange), the
finger curvature sensor resistance is plotted as ∆Rc = Rc−Rcf(0) (blue), force sensor (yellow),
the tracking error Rre f

c −Rc (red), the threshold (pink) at T = 33kΩ, the control variable, i.e., the
set pressure (dark green), and the measured pressure (light green) are shown.
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line in Fig. 7F, then for all time steps k > kT , ∆Rre f
c (k) = ∆Rre f

c (kT ), i. e.,

Rre f
c (k) = Rre f

c (kT ). (5.11)

This creates a firmer touch since the higher reference value requires a higher pressure.

5.3.3 Summary

The experiment results show that we were able to successfully close the feedback

loop, in which the curvature sensor resistance follows the reference signal. The feedback control

design is based on information about the bounded slope of curvature sensor characteristics with

respect to the inflation pressure and the requirement that the reference signal is a triangular

signal. However, through experimentation we found that a sinusoidal reference signal resulted in

a reference error which changes more evenly with the change of the reference.

Our results prove the concept of touch detection which uses only the curvature sensor

resistance. To achieve that, we did not use any relation between the curvature sensor resistance

and the soft finger bending. All we needed is to establish the feedback loop for the curvature

sensor resistance to track a reference signal. The touch detection is based on the level of the

tracking error. Once a threshold error is reached, the reference changes to maintain the touch.

We found that the touch can be maintained with two types of reference, one which maintains a

light and the other which maintains a firm touch.

All the presented results were achieved with the real soft finger and the system that

included various imperfections. As shown in Fig. S1-S2, for example, there was both noise and

some delay induced by the digital regulator, which functioned by opening and quickly closing a
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valve to let in air from a high-pressure source.

5.4 Conclusion

This paper presented and validated the feedback control enabled touch detection for

the soft finger. As part of the validation, we also described the soft finger and the validation

system used in our experiments. With this, we have shown that the presented method does not

ask for special soft finger design requirements, and that method can be applied to a large number

of finger designs that include a curvature sensor. Without using a force sensor, our method

removes the requirement for the collocation between the force sensor and point of touch.

The overall method does not depend on any external sensing technologies such as a

motion capture system which may not be present in real-world applications. It is expected that

the proposed touch detection method can be used with other sensing modalities which can be

embedded in a soft finger for further improvements of soft robotic grippers and hands based on

proprioceptive feedback.
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Chapter 6

Compliant Proprioceptive Touch without a

Force Sensor: A Kinesthetic Feedback Control

Approach

This chapter is a preprint to the paper

I M. Boivin, D. Milutinović, and M. Wehner, “Compliant Proprioceptive Touch without a

Force Sensor: A Kinesthetic Feedback Control Approach,” (in prep).

6.1 Introduction

While compliant robotic manipulators have significantly improved over the last few

years [110], there are still challenges in their operation related to their interactions with objects

of unknown location, shape, orientation and surface characteristics. To address these challenges,

many manipulators rely on processing visual data from cameras. However, this source of data
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can be unreliable in dealing with transparent objects [57, 107], a reduced light environment,

or blocked camera view by a manipulator approaching an object to grasp. In these situations,

humans don’t only rely on visual feedback, but also on the sense of touch through proprioceptive

and tactile sensory systems of their fingers. That and recently developed compliant soft robotic

fingers [118] with embedded sensors have inspired our work on the feedback control enabled

sense of touch.

In humans, the sense of touch is described by two modalities, cutaneous and kinesthetic

[27]. The cutaneous sense of touch refers to the modality in which “the sensory input is

from the receptors embedded in the skin, and the kinesthetic sense receives sensory inputs

from the receptors within muscles, tendons, and joints” [27]. When creating an analogy for

robots, the cutaneous sense corresponds to the sense of touch provided by dedicated sensors of

touch [11, 12, 27, 52, 126] and the kinesthetic sense of touch is the one derived from a tension or

stress from actuation, which is the focus of our paper.

Previously, kinesthetic information has been used in haptic displays [10], including

those with soft-robotic components [60] and other applications with the sense of touch [48],

in which the contact sensor information was combined with its position. However, up to our

best knowledge, information about a finger-like actuator position and an effort to control it as

measured by a tracking error of feedback control loop has not been previously considered to

detect and maintain a contact between the actuator and an object in its operating space.

We propose here a reference tracking feedback control of a compliant finger, which

uses the finger’s curvature measurements and enables the sense of touch. The tracking control

allows to set the finger either to a desired curvature value, or to follow a desired curvature
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Figure 6.1: The compliant finger in a V-REP scene: (a) the finger mounted on the UR5 arm and
in a firm touch with the first box; (b) the finger reacting as it is dragged across the objects. The
curvature is reduced as it comes into contact with an object and returns to the reference curvature
once it is no longer in contact.

reference signal, which results in a controllable motion of the finger over configurations in the

range between full flexion and extension. The tracking error of the control loop is minimal when

the finger’s motion is unimpeded, i.e., not in touch with any object. When the finger is in touch

with an object, the error increases and its intensity measures the amount of stress on the finger.

Fig. 6.1 (top panel) shows a virtual robot experimentation platform [104] (V-REP)

scene with a compliant finger which is created to replicate fundamental properties of the soft

finger [118], its actuation and curvature measurement. In the figure, the finger is in a controlled

firm touch with an object. If the finger is dragged, the tracking error can be used to detect

objects, their edges (see Fig. 6.1, bottom panel), and the level of the error can be used as an

indication of object heights. Controlled motion of the finger also allows for tapping objects and

visualizing objects and their textures following similar principles that are used in atomic force

microscopy [46], but at a scale of the finger’s size. All these capabilities of a single finger can be
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further exploited on a multi-finger robotic gripper and used as a building block for its controlled

grasp. Our work is a significant step towards control principles and mode of uses of such soft

robotic grippers.

Soft robotic components show promising results in applications involving grasping

[110], biomedical applications [25], and wearables [97,100] through various forms of locomotion

and sensing [67]. They belong to the larger class of soft compliant robotic components with

flexibility that allows them to adapt to their operating environment and handle higher levels of

uncertainty in object manipulation than traditional rigid robot components. These include fingers

with rigid links and flexible joints [94], as well as soft material robotic components [62, 82, 118],

grippers [29, 55, 56, 80, 89], and multi-segment manipulators [81, 83, 85].

Due to their flexibility, compliant robotic components have less constrained movements

and are difficult to control [83], especially when the component is in contact with objects in the

operating environment [55]. Consequently, both the model-based and machine-learning-based

control methods have been used to control soft robotic components.

A variety of soft robotic actuators have been developed over the past decade ranging

in design, sensors, modeling, and control strategies [98, 102, 105, 120, 122], which are also

surveyed in [42]. The model-based control methods are based on a piece-wise constant curvature

kinematics model [32,61,124] and the use of system identification technique [85] to estimate the

piece-wise constant curvature model parameters. The machine-learning based methods include

the use of neural networks [20, 114] and reinforcement learning [113]. In addition to these, some

authors also considered a combination of model-based and machine-learning methods [116].

Feedback control has been used in various applications and has been based on camera
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system visual feedback [62, 81, 83, 85], or dedicated sensor measurements [55, 56, 89]. Aside

from a practical application showing that feedback control for soft systems is possible, in [30],

the authors showed that higher feedback gains lead to higher perceived stiffness of an inherently

soft robotic component. This is a significant result for systems that rely on the compliance

property of the robotic component as in the work presented here.

Our approach to detect and maintain contact between the compliant finger and an

object is inspired by kinematic problems [86], in which the anticipation of future relative motion

between system variables is instrumental for robust decision making. The feedback control

that we propose employs the control to set the compliant robotic finger curvature to a certain

position, or reference movement, which serves as a prior for the movement. The approach uses

the discrepancy between that movement and the actual one to infer robustly that the finger is in

contact with the object, so that the edge can be detected, see Fig. 6.3.

In our preliminary study for the control of a soft robotic finger [13], we used a

continuous-time second order controller along with a deterministic static characteristic relation

between the inflation pressure and curvature. Here we use system identification to estimate a

dynamic model of the finger. To achieve that, we develop a procedure on how to avoid overfitting

the data, from which we learn that the finger can be represented and successfully controlled

by a second order discrete-time domain linear model. We use the identified model to design a

reference tracking digital controller. However, in order to use the feedback controlled finger for

the sense of touch, we have to evaluate the controller performance for the finger that is mounted

on a robot arm. This provides us tracking error distributions for various orientations and motions

of the robot arm, and thresholds that we use for edge detection, or firm touch by the finger.
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The paper is organized as follows. Section 6.2 formulates the problem of edge detection

utilizing proprioceptive feedback. A system identification approach for modeling the curvature

of the finger is described in Section 6.3. The control architecture is described in Section 6.4,

with the reference tracking edge detection defined in Section 6.4.4. Section 6.5 presents results

from V-REP simulations in which the finger is used to detect object edges and visualize objects.

Section 6.6 gives conclusions.

6.2 Problem formulation

Figure 1 shows a V-REP scene with the soft finger mounted on a robot arm that we

use in our study. The complexity of soft finger dynamics is replicated in V-REP by a series of

four-rigid body links connected with three compliant elastic joints. The single input control

variable for the finger is a torque, which is distributed over the joints. This torque actuation of

the V-REP finger emulates the inflation pressure that actuates the real soft finger [118], therefore,

we denote this control variable by p.

When the control input is p = 0, the finger configuration depends on a relative ori-

entation between the joint axes and gravitation acceleration. Figure 2a shows that the finger

naturally bends under the influence of gravitation when the input p = 0. When the input is p > 0,

the finger bends further (see Fig. 2b). Both of these outcomes match characteristics of the soft

finger [118].

In the real soft finger [118], the degree of finger bending is measured by a curvature

sensor. The sensor is implemented by a resistor which is mounted along the finger and changes
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its resistance with the finger bending. In our V-REP scene model, we ”measure” the curvature

∆Rc f as

∆Rc f = K
3

∑
i=1

si (6.1)

si =


θi(ri +d) if θi 6= 0,

2l else

where K is a scaling factor, θi is the joint i position angle, which is the angle between
−−→
OiBi and

−−→
OiAi+1 (see Fig. 6.2b), d is the offset from the joint center to the top of the fragment, 2l is the

distance BiAi+1 for θi = 0, and ri is the distance between the point Oi and the corresponding ith

joint computed as ri = l(tan(θi/2))−1. In expression (6.2), the variable si is the length difference

between the arc from Bi to Ai+1 for θi 6= 0 and 2l.

Figure 6.2: The complaint finger in V-REP: a) shows the finger under the effect of gravity with
no pressure applied; and b) shows how the finger bends when the pressure is applied. The arc
lengths across the joints are computed to “measure” the bending of the finger.

Figure 6.3 shows the block diagram of the feedback controlled finger, where the

controller Dc(s) computes the control variable p from the difference between the curvature

measurement ∆Rc f and the curvature reference signal ∆Rre f
c f . If the controller Dc(s) provides the

zero error tracking of the curvature reference, then an obstacle that impedes the finger motion

82



results in a non-zero tracking error signal. Since the finger is flexible, this signal can be used as a

measure of the contact force between the finger and the obstacle.

Two problems that we consider here are (P1) the design of a feedback control for the

finger curvature reference tracking, and (P2) the formulation of the reference curvature signal

for specific applications.

To address P1, we perform a system identification of the finger dynamics and use the

identified model for the control design. For P2, we demonstrate the controller’s work in multiple

scenarios.

Figure 6.3: The feedback control loop. The feedback controller Dc input is the tracking error,
which is the difference between the reference and measured curvature of the finger, and the
controller output is the pressure. For an unimpeded motion of the finger, the tracking error is
small. If the error passes a threshold, it indicates that the finger is in contact with an object.
Before the movement, the block that implements the detection threshold is reset to 0.

6.3 System Identification

For the model of the finger dynamics, we use the linear ARX discrete time model [73]

y(z) = G(z)p(z)+H(z)e(z) =
B(z)
A(z)

p(z)+
1

A(z)
e(z), (6.2)

where p(z),y(z) and e(z) are z-transform images of the discrete time control variable p(tk) and

the curvature measurement variable y(tk) = ∆Rc f (tk), and e(z) is the z-transform of the model
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error signal e(tk), respectively, and k = 1,2, .... The model sample time is tk+1− tk = 0.05

seconds, and B(z) and A(z) are polynomials of the transfer function G(z) defined as

A(z) = 1+a1z−1 + · · ·+anz−n (6.3)

B(z) = b1z−1 + · · ·+bmz−m, (6.4)

where n≥ m≥ 1. In the time domain, this model results in the linear difference equation

y(tk)+a1y(tk−1)+ · · ·+any(tk−n) = b1 p(tk−1)+ . . .

· · ·+bm+1 p(tk−m+1)+bm p(tk−m)+ e(tk), (6.5)

which describes the relationship between the input p(tk), output y(tk) and the model error e(tk),

k = 1,2, .... For this model, we estimate the vector of unknown coefficients

θ =

[
a1 . . . an b1 . . . bm

]T

, (6.6)

as well as their number, i.e., orders of the transfer function polynomials A(z) and B(z). We

estimate them based on the assumption that the sequence of model errors e(tk) is a zero-mean

white noise.

Procedure: We identify the finger dynamics from an open-loop experiment, in which

the input p(tk) is a biased pseudo random binary sequence defined as

p(tk) = pbias +ub(tk), pbias = 1 (6.7)

ub(tk) =


−ub(tk−1) with probability π = 0.5

ub(tk−1) with probability π = 1−π

u(0) = {−1,1}.
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The bias pbias is added to shift the range of the pseudo random input p(tk) to be only positive

since the finger cannot bend backward.

For the sequence p(tk), we collect the output data y(tk) and form the vector

φ(tk) =
[
−y(tk−1) . . . −y(tk−n) u(tk−1) . . . u(tk−m)

]T

, (6.8)

which can be used to express a one step prediction of the output ŷ(tk) = φ(tk)T θ , for given θ .

Based on this, we estimate the parameter vector θ by minimizing the sum of squares of one step

prediction errors for tk, k = n+1, ...N and N >> n as

θ̂ = argmin
θ

1
N−n+1

N

∑
k=n+1

(y(tk)−φ
T (tk)θ))2. (6.9)

The minimization of the prediction errors results in the solution

θ̂ =

[
N

∑
k=n+1

φ(tk)φ T (tk)

]−1 N

∑
k=n+1

φ(tk)y(tk), (6.10)

where the right side of the solution is completely defined based on input and output data recorded

at tk, k = 1, ...N.

Once we have recorded the data, we compute the estimate θ̂ for an increasing sequence

of the polynomial A(z) order n = 1,2, . . . and using m = n for the order of polynomial B(z). We

increase n until we do not see more than 1% in the reduction of the sum of squares of prediction

errors, which we use as a criterion to prevent the overfitting of the data. From this, we obtain the

6th order model with parameters resulting in

B(z) = 1.419z−1 +0.3242z−2−0.1622z−3−0.5952z−4

−0.443z−5−0.5036z−6 (6.11)
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and

A(z) = 1−0.2956z−1−0.2534z−2−0.2808z−3

−0.1212z−4−0.0847z−5 +0.0371z−6, (6.12)

which is the highest order model that we use to describe input-output relations from our data.

The model has six poles and five zeros (see Fig.6.4) of which the pole at 0.9994+j0 and the

zero at 0.9937+j0 are almost on the top of each other. The other poles also show up in pairs

with zeros in their proximity. Pairs of poles and zeros of a transfer function that are in close

proximity of each other can be canceled. Therefore, the presence of such pairs in our model

indicates the possibility of overfitting, i.e., that our model is of a higher order than necessary.

To understand the impact of pole-zero pairs, we proceed with the analysis of the model in the

frequency domain.

Model analysis through model reduction: The analysis consists of a comparison of

the original transfer function G(z) = B(z)
A(z) with the simpler model G′(z) obtained from G(z) by

removing one or more pole-zero pairs, while keeping the DC gain unchanged, i.e., G′(1) = G(1).

As an example, Fig. 6.5 shows the Bode plot of G(z) and G′(z), which is obtained by the removal

of the pole and zero in the proximity of 1+ j0. In this specific case, it is clear that G′(z) is a poor

approximation of the original G(z). When we sequentially remove pole-zero pairs, we obtain that

only in one case G′(z) does not follow the phase of G(z), while in all other cases approximations

approximated G(z) quite well both in magnitude and phase until 0.1 rad/sec. Out of these good

approximations, the transfer function G′(z) with the smallest order of polynomial is the one with
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n = 2, which is

G′(z) = 1.9502
z−0.9937

z2−1.263z+0.2632
. (6.13)

The poles and zeros of the transfer function are highlighted in Fig. 6.4.

Figure 6.4: Poles and zeros of the discrete models: the 6th order ARX model poles (‘x’) and 5
zeros (‘o’). The poles and zeros of the 2nd order model are indicated with the symbols in bold.

For an illustration, we compute the one step prediction for the 2nd order model to show

that for the same input sequence, the model output closely follows the data from our experiments.

6.4 Control Architecture

The controller in Fig. 6.3 is a curvature reference tracking controller. The controller

provides that the curvature of the finger ∆Rc f (see (6.2)) follows the reference ∆RRe f
c f . If the

finger is able to move freely, i.e., there is no object in its path, we expect a small tracking error

(∆Rc f Re f −∆Rc f ). Therefore, the tracking error signal can be also used as a signal to detect
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Figure 6.5: The frequency responses. The responses are obtained from the 6th order systems and
the removal of combinations of closest pole-zero pairs. The dashed line depicts the frequency
characteristics of G′(z), which is obtained by the removal of the pole-zero pair in the proximity
of 1+j0.

Figure 6.6: The original 6th order ARX and modified 2nd order models and measured outputs for
the same input data.
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contact of the finger with an object in the robot’s workspace. A ramp reference signal sets the

freely moving finger in a motion such that it resembles the motion of a finger sampling points in

space to touch. We consider this type of motion since it is an integral part of a finger motion

during the opening and closing of multi-finger grippers.

6.4.1 Curvature Reference Tracking Control

For tracking the ramp reference signal by the system modeled by G′(z) we use a unity

feedback loop with the controller Dc(z). From the discrete linear system control theory, we know

that the steady state of the error ess = limt→∞ e(t) for tracking the reference is

ess = lim
z→1

(z−1)
1

1+Dc(z)G′(z)
∆Rre f

c f (z), (6.14)

therefore, for the zero error tracking of a unit ramp signal reference that has the z-transform

hz/(z− 1), where h is the sample time, we need limz→1(z− 1)Dc(z)G′(z) = ∞. This can be

achieved with the controller that has the form

Dc(z) = Kc
z− zc

(z−1)2 , (6.15)

where Kc is the controller gain and zc is the zero that is introduced by the controller. For the loop

gain Dc(z)G′(z), we use the discrete root locus analysis for placing the zero zc and the gain Kc.

To tune these parameters, we use criteria of the damping ratio of ζ = 0.707 and the settling time

ts < 1.5sec on the root locus diagram. From these, we tune Kc = 3.8 and zc = 0.7. Figure 6.7

shows a numerical simulation in MATLAB of the curvature controller with the determined

parameters in free displacement. The range for the reference signal was chosen based on the data

that we sampled to identify the transfer function G′(z). This numerical simulation also provides
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a baseline threshold value for determining when the finger is in contact with objects or when it

stops being in contact with them.

Figure 6.7: The discrete-time curvature tracking controller: (top panel) the reference input (blue)
is the triangular signal that results in the flexing and extending of the finger; the curvature sensor
measurements (yellow) track the reference input and overlap with it; (bottom panel) the tracking
error.

6.4.2 Tracking Error Performance

We implemented the feedback controller in V-REP with the compliant finger mounted

on the UR5 robot. Due to the finger’s weight and its flexibility, the robot posture and motion could

impact the tracking error. Therefore, we ran experiments with the finger in free displacement to

find an error threshold that worked well for our system. To collect data about the interference

of the motion and robot pose on the unimpeded finger, we performed a total of 20 experiments.

These experiments can be broken into three types:

1. The curvature of the finger is maintained at a constant value while the arm moves in an

upward motion. Six experiments are executed: the finger is either in a vertical (perpen-
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dicular to the ground) or horizontal (parallel to the ground as seen in Figures 6.10a1-a6)

orientation to begin and for each orientation, it curls down toward the ground (Fig. 6.10a4),

to the side (Fig. 6.10a5), and up toward the ceiling (Fig. 6.10a6). The vertical orientation

can be seen in Figures 6.8a1-a6 and the data from the experiments seen in Figures 6.9a1-a2

shown in the appendix.

2. The finger flexes and extends between the curvature range for roughly a four- and a

two-second period between extensions, respectively, while the arm moves in an upward

motion. Six experiments are executed for each period for twelve total experiments: the

finger is either in a vertical (perpendicular to the ground) or horizontal (parallel to the

ground as seen in Figures 6.10a1-a6) orientation to begin and for each orientation, it curls

down toward the ground (Fig. 6.10a4), to the side (Fig. 6.10a5), and up toward the ceiling

(Fig. 6.10a6). The vertical orientation can be seen in Figures 6.8a1-a6 and the data from

the experiments seen in Figures 6.9b1-c2 shown in the appendix.

3. The finger flexes and extends between the curvature range for roughly a four- and a two-

second period between extensions, respectively, while the wrist rotates 0◦−360◦. Only

the horizontal orientation for the two different periods was considered (shown in appendix

Figures 6.8c1 and c2 and data shown in Fig. 6.9d).

Figure 6.10a and Figure 6.8 in the appendix shows the setup for these experiments, where

the finger tracks a reference input while the arm moves upward or the finger base rotates in a

circle. In the first set of experiments listed (appendix Fig. 6.9a), the curvature controller tracks a

ramp signal in order to maintain a smooth motion of the finger until the desired curvature has
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been reached, at which point it holds steady. In the other experiments (appendix Fig. 6.9b-d),

the controller tracks triangular signals composed of ramp inputs with periods of two and four

seconds. Through these experiments, we can see how the residual error of the system is affected

by different types of motion of the finger. From the data, we have concluded that the error is

largely due to the type of reference signal used, and the motion of the arm has little effect on

the error. Collecting the tracking errors from the experiments, we can use the distribution of

these errors (Fig. 6.10b-e) to find thresholds that indicate an impeded motion. If the error of the

system is below the threshold, then it is an indication that the finger is in free displacement and

has not made contact with an object in its path.

From the first set of experiments (Fig. 6.9a), we can see that once the finger reaches

the steady state of the constant curvature reference, at about t = 1s, the motion of the arm

alone does not affect much the error of the system, which has an error very close to zero. The

error distribution across the six experiments for t > 1s is shown in Fig. 6.10b. However, in the

experiments where the finger tracks a reference composed of ramp signals (appendix Figures 6.9b-

d), the error is an order of magnitude larger, and decreasing the period (i.e., increasing the speed

of the flexion and extension of the finger) increases the error even more. The error distribution of

the arm in motion for a triangular reference of four and two seconds is shown in Figures 6.10c

and d, respectively. Figure 6.10e shows the combined finger base rotation experiments for

both two and four seconds. For our purposes, a reference that causes the finger to do a full

flexion and extension in roughly 2 seconds is sufficient. Since the error for a constant curvature

reference compared to a ramp reference varies by an order of magnitude, we chose to use two

thresholds. To choose the threshold, we looked at the distributions across all experiments as
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Figure 6.8: (a1-a2) Shows the arm in the starting and end positions with the finger in the vertical
orientation. The green arrow indicates the direction the arm moves to reach the final position.
The finger starts off straight and either curls to a given static reference curvature or tracks a
periodic ramp signal flexing and extending while the arm moves upward. Direction of the finger’s
motion is indicated by the red arrorw. (b1-b2) The finger is in the horizontal orientation and
tracks two different ramp signals flexing and extending while the wrist of the arm rotated from
0◦ to 360◦ and back. The yellow arrow indicates the direction the wrist rotates.
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Figure 6.9: (a1-c2) Data was collected for three positions of the finger tracking the respective
reference curvature (top panel): curled downward, curled to the side, and curled upward, along
with the residual error (bottom panel). The finger was held at a static reference curvature for the
finger in (a1) the horizontal orientation and (a2) in the vertical orientation. The finger tracked
about a 4-second periodic ramp signal flexing and extending while the arm moved upward for the
finger in (b1) the horizontal orientation and (b2) the vertical orientation. The finger tracked about
a 4-second periodic ramp signal flexing and extending while the arm moved upward again for all
three positions of the finger (c1) in the horizontal orientation and (c2) the vertical orientation. (d)
Data collected for a 4- and a 2-second periodic ramp signal flexing and extending while the wrist
of the arm rotated from 0◦ to 360◦ and back.
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shown in Fig.6.10. For a constant curvature reference, we chose a threshold T = 1. Based on

the distribution of errors, the threshold can be smaller, but with this value, we account for a

required control effort to return the curvature to its reference value after the finger is no longer

in contact with an object. For a ramp reference, we chose a threshold of T = 3 to be slightly

larger than the max error seen at |emax|= 2.5. A look up table can be used to apply the threshold

that corresponds to a desired type of the reference signal. Since there are limits on the amount

of torque the finger can withstand, the control architecture included anti-windup to stop the

integration and accumulation of the error when reaching the saturation limits [9], which is also

determined by these thresholds.

6.4.3 Firm Touch

Figure 6.11 shows the experiment in which the finger moves and stops once it touches

an obstacle. The controller puts the finger in motion tracking a ramp reference, flexing the

actuator, and increasing the curvature until it has come into contact with an object. The blocked

movement causes the residual error between the reference signal and curvature sensor to increase.

Once the threshold, T , is reached and

∣∣∣∆Rre f
c f −∆Rc f

∣∣∣> T, (6.16)

a firm touch with the object is maintained by switching the reference to a constant curvature,

which allows the finger to maintain its contact.

In this experiment, the finger base is rotated 60◦ from the x-axis of the world frame and

held 0.05m above the top of the box. The box has the dimensions of 0.10m x 0.10m x 0.080m
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Figure 6.10: Tracking error distributions: (a) The finger in the horizontal orientation. The green
arrow shows the direction of the arm’s motion, and the red arrow indicates the direction the finger
curls. (a1) The initial position of the arm. (a2) The final position of the arm. (a3) The starting
position of the finger without any torque. (a4) The finger curls downward. (a5) The finger curls
to the side. (a6) The finger curls upward. Each histogram is obtained from errors across all the
experiments that use the same type of the reference signal or the robot arm wrist motion: (b)
Constant curvature reference. The errors were collected once the finger reached equilibrium and
settled around the reference signal. (c) A 4-second periodic triangular reference signal. (d) A
2-second periodic triangular reference signal. (e) Experiments where the wrist rotates for both 4-
and 2-second periodic triangular reference signals.
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Figure 6.11: Firm touch: (a) The finger is positioned in front of the box, and begins a flexing
motion. (b) The motion is impeded at t ≈ 0.7s, and the finger maintains a firm touch on the
object (t > 1.8s). (c) The finger curvature (yellow), the ramp reference signal (blue), the tracking
error (red), the threshold (pink) at T = 3mm.

and weighs 0.5kg. The arm is stationary, and we used the curvature controller from the previous

section to actuate the finger using a ramp signal with a period of two seconds. From Fig. 6.11c,

we can see that initially the finger follows the ramp reference, but then it comes into contact

with the object (Fig. 6.11a) and while it continues to flex, the rate of flexing does not match the

reference signal rate, which can be noticed in the increase of the tracking error (Fig. 6.11c). Once

the error crosses the threshold, the reference switches to a curvature value required to maintain a

firm touch and the controller maintains that curvature once reached. The finger remains in firm

contact with the object as depicted in Fig. 6.11b.

6.4.4 Edge Detection

Extending the idea of movement error based control even further from a firm touch on

an object, we can utilize the same concept of crossing a threshold for detection of edges. An

edge of a surface is detected when there is a transition in the error from the reference tracking

controller crossing a threshold. While the finger is in contact with the surface, the error will
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be higher than the predetermined threshold since the finger is impeded. As the finger is moved

across the surface, when it leaves the surface, the error will decrease back to zero since the finger

is no longer blocked and able to resume tracking the original reference signal. The feedback

control loop and the edge detection are depicted in Fig.6.3. The edge detection block compares

the tracking error to the threshold T and has set and reset inputs. Before activating the curvature

controller Dc(z), the output of the block is reset. Assuming the arm moves into a position in

front of objects in the workspace, the front edge of an object has been detected if Eq. 6.16 holds

true. Once this occurs, the output of the block is set to 1 to indicate an edge has been detected.

The signal remains high until another transition is made when

∣∣∣∆Rre f
c f −∆Rc f

∣∣∣< T (6.17)

detecting that the finger has left the object either by being dragged across the surface or lifted

away. The block is then reset to allow for detecting multiple edges.

6.5 Results

We present in this section five simulation experiments that were performed using

V-REP. The goal of the experiments was to demonstrate the functionality of the combination of

the proposed feedback control, reference signals and the control parameters from the previous

section, and integrate with the robotic arm to perform motions and object detection with the

sense of touch. In the experiments, we explored two different methods for detecting edges of

objects. In both cases, the arm is in motion in either the x or y direction, and the finger is held at a

constant height after moving into position in front of the object(s). The first case uses a constant
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curvature reference for the finger and the second one the curvature reference is a triangular

reference signal.

Constant curvature reference experiments: The workspace for these experiments

is depicted in Fig. 6.12a1−a2. In these experiments, the finger sweeps the y-direction of the

workspace at a speed of roughly 0.02m/s without being lifted away. Due to the finger’s flexibility,

its curvature naturally decreases while being dragged across the three boxes. The transition from

a higher to a lower curvature triggers the threshold rule (6.16), indicating the finger has made

contact with the front edge of a box. The curvature of the finger is relaxed while the finger

remains in contact with the object. Once the finger is dragged off the back edge of the box, there

is another transition in the curvature, this time from low back to the reference signal, which

triggers the threshold rule (6.17), indicating the finger has left the back edge of the box. In these

experiments, we use the threshold, T = 1mm.

We first ran an experiment where there were three boxes of varying heights of 0.045m,

0.035m, and 0.025m. The largest and middle boxes were separated by 0.115m and the middle

and smallest boxes were separated by 0.105m. The feedback control was used with three different

curvature reference values, 23mm, 24mm, and 25mm to see how varying the amount the finger

was initially curled affected the edge detection. In Fig. 6.12a1− a6, we show the process of

the finger being dragged across the boxes, and the resulting data is given in Fig. 6.12b for

the different curvatures. The data show that the different curvatures have a slight offset in the

tracking error, as well as a slight variance in the time when the edges were detected. This is due

to the different starting curvatures and the anti-windup method used. To prevent the accumulation

of error, once the error threshold was reached, the integration was stopped and the curvature of

99



the finger was allowed to relax. When the finger left the object, the integration resumed using a

previous value of the control effort that was needed before the edge was detected and when the

error was small, e(k)< 0.25. This method was used to allow the finger to remain compliant and

bend freely so that it did not become stiff like its rigid counterparts. It is important to note that in

this case, we found that due to the finger’s compliant nature, the transition of being dragged off

an object sometimes caused oscillations that were read as multiple edges when there should have

been only one. To handle this, we implemented debouncing to ensure that only a single threshold

crossing would be acted upon. To debounce the signal, we checked for four consecutive samples

of the edge signal to determine whether the threshold was truly crossed. Without debouncing,

the oscillations may cause unpredictable results.

Interestingly, it can be seen that the error signal in Fig. 6.12b also gives some insight

into the height difference of the objects seen in Fig. 6.12. This is due to the arm maintaining

the same height across all the boxes as they decrease in height. Since the finger hits at different

heights on the boxes, the amount that the curvature of the finger is affected varies. Utilizing this

feature, we preformed the second experiment in which we created a search pattern that searched

the workspace plane in the x and y directions. After each path in the y-direction, the finger

moved across the x-direction in increments of 0.005m, which is half the width of the finger. This

broader search pattern was used to create a mapping of the workspace utilizing the tracking error

signal to detect multiple objects. The result of that mapping can be seen in Fig. 6.13b. The

varying heights are indicated by the change in color which represents the amount of error seen at

that point in space. The data also show a fairly accurate reconstruction of the workspace plane,

where all the boxes have a width of 0.1m and length of 0.075m.

100



Figure 6.12: Dragging finger scene: (a) The finger is attached to a robotic arm that moves the
finger to the front of the first box on the table and drag the finger across the boxes. (b) The
curvature, the tracking error, and edge binary signals for three different curvature references,
23mm (blue), 24mm (yellow) and 25mm (green).
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A third experiment was done utilizing the same search patter as described above, but

this time the goal was to use the sense of touch to sense an object that is in the form of a valve

wheel. The scene and resulting map are shown in Fig. 6.13c-d. The wheel in the scene is 0.208m

x 0.209m x 0.019m and weighs 4.536kg. This experiment was performed to see how the finger

and control architecture handled round and more complex shapes. The flexibility in the joints

along with the control architecture for detecting the edges allowed for the circular shape of the

wheel and the inner detail to be easily reconstructed.

Figure 6.13: Visualization by the sense of touch: The finger is attached to a robotic arm and its
first position is at the northeastern position of the table. The green arrow indicates the direction
the arm moves for each pass. (a) The scene with the boxes. (b) The color coding represents the
amount of tracking error, which increases in value when the finger is in contact with the boxes.
The red mark shows the center of each box. (c) The scene with an object in the form of a valve
wheel. (d) The color coding represents the amount of tracking error, which increases in value
when the finger is in contact with the object. The red mark shows the center of the object.

Triangular curvature reference experiments: In these experiments, the tracking of the

curvature reference results in the finger flexing and extending. The experiment is illustrated in

Fig. 6.14a1−a4. The arm was first positioned at the northeastern corner in front of the object
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and moved in the -y-direction toward the object at a speed of 0.002m/s. Once the object was

detected (Fig. 6.14a2), the arm stopped moving in the -y-direction and moved in the x-direction

laterally along its surface at a speed of roughly 0.003m/s continuing to track the periodic ramp

reference mimicking a tapping motion (Fig. 6.14a2) until it no longer detected the object, see

Fig. 6.14a4. The finger was moved more slowly in this scenario in order to give the finger time

to extend and not simply be dragged along the object while performing the tapping motion. In

this case, the method made periodic contact with the object along the surface and indicated when

contact was detected.

Two experiments were performed for a scene with one box that was 0.1mx0.1mx0.03m

and weighed 2.5kg. The first used a periodic signal of two seconds with a threshold of T = 3mm.

The second one used a slower periodic signal of four seconds and a threshold of T = 2mm. The

results are shown in Fig. 6.14b1 and Fig. 6.14b2, respectively. In both experiments, we can see

that the edge detection signal is periodic and as can be expected, the four-second period has half

of the detections of the two-second signal. Since the error threshold for the slower signal was

lower, it detected the box quicker. However, it also detected the box for a shorter distance since

the finger was in an extension at the end of the box’s surface. The threshold could be reduced

slightly for the quicker period to allow for earlier detection. However, we chose to be more

conservative to avoid having false detections. This would be even more valuable on a physical

system where a sensor is likely to be even more noisy. Another option would be to slow down

the arm motion to give the finger more time to sample the space.
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Figure 6.14: The tapping finger: the finger is attached to the robotic arm that moves toward
the box on the table (i). (a1−a3) Once the finger makes contact with the box, the arm moves
laterally across the box in a smooth motion tapping its surface to determine where the object
ends (ii) and it stops at (iii). The path of the arm is shown with the green arrow and its end is
denoted with the red dot. The finger tracks the triangular reference signal resulting in flexing and
extending (shown with the red arrow) while the arm is moving toward the object.

6.6 Conclusion

We presented the novel approach to enable the sense of touch for compliant soft robotic

fingers. The approach is based on the reference tracking feedback control in which the tracking

error is used as the measure of the finger stress resulting from the contact between the finger and

an object.

For the touching tasks in which the finger had to be at the fixed position and able

to drag over objects, we considered the constant value reference. For the tasks in which was

necessary to tap objects, we used triangular reference signals resulting in flexing and extending

the finger. By combining the two references, we were also able to achieve the firm touch between

the finger and an object. The control design was based on the system identification method
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in which we showed that the finger can be modeled and successfully controlled based on the

second order linear model. The controller was tested in the matlab simulation and then used

with the finger in the V-REP simulator. To be able to evaluate if the finger was in the contact

with an object or to detect its edges based on the tracking error, we performed the experiments

from which we obtained the error distribution and used them to define the detection threshold.

While more complex detection may be required for more complex tasks, we also showed that

the tracking error signal intensity towards the use of the sense of touch to create the map that

visualizes objects in the operating space. If that is the case, object edges and object detection can

be achieved using techniques from image processing.

Overall, this work shows the effectiveness of the feedback enabled sense of touch and

future work can be aimed at introducing new touching tasks, their coupling with the robot arm

motion, as well as developing control algorithms for the control of compliant multi-finger robotic

grippers and anthropomorphic robotic hands.
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Chapter 7

Proprioceptive Modeling and Control of a Soft

Somatosensitive Actuator for a Kinesthetic

Feedback Approach to Touch

This chapter is a preprint to the paper

I M. Boivin, K. Lin, D. Milutinović, and M. Wehner, “Proprioceptive Modeling and Control

of a Soft Somatosensitive Actuator for a Kinesthetic Feedback Approach to Touch,” (in

prep).

7.1 Introduction

Many tasks in robotics require physical interactions between the robot and its en-

vironment. While soft robots can simplify some contact tasks such as grasping due to their

compliant nature, there are still challenges in their operation related to their interactions with
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objects of unknown location, shape, orientation and surface characteristics. To address these

challenges, many contact-rich tasks combine multiple sensing modalities from vision and touch,

and manipulators rely on processing visual data from cameras. However, the information from

vision modalities could become unreliable if line of sight becomes blocked, the light source

fails [68], or when dealing with transparent objects [57, 107]. In these situations, humans rely

not only on visual feedback, but also on the sense of touch through proprioceptive and tactile

sensory systems of their fingers. Inspired by the human sensory system, we present here the

design of a dynamically based kinesthetic feedback control architecture for a finger-like soft

robotic component with embedded sensors (Fig. 7.1A) to enable touch through proprioceptive

sensing. By enabling the robot to have a robust sense of touch at the end-effector the robot’s

workspace can still be visualized when combining that data with image processing techniques

without needing to rely on precise vision data.

In humans, the sense of touch is described by two modalities, cutaneous and kinesthetic

[27]. The cutaneous sense of touch refers to the modality that is often thought of as haptic or

tactile sensing in which the sensory input is from the receptors embedded in the skin, while the

kinesthetic sense refers to the awareness of how the body is moving in space and receives sensory

inputs from the receptors within muscles, tendons, and joints [27]. Proprioception on the other

hand, cares only about where the body is in space, regardless of how it got into that position.

When creating an analogy for robots, cutaneous sensing corresponds to direct perception of

pressure or shear force due to a sensor at the point of contact (force on a finger tip due to gripping

an object) [11, 12, 27, 52, 126]. Kinesthetic sense is derived from modulation of another internal

parameter (increased force required at a shoulder to lift a heavy object with the hand). The latter
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is the focus of this paper.

We propose here a framework for a kinesthetic touch approach based on system

identification of a dynamic model for a finger-like shaped soft robotic actuator innervated with

soft fluidic sensors. The proposed method for identifying the model of the finger curvature

addresses environmental variations such as change in humidity and temperature as well as

variations in material or human factors during the fabrication process that can have an affect on

the finger dynamics. Our control architecture is a two state contact detection strategy that starts

with a freely moving finger not in contact, detects when contact is made, and switches between

the non-contact motion to maintaining contact. We design a reference tracking controller, which

uses the finger’s curvature measurement signal and enables the sense of touch. The reference

tracking control allows to set the signal either to a desired value, or to follow a desired reference

signal, which results in a controllable motion of the finger over configurations in the range

between full flexion and extension of the finger. The tracking error of the control loop is

negligible when the finger’s motion is unimpeded, i.e., not in touch with any object. When the

finger is in touch with an object, the error increases and its intensity measures the amount of

stress on the finger. A state machine demonstrating the two state method is presented in Fig. 7.1D

where the finger first starts in free displacement, i.e. not in contact with anything, and begins

tracking a curvature measurement reference signal. Along with the reference signal, a second

input, the touch reference, is given that determines the how much pressure to apply (light or

firm) after contact is detected. The touch signal is used to determine how to change the curvature

measurement reference signal. Moreover, this method of touch detection can be used for other

soft robotic fingers with curvature sensors [55, 89, 128, 129].
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Figure 7.1: (A) The soft finger-like actuator mounted on the Stretch RE1 robot [103]. (B) The
full Hello Robot Stretch RE1 robot with the finger attached. (C) An example of a contact-rich
task where the natural compliance of the finger reacts as the finger is dragged across the objects.
(D) The state machine for the error based compliant touch with objects.
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Fig. 7.1a-b shows the soft finger attached to the Hello Robot, Stretch RE1 robot [103].

When the controlled finger makes contact with an object, if the finger is dragged (see Fig. 7.1c),

the curvature is reduced as it comes into contact with an object and returns to the reference

curvature once it is no longer in contact. The tracking error can be used to detect objects,

their edges, and the level of the error can be used as an indication of change in object heights.

Controlled dragging motion of the finger also allows for visualizing objects and their textures

following similar principles that are used in atomic force microscopy [46], but at a scale of

the finger’s size. The presented work demonstrates our method in several examples of contact

detection by one finger. However, we believe that the method presented will have even greater

impact when used in a multi-finger gripper. With further research, we believe that this method

will allow great advances in soft robot gripping and even dexterous manipulation.

Related work: Soft robotic manipulators have greatly improved over the last few

years [67, 105, 110]. The compliant nature of soft robotic components lends itself well to

manipulation and grasping tasks since the soft structures naturally form around objects where

there could be uncertainty in shape or orientation and are inherently safer for fragile environments,

objects [41, 72] and humans [25]. However, due to their flexibility, soft robotic components have

less constrained movements and are difficult to model and control [42], especially when the soft

component is in contact with objects in the operating environment [55]. Consequently, both

physics-based and data-driven models have been used to control soft robotic components.

Multiple link manipulators or arms that can move in three dimensional space have

complex complex nonlinear dynamics. Physics-based modeling of soft robotic manipulators has

largely consisted of constant curvature kinematic models [32, 61, 124] or Lagrangian dynamics
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[85]. Recently, system identification techniques are being applied for identifying models or

unknown parameters [34, 85]. These methods are useful for handling any fabrication induced

uncertainties. Some designs are also sensitive to environmental conditions like humidity and

temperature [118] or the viscoelastic deformation [28]. Nonlinear models have been identified

using methods like neural networks [20, 114] or nonlinear auto-regressive with exogenous inputs

models (NLARX) [44, 58, 74, 75], and reinforcement learning [113]. The Koopman operator

theory has been used as a way to construct a linear dynamical model [17] and combined with

model predictive control [16]. Similar to our approach, this method gives an explicit control-

oriented linear model rather than a black-box input-output mapping such as that given by neural

networks.

Many control approaches have focused on position control utilizing external camera

feedback [62, 81, 83, 85]. However, this limits the environment in which the manipulators can

be controlled. Recent improvements in soft sensing capabilities allow for curvature and tactile

sensing [114, 118, 122]. By incorporating sensors, closed-loop controllers can more easily be

designed using the sensor feedback [45]. Sensors can also be utilized for designing filters for

state estimation [74, 75, 77] and observers that can improve the position without the dependence

on camera systems. Measurements from an embedded flex sensor were used with an extended

Kalman filter to estimate the curvature of a soft finger [74, 75].

Our two state approach to detect and maintain contact between the soft finger and an

object is inspired by kinematic problems [86], in which the anticipation of future relative motion

between system variables is instrumental for robust decision making. The feedback control

that we propose employs the control to set the compliant robotic finger curvature to a certain
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position, or reference movement, which serves as a prior for the movement. The approach uses

the discrepancy between that curvature resistance reference and the actual curvature resistance

signal to infer robustly that the finger is in contact with the object, see Fig. 7.5.

In our preliminary study for the control of a soft robotic finger [13], we used a

continuous-time second order controller along with a deterministic static characteristic relation

between the inflation pressure and curvature. Here we use system identification to estimate a

dynamic model of the finger. To achieve that, we applied an impulse to the finger from which we

learn that the finger can be represented and successfully controlled by a second order discrete-

time domain linear model. We use the identified model to design a reference tracking digital

controller. However, in order to use the feedback controlled finger for the sense of touch, we

have to evaluate the controller performance for the finger that is mounted on a robot arm. This

provides us tracking error distributions for various motions of the robot arm, and thresholds that

we use for edge detection, or a compliant touch by the finger.

The paper is organized as follows. Section 7.2 formulates the problem of object

detection utilizing proprioceptive feedback. The finger design is presented in Section 7.3. A

system identification approach for modeling the curvature of the finger is described in Section 7.4.

The control architecture is described in Section 7.5, with the reference tracking edge detection

defined in Section 7.5.4. Section 7.6 presents results from experiments in which the finger is

used to detect object edges and visualize objects. Section 7.7 gives conclusions.
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7.2 Problem Formulation

Figure 7.1 shows the finger used in our study. The finger is a pneumatic-based finger,

innervated with a bio-inspired network of ionically conductive fluidic sensors [40]. The finger

contains a curvature and contact sensor demonstrating proprioceptive and haptic feedback. The

single input control variable for the finger is air pressure, which distributes across the inflation

chambers to actuate the finger. We denote this control variable by p.

When deflated, i.e. control input p = 0, the finger curvature depends on its relative

orientation and with respect to the gravitational acceleration. When inflated, i.e. control input

p > 0, the finger bends freely in an arc. The degree of finger bending is measured by the

embedded curvature sensor, which is designed to deform when stretched or compressed. As the

finger flexes and extends the shape of the sensor changes, consequently changing the resistance

of the curvature sensor (see Fig.3A).

Utilizing the curvature sensor we consider the problem of creating a robust proprio-

ceptive signal for a soft robotic finger’s sense of touch using the error of the curvature signal

without a force sensor. The approach we propose is based on a kinesthetic feedback control

of the finger. Figure 7.5 shows the block diagram of the feedback controlled finger, where the

controller, Dc(z), is a reference tracking curvature controller. Provided the controller produces

the zero error tracking of the curvature reference when the finger is free to move, then an obstacle

blocking the finger’s motion results in a non-zero tracking error. Due to the finger’s flexibility

the error signal can be used as an indication of contact with an object.

To design the controller a dynamic model is desirable. However, soft robots are
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inherently compliant and have many parameter uncertainties from material composition and

human variables during the manufacturing process making it difficult to develop model-based

kinematic and dynamic formulations.

Two problems that we consider here are (P1) the design of a feedback control for the

finger curvature’s sensor signal reference tracking, and (P2) the formulation of the reference

curvature signal for specific applications of detecting contact with objects.

To address P1, we use a data-driven system identification approach for determining

the finger dynamics and use the identified model for the control design. For P2, we demonstrate

the controller’s work in multiple scenarios.

7.3 Soft Somatosensitve Actuator Design

The finger (see Fig.7.2) is a pneumatic-based actuator containing embedded ionically

conductive fluidic sensors. The design includes a curvature sensor for proprioceptive sensing

along the dorsal side, and a force sensor for tactile perception along the ventral side, and inflation

chambers for motivating the actuator, as shown in Fig. 7.2A. The actuator contains five layers

constructed from both Ecoflex-0030 and Dragon Skin 10 (Fig. 7.2B) in order to increase grip

strength without sacrificing sensor responsivity. The inflation chambers and force sensor are

created using Dragon Skin 10, while the curvature sensor is created using Ecoflex-0030 so the

actuator will maintain a curving motion when inflated. The actuator is integrated into a mount

system that securely holds it to provide strain relief on the connecting wires (Fig. 7.2B). To

increase the robustness and longevity of the actuator, the sensor fluid reservoirs are located under
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the actuator mount. This prevents the wires, which pierce the reservoirs, from breaking due to

repeated bending stress as the actuator inflated. Both sensor channels are filled with the ionic

fluid 1-ethyl-3-methylimidazolium ethyl sulfate (1E3MES). A description of the electrical and

air subsystems used in this work are described in Chapter 5.

Figure 7.2: Soft robotic actuator with embedded soft sensors model. (A) The schematic of the
complete finger that was developed. The curvature (top) and force (bottom) sensors are shown in
green, and inflation chambers in blue. (B) The complete soft robotic actuator contained within
the mount.

7.4 System Identification

To determine the approximate system model order, we performed several open loop

experiments characterizing system passive dynamics. The deflated finger was tapped quickly to

see the transient response to an impulse, shown in Fig. 7.3. We can see from the data that ∆Rc

mimics the response of a damped harmonic oscillator. This experiment also gave some insight

into the natural frequency of the finger to help determine the sampling time. The sample time
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was also effected by limitations due to data collection through serial communication. Given this,
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Figure 7.3: The noninflated finger was tapped to simulate an impulse response. Two tests were
performed with different amounts of initial force. The first test (purple) is overlayed on the
second (yellow) to show the similarities due to the finger dynamics.

for the model of the finger dynamics, we chose to identify a second order model using the linear

ARX discrete time model [73]

y(z) =
B(z)
A(z)

p(z)+
1

A(z)
e(z), (7.1)

where p(z),y(z) and e(z) are z-transform images of the discrete time control variable p(tk), the

curvature measurement variable y(tk) = ∆Rc(tk), and the model error signal e(tk), respectively,

and k = 1,2, .... The model sample time is tk+1− tk = 0.15 seconds, and B(z) and A(z) are

polynomials of the transfer function G(z) = B(z)
A(z) defined as

A(z) = 1+a1z−1 + · · ·+a2z−n (7.2)

B(z) = b1z−1 + · · ·+bmz−m, (7.3)
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where n≥m≥ 1. In the time domain, for a second order polynomial A(z) n = 2 and using m = n

for the order of polynomial B(z), this model results in the linear difference equation

y(tk)+a1y(tk−1)+a2y(tk−2) = b1 p(tk−1)

+b2 p(tk−2)+ e(tk), (7.4)

which describes the relationship between the input p(tk), output y(tk) and the model error e(tk),

k = 1,2, .... For this model, we estimate the vector of unknown coefficients

θ =

[
a1 a2 b1 b2

]T

. (7.5)

We estimate them based on the assumption that the sequence of model errors e(tk) is a zero-mean

white noise.

Procedure: We identify the finger dynamics from an open-loop experiment, in which

the input p(tk) is a biased pseudo random binary sequence within the pressure range defined as

p(tk) = pbias + pb(tk), pb(tk) = 19 (kPa) (7.6)

The bias pbias = 27.5 (kPa) is added to shift the range of the pseudo random input p(tk) to be

only positive since the finger does not bend backward without an external force.

pb(tk) =


−pb(tk−1) with probability π = 0.5

pb(tk−1) with probability π = 1−π

p(0) = {8.5,46.5}.

For the sequence p(tk), we collect the output data y(tk) and form the vector

φ(tk) =
[
−y(tk−1) −y(tk−2) p(tk−1) p(tk−2)

]T

, (7.7)
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which can be used to express a one step prediction of the output ŷ(tk) = φ(tk)T θ , for given θ .

Based on this, we estimate the parameter vector θ by minimizing the sum of squares of one step

prediction errors for tk, k = n+1, ...N and N >> n as

θ̂ = argmin
θ

1
N−n+1

N

∑
k=n+1

(y(tk)−φ
T (tk)θ))2. (7.8)

The minimization of the prediction errors results in the solution

θ̂ =

[
N

∑
k=n+1

φ(tk)φ T (tk)

]−1 N

∑
k=n+1

φ(tk)y(tk), (7.9)

where the right side of the solution is completely defined based on input and output data recorded

at tk, k = 1, ...N.

Once we have recorded the data, we compute the estimate θ̂ for a second order

polynomial A(z) n = 2 and using m = n for the order of polynomial B(z).

Given this, we obtain the second order model with parameters resulting in

A(z) = 1−0.4305z−1 +0.04118z−2, (7.10)

B(z) = 26.85z−1−0.2633z−2, (7.11)

For an illustration, we compute the one step prediction for the second order model on

new data to show that for the same input sequence, the model output closely follows the data

from our experiments as shown in Fig. 7.4.

7.5 Control Architecture

The control architecture used here has been expanded upon from previous work [13].

We start with a curvature tracking controller that puts the finger in motion, shown in Fig. 7.5a.
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Figure 7.4: The 2nd order ARX model (yellow) and measured output (purple) for the same input
data.

The controller imparts that the curvature of the finger ∆Rc follows the reference ∆Rre f
c . If the

finger is able to move freely, and makes no contact with an object in its path, we expect a small

tracking error, ∆Rre f
c −∆Rc. Therefore, we propose using the tracking error as a signal to detect

contact of the finger with an object in the robot’s workspace. Furthermore we can use this signal

to not only detect contact, but also when contact is interrupted in the case where the finger is

swept across the workspace and doesn’t remain stationary.

7.5.1 Curvature Reference Tracking Control

We consider triangular and sinusoidal reference signals that result in the freely moving

finger such that it resembles the motion of a finger sampling points in space. For tracking the

triangular reference signal by the system modeled by G(z) we use a unity feedback loop with

the controller Dc(z). From the discrete linear system control theory, we know that the steady

state of the error ess = limt→∞ e(t) for tracking the ramp reference, which corresponds to a long
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Figure 7.5: The control architecture. (A) The feedback controller Dc input is the tracking error,
which is the difference between the reference and measured curvature of the finger, and the
controller output is the pressure. For an unimpeded motion of the finger, the tracking error is
small. If the error passes a threshold, it indicates that the finger is in contact with an object. (B)
The control architecture used to maintain a compliant touch with an object. If the error passes a
threshold, the reference input switches to a constant curvature to maintain a touch. Before the
movement, the block that implements the detection threshold is reset to 0. (C) The state machine
for the error based edge detection of objects.
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increasing slope of the triangular signal is

ess = lim
z→1

(z−1)
1

1+Dc(z)G′(z)
∆Rre f

c (z), (7.12)

therefore, for the zero error tracking of a unit ramp signal reference that has the z-transform

hz/(z− 1), where h is the sample time, we need limz→1(z− 1)Dc(z)G′(z) = ∞. This can be

achieved with the controller that has the form

Dc(z) = Kc
(z− zc1)(z− zc2)

(z−1)2 , (7.13)

where Kc is the controller gain and zc1 and zc2 are zeroes that are introduced by the controller.

The sample time was chosen based on the natural frequency of the finger as well as limitations

due to data collection through serial communication. For the loop gain Dc(z)G(z), we use the

discrete root locus analysis for placing the zeros zc1,zc2 and the gain Kc. To tune these parameters,

we utilized the root locus diagram in Matlab and designed for criteria of the damping ratio of

ζ = 0.707 while also trying to optimize rise and settling times for the step response. Our design

choices were chosen to try and have a responsive controller without too much oscillations or

overshoot. From these, we tune Kc = 0.25, zc1 = 0.35 and zc2 = 0.85. Through the root locus

design process we ensure the controller meets our specified requirements for the desired system

performance in tracking the ramp signal. In the time domain, this controller results in the linear

difference equation

b = e(k)− (zc1 + zc2)e(k−1)+ zc1zc2e(k−2)

p(k) = 2p(k−1)− p(k−2)+bhNKc (7.14)
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which describes the relationship between the residual error e(tk) and the pressure p(tk), for

k = 1,2, ....

7.5.2 Tracking Error Performance Experiment

The finger was attached to the end of the Stretch RE1 robot (Hello Robot, Martinez,

CA) using a custom mount. The mount angles the finger 30◦ below the horizontal plane, as

shown in Fig.7.7a. The finger was angled to increase the distance between the robot arm and

objects in the scene given the range of motion of the finger. The robot has a prismatic joint that

can move horizontally in and out, and a lift for moving the arm vertically up and down. Due to the

finger’s compliant nature, sudden motion of the robot arm’s could cause dynamic deformations

affecting the tracking error. The experiments were performed using both a constant curvature as

well as a six second periodic signal while the arm was in motion for a 3D workspace. We tested

each motion of the robot separately for a total of six experiments. In all of the experiments the

finger was in the orientation where it curves down toward the ground. All motion with respect to

the Stretch RE1 robot was executed at a speed of 0.01m/s using a trapezoidal velocity profile to

minimize dynamic deformations of the finger.

1. The curvature of the finger is maintained at a constant value while:

(a) the prismatic arm telescopes in and out in the z-direction

(b) the lift moves the arm up and down in the y-direction

(c) the base drives forward in the x-direction

2. The finger flexes and extends between the curvature range for roughly a six-second period

122



Figure 7.6: The discrete-time curvature tracking controller for the ARX model: (top panel) the
reference input (blue) is the periodic signal that results in the flexing and extending of the finger;
the curvature sensor measurement (yellow) tracks the reference input, (middle panel) settling
to a zero error (red) steady state before changing directions; (bottom panel) the control action
pressure (green) sent to the regulator. The curvature tracking controller for different orientations
of the finger. Gravity in all scenarios is acting down and the pressure used to compose the
reference signal is within the working range of the actuator. (A) and (E) Simulations of the
discrete-time curvature tracking controller for the ARX model for a triangular and sinusoidal
reference input. (B) and (F) The actuator is curling down, (C) and (G) the actuator is curling to
the side, and (D) and (H) the actuator is curling up.
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between extensions while:

(a) the prismatic arm telescopes in and out in the z-direction

(b) the lift moves the arm up and down in the y-direction

(c) the base drives forward in the x-direction

Figure 7.7: Tracking error distributions. (A) The finger in mounted to the Stretch robot. The
magenta arrow shows the direction of the arm’s motion along the z-axis, the yellow arrow shows
the direction of the lift along the y-axis, and the blue arrow indicates the direction the finger
curves. (B) Constant curvature reference: the errors were collected once the finger reached
equilibrium and settled at a constant curvature reference signal. (C) The error distribution for
a 6-second periodic reference signal. The histograms are obtained from errors across all the
experiments that use the same type of reference signal respectively.

In the first set of experiments listed, the curvature controller starts by tracking a ramp

signal in order to maintain a smooth motion of the finger until the desired curvature has been

reached, at which point it holds steady. The data for the error distribution (Fig. 7.7b) only shows

the values once the constant curvature reference was reached. From the first set of experiments,

we find that once the finger reaches the steady state of the constant curvature reference the motion

of the arm alone does not have a significant affect on the error of the system, which has an error

close to zero. In the second set of experiments, the controller tracks triangular signals composed
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of ramp inputs with a period of about six seconds. the error is an order of magnitude larger.

The error distribution of the arm in motion for a triangular reference of six seconds is shown in

Fig. 7.7c.

Through these experiments, we can see if the different types of motion of the arm

affect the finger curvature and the residual error of the system. From the distributions we can

conclude that when moving the robot slowly the error is largely due to the type of reference

signal used, and the motion of the arm has little effect on the error. Collecting the tracking

errors from the experiments, we can use the distribution of these errors (Fig. 7.7b-c) to find

thresholds that indicate an impeded motion. If the error of the system is below the threshold,

then it is an indication that the finger is in free displacement and has not made contact with an

object in its path. The error for tracking a constant curvature (Fig. 7.7b) is an order of magnitude

smaller then when tracking a periodic flexion and extension curvature reference (Fig. 7.7c). The

increase in error during the periodic reference signal is due to the change in direction between

flexion and extension. Since the error distributions for the two types of references vary by an

order of magnitude, we chose to use two thresholds. To choose each threshold, we looked at

the distributions across all experiments for each reference respectively. For a constant curvature

reference, we chose a threshold T = 4, and for a ramp reference, we chose a threshold of T = 22.

Each of these values are chosen to be slightly larger than the max errors of 2.7 and 20.4 seen in

the error distributions as shown in Fig. 7.7b and Fig. 7.7c respectively . A look up table can be

used to apply the threshold that corresponds to a desired type of the reference signal. It should

be noted that while the thresholds used in our system may not be generalized to other fingers, the

overall approach presented here can be applicable to the broader community using soft fingers
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with curvature sensing abilities.

7.5.3 Compliant Touch Experiment

Figure 7.8 shows experiments in which the finger flexes and stops once it detects

contact with an obstacle. The reference tracking controller puts the finger in motion tracking

a ramp reference. This results in flexing the finger, and increasing the curvature until it has

come into contact with an object. The blocked movement causes the residual error between the

reference signal, Rre f
c , and curvature sensor, Rc, to increase. Once the threshold, T , is reached

and ∣∣∣Rre f
c −Rc

∣∣∣> T, (7.15)

contact with the object is maintained by switching the reference to a constant curvature, which

allows the finger to maintain its contact, as shown by the block diagram in Fig. 7.5b. The

threshold is chosen to be T = 22kΩ, which is a value slightly higher than any error value seen

while the finger is in free displacement as described in the previous section (shown in Fig. 7.7C).

In these experiments, the finger base was mounted on a test setup perpendicular to

the surface with the object and measured 0.057m above the top of the surface. The box has the

dimensions of 0.03m×0.03m×0.03m. The height between the tip of the finger and the surface

was 0.0358m, and the horizontal distance between the tip of the finger and the front edge of the

box was 0.0174m. We used the curvature controller from the previous section to actuate the finger

using a triangular reference signal. Two reference switching methods were performed to show a

lighter touch (just barely making contact as shown in Fig. 7.8a) versus a firmer touch (Fig. 7.8b)

that might be used for grasping. In both examples the time of touch detection is determined when
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Figure 7.8: The threshold based switching for the curvature tracking controller when detecting
touch. (A) The finger after contact is detected and the reference signal is reduced to a value to
maintain a light touch. (B) The finger after contact is detected and the reference signal is held
at a value to maintain a more firm touch. (C) The touch shown in (A) is detected at t = 4.65s
and the finger maintains a light touch on the object (t > 4.65s). (D) The touch shown in (B) is
detected at t = 4.66s and the finger maintains a more firm touch on the object (t > 4.66s). In all
data plots, the reference signal (blue), the finger curvature sensor (yellow), force sensor (purple),
the tracking error (red), the threshold (light blue) at T = 22kΩ, the control variable, i.e. set
pressure (green) are shown.
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the error signal crosses the predetermined threshold defined by Eq. 7.15. This time instance is

noted by the dotted pink line in the plots. In both experiments, the curvature sensor gives an

indication of when the finger begins to become impeded by the block at roughly t ≈ 3.5s and

the touch detection signal is given shortly after around t ≈ 4.6s. Figure 7.8c shows an example

of maintaining a lighter touch, which is achieved by the reference signal dropping to the value

achieved by the curvature sensor when touch was detected. In order to avoid sudden change in the

reference signal, an exponential decay to the new value was used to achieve a smooth transition.

If the value ∆RT corresponds to the value ∆R at the discrete time step kT at which the threshold

is reached, which is marked by the vertical dotted pink line in Fig. 7D, then the reference of the

digital controller ∆Rre f
c is substituted with ∆Rre f

c (k) = a∆Rre f
c (k−1)+(1−a)∆RT , i.e., with

Rre f
c (k) = aRre f

c (k−1)+(1−a)(∆RT +Rc(0)), (7.16)

for all subsequent discrete time steps k > kT , where Rc(0) the curvature sensor resistance

for p = 0, a = e−λh, h is the sample time of the digital controller and λ is a constant of the

exponential transition. Using a smooth transition allows for fewer oscillations as the curvature

controller adjusts to tracking the new constant level ∆RT of the reference signal.

Figure 7.8d shows the case when a firm touch is achieved by the ramp reference

signal switching to maintain a constant value given by the value of the reference signal at the

time of touch detection. In this case, once the threshold is reached at the discrete time step

kT , which is marked by the vertical dotted pink line in Fig. 7F, then for all time steps k > kT ,

∆Rre f
c (k) = ∆Rre f

c (kT ), i. e.,

Rre f
c (k) = Rre f

c (kT ). (7.17)
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This creates a firmer touch since the higher reference value requires a higher pressure to maintain.

While the force sensor isn’t used to determine contact, it could potentially be used to determine

how much force is being applied by mapping its resistance to force applied.

7.5.4 Edge Detection

Utilizing the threshold based switching rule for contact, we can extend the idea of

this movement error based control even further from detecting initial touch with an object to

detecting if the contact between the finger and the object was interrupted. We can utilize the

same concept of crossing a threshold for detection of edges or breaking contact. An edge of a

surface is detected when there is a transition in the error from the reference tracking controller

crossing a threshold. While the finger is in contact with the surface, the error will be higher

than the predetermined threshold since the finger is impeded. As the finger is moved across the

surface, when it leaves the surface, the error will decrease back to zero since the finger is no

longer blocked and able to resume tracking the original reference signal. The feedback control

loop and the edge detection are depicted in Fig.7.5a and Fig. 7.5c. The edge detection block

compares the tracking error to the threshold T and has set and reset inputs. Before activating

the curvature controller Dc(z), the output of the block is reset. Assuming the arm moves into

a position in front of objects in the workspace, the front edge of an object has been detected if

Eq. 7.15 holds true. Once this occurs, the output of the block is set to 1 to indicate an edge has

been detected. The signal remains high until another transition is made when

∣∣∣∆Rre f
c −∆Rc

∣∣∣< T (7.18)
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detecting that the finger has left the object either by being dragged across the surface or lifted

away. The block is then reset to allow for detecting multiple edges. This combined approach is

demonstrated in Section 7.6 for contact dependent tasks.

7.6 Results

We present in this section three experiments performed using the described finger actu-

ator attached to a Stretch RE1 robot (Hello Robot, Martinez, CA). The experiments demonstrate

the functionality of the combination of the proposed feedback control and control parameters

from the previous section integrated with the robotic platform to perform motions for object

detection with the sense of touch. In the experiments, the robot scans a small workspace in the

xz-plane while the finger is held at a constant height after moving into position in front of the

object(s).

Constant curvature reference experiments: In all three experiments (shown in Fig. 7.9),

the arm sweeps the finger in the z-direction of the workspace at 0.01m/s. Once a single pass

has completed in the z-direction, the base of the robot drives forward in the x-direction by half

the width of the finger, 0.008m, and the arm makes another pass along the z-direction. Due to

the finger’s compliant nature, its curvature naturally decreases while being dragged across the

object(s). The transition from the higher to lower curvature triggers the threshold rule (7.15),

indicating the finger has made contact with an object. The finger attempts to continue tracking

the reference signal while the finger remains in contact with the object, and once the finger is

dragged off the object, there is another transition in the curvature from low back to the reference
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value triggering the threshold rule (7.18), indicating the finger has left contact with the object. In

these experiments, we use the threshold, T = 4kΩ, for a constant curvature determined from the

tracking error performance experiments defined in Section 7.5.2.

In each experiment, three rectangular boxes are used of varying heights of 40.9mm,

49.3mm and 55.4mm. In the first experiment (see Figures 7.9A,D,G), the boxes are placed next

to each other with no separation. In the second experiment (see Figures 7.9B,E,H), the same

boxes are used, and separated 60mm apart. In the third experiment (see Figures 7.9C,F,I), the

same boxes are separated by 90mm. The setup of for each experiment is shown in Fig. 7.9A-C

respectively. The reference input to the control architecture is a ramp up to a constant curvature.

The constant curvature value was chosen based on an inflation value of roughly 38 kPa (5.5 PSI),

which inflates the finger to a curvature in the upper-middle of its working range. A single pass

for each type of experiment is shown in Fig. 7.9D-F for the constant curvature.

To prevent the accumulation of error, if the maximum pressure threshold was reached

(i.e. pressure was saturated), the integration and accumulation of the error was stopped using

anti-windup [9]. When the finger left the object the pressure was no longer saturating, and the

integration resumed. It is important to note that due to the finger’s elastic nature, the transition

of being dragged off an object sometimes caused oscillations that were read as multiple edges

when there should have been only one. To handle this, we implemented debouncing to ensure

that only a single threshold crossing would be acted upon. To debounce the signal, we checked

for four consecutive samples of the edge signal to determine whether the threshold was truly

crossed. Without debouncing, the oscillations may cause unpredictable results.

While we can see the shape and formation of the boxes from the images, the robot was
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Figure 7.9: (A-C) The finger is attached to the Stretch RE1 arm that controls the dragging motion
of the finger across the objects. (A,D,G) The scene with the boxes not separated. (B,E,H) The
scene with the boxes separated by 60mm. (C,F,I) The scene with the boxes separated by 90mm.
(D-F) The sensors, tracking error, and pressure required to actuate the finger for each scene
respectively. (G-I) Visualization by the sense of touch: the color coding represents the amount of
tracking error, which increases in value when the finger is in contact with the boxes. The starting
position is at the upper left corner of the figure.
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only given a starting location placed in front of the furthest box and given no other information

about the size, shape, or orientation. From the data, we can see that the error signal contains

robust information regarding the finger’s sense of touch and how it interacts with the environment.

The reconstruction of the scene in Figures 7.9G-H is composed only of the end-effector position

and curvature error at the same time point. It not only shows roughly where in the scene the

objects are, but also gives some insight into the varying heights of the boxes shown by the

gradient in color. This is due to the arm maintaining the same height across all the boxes as they

decrease in height. Since the finger hits at different heights on the boxes, the amount that the

curvature of the finger is affected varies. This feature, along with the search pattern described,

is used to create a mapping of the workspace from the tracking error signal to detect multiple

objects. The result of that mapping can be seen in Figures 7.9G-I. The varying heights are

indicated by the change in color which represents the amount of error seen at that point in space.

The data also show an accurate reconstruction of the workspace plane, where all the boxes have

a width of 0.095m and length of 0.03m.

7.7 Conclusion

We presented a framework for the kinesthetic approach to enable the sense of touch

for soft robotic fingers. The framework includes a method for identifying a linear dynamical

model for the curvature of the finger that addresses environmental, material, and manufacturing

uncertainties. The model influences the design of the reference tracking feedback controller.

The sense of touch approach is based on the proprioceptive sensing capabilities of the finger
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used to close the feedback loop in the controller, where the tracking error is used as the measure

of the finger stress resulting from the contact between the finger and an object. We validated

and demonstrated the control architecture capabilities for two contact tasks: detecting and

maintaining contact. To be able to evaluate if the finger was in contact with an object or to detect

its edges based on the tracking error, we performed the experiments from which we obtained the

error distribution and used them to define the detection threshold.

The finger was able to determine that contact was made and maintain contact with the

object by considering both a periodic flexing and extending motion and a constant curvature

as possible tracking reference inputs into the curvature controller, and switching between these

inputs determined by the error detection threshold. For the touching tasks in which the finger

was held at the fixed height and dragged over objects, we considered only the constant value

reference. While more complex detection may be required for more complex tasks, we also

showed that the tracking error signal intensity can be used to create a map that visualizes objects

in the operating space. Combined with image processing techniques, object edges and object

detection can be achieved on the perceptual data collected from the touch exploration tasks.

Since the method uses the proprioceptive curvature sensor, it removes the requirement

for the collocation between a force sensor and point of touch. In addition, the presented method

does not require any specialized soft finger design requirements, and can be applied to a large

number of finger designs that include a curvature sensor. The method is not dependent on

external sensing technologies such as a motion capture system for the contact detection making

our approach more relevant for real-world applications. We expect that the proposed touch

detection method can be used with other sensing modalities either embedded in a soft finger or
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external sensing for further improvements of soft robotic grippers and hands. Overall, this work

shows the effectiveness of the kinesthetic feedback enabled sense of touch and future work can

be aimed at introducing new contact tasks, their coupling with the robot arm motion, as well

as developing control algorithms for the control of compliant multi-finger robotic grippers and

anthropomorphic robotic hands for contact manipulation tasks.
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Chapter 8

Concluding Remarks and Future Work

While each of the preceding papers contained conclusions on the specific area of

research, here we provide some overall remarks on the dissertation and directions for future

work.

This dissertation was motivated by the desire to achieve the closed-loop control of

finger-like compliant actuators for touch detection and contact-rich tasks. To achieve this goal,

we first had to observe how soft finger-like actuators interact with their environment. Objective

(1) of the research was to develop a control architecture that utilized the embedded sensory

feedback of the finger to set the finger in motion and detect contact with an object without

relying on external sensing such as motion capture systems. Objective (2) was to validate the

control architecture on a newly designed low-cost soft finger. Objective (3) was to improve

the controller by identifying the dynamics of the finger curvature sensor. Lastly, objective (4)

was to design contact-rich tasks that validated and highlighted the overall kinesthetic approach

to touch framework. By not relying on external sensing our approach is more applicable to

136



real-world unstructured environments. We found that while soft robots have less predictable

movement due to their compliant nature that the compliance overall is a benefit that coupled

with embedded sensors allowed for simpler control designs to be effective methods for making

contact with objects within the robot’s environment. Our control designs were easily integrated

into an Arduino microcontroller for both controlling the actuation pressure and collecting sensor

information for visualizing the robot’s workspace. However, we do recognize that by using only

sensor feedback for closed-loop control means that we rely solely on sensor measurements which

could be bad if the sensor becomes damaged or corrupted.

In Chapter 4 we addressed objective (1) where we proposed a control architecture

that instead of using feedback control to control precisely the position of a soft finger, we

used the sensory feedback to control the overall motion of the finger which allowed for touch

detection when that motion became blocked by an object. Based on the sensor characteristics

and under the assumption that the finger was able to move slowly we utilized a simple static

characteristic relation between the sensors and the inflation pressure to inform our control design

that resulted in simple deterministic linear controllers. This method allowed us to avoid using

complex dynamical models that have yet to fully describe the motion of soft robots. The control

architecture features a threshold based switching rule that uses the anticipation of future relative

motion between the finger and an object to detect if the finger has made contact with the object.

The feedback control is used to enable the finger curvature to track a reference movement, which

serves as a prior for the motion. The approach uses the discrepancy between that movement and

the actual one to infer robustly that the finger is in contact with the object and switches between

the curvature controller to the force controller to maintain contact with the object. This work
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was based on previously collected data and simulations and was yet to be validated on a physical

system.

Chapter 5 addressed objective (2) and validated the general threshold based switching

rule of the control architecture from the previous work. To fully validate our method, we

fabricated a new somatosensitive actuator innervated with a curvature and force sensor and

designed a test system. Our fabrication approach minimizes specialized equipment, bringing

these devices into reach of labs with modest soft robotics infrastructure. The previous control

architecture relied on both the curvature and force sensors, but this work removed the dependence

on the force sensor to maintain contact with the object. Instead, the control architecture used only

the curvature sensor, which decreased the importance of the co-location between the point of

contact and the corresponding sensor. Our method still used the reference tracking curvature error

as the signal for the threshold based switching rule, but switched between curvature reference

inputs rather than between two different controllers. A ramp reference was chosen to actuate the

finger for a smooth flexion motion, and once contact was detected, the reference input switched

to maintain a constant curvature that allowed the finger to maintain contact with the object. Two

contact motifs were explored determined by the value of the constant curvature reference, one

for a light touch and one for a more firm touch. We view the firm touch as a prerequisite for the

use of soft fingers for grippers with controlled grasping. We saw in the sensor characterization

that the sensors seemed to be sensitive to the noise induced by the digital pressure regulator,

especially at higher pressure values. We performed open-loop experiments were the actuator

was given a square wave pressure input controlled by the digital pressure regulator. The pressure

input would switch between a low and high pressure and hold each for a few seconds. This
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experiment revealed that the digital pressure regulator is noisy and has a delay when reacting to

a change in pressure. The experiment also showed that the transient response of the curvature

sensor takes a longer time to reach steady state for higher pressure values then lower pressures.

We can see the effects of this in the controller results. There is more of a delay on the curvature

sensor response when the pressure is increasing to flex the finger compared to when pressure

is being released to let the finger extend. Given the natural damping effect that the elastomer

material exhibits, these results for the curvature sensor are not entirely surprising, but give some

preliminary insight into the dynamics of the system, and are useful for informing future control

designs.

Chapters 6 and 7 both extend the previous work and address objectives (3) and (4) but

for different types of finger-like actuators, a compliant multi-link finger with flexible joints and a

soft pneumatic actuator respectively. Both works employed system identification techniques for

identifying a model of the finger curvature. In both cases we identified a second order linear ARX

discrete time model using a biased pseudo random binary sequence as the input where the values

for the input were determined by the range of possible inputs into the system. In Chapter 6 we

originally identified a sixth order model, but made use of model reduction techniques, specifically

pole-zero cancellation for pairs that were within close proximity to each other and where the

removal of the pair still provides a good approximation of the frequency characteristics of the

higher-order system. Through this model reduction process we were able to account for possibly

overfitting to noise and reduce the model order. In Chapter 7 we made use of the information

collected from the work presented in Chapter 5 as well as some additional informative open-loop

experiments that showed the finger curvature behaves like a damped harmonic oscillator. Based
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on these experiments we chose to identify the unknown parameters for a second order model.

We used the corresponding dynamic models to inform our controller design which differ slightly

in structure by one additional zero for the soft actuator. Each controller was tested in both free

displacement and for a variety of contact tasks. The contact tasks we explored included the firm

touch example from previous work, and some tasks that would allow for a visualization of the

robot’s workspace to be created. For these tasks we explored maintaining a constant curvature

while the finger is held a constant height and dragged in a pattern that spanned the xy-plane.

We found that for the compliant multi-link finger there was significant energy build up from

the finger making contact with the object and then moving across the object while maintaining

contact that didn’t naturally dissipate when being dragged off of the object and contact ending.

We accounted for this energy buildup by using an anti-windup technique where we first saved the

control input required for the curvature seen when the error was very small, i.e. before making

contact with the object, and then turned off integration while the finger was dragged across the

object and resetting the control input to the saved value once contact was broken. In Chapter 7

where we used the soft finger, we found that this wasn’t necessary. The natural damping effect

that the elastomer material exhibits allowed for the controller to easily return to tracking the

curvature reference after a few small oscillations upon leaving contact with an object as the

finger was dragged across. Due to the finger being more heavily dampened and more compliant

any built up energy naturally dissipated through the damped oscillations after the finger left the

object. In both of these works, we were able to demonstrate the effectiveness of the kinesthetic

feedback enabled sense of touch and that the error signal from our control architecture is quite

useful in visualizing how the robot interacts with the environment and its workspace.
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The ultimate goal would be to have a fully functioning soft robotic gripper that

is capable of assisting humans within unpredictable, unstructured environments. The four

papers included in the previous chapters represent milestones in the line of work leading to this

dissertation. There are many possible directions for future work that build upon our results, and

we now highlight some of them.

This work presented a method for using the error signal during touch to visualize

the robot’s workspace. The approach can be viewed as a step towards executing autonomous

manipulation tasks. Combining different sensing modalities by fusing vision and touch could

extend our approach with image processing and classification algorithms for identifying objects

and being able to select from a variety of objects in the workspace would be a further step toward

automated assistance in unstructured environments.

In the presented work, we only considered rigid objects for detection. It would be

interesting to expand the firm touch approach to object density detection. This could likely be

done by analyzing the derivative of the curvature sensor signal when coming into contact with an

object. We believe that the slope would be sharper for a rigid dense object versus something that

has some give to it like a plush toy. Similarly, determining if there is a relation between the size

of the finger and sensitivity in the sensors for texture detection could be useful.

Data-driven system identification approaches are useful for dealing with uncertainties

due to environmental variations such as change in humidity and temperature as well as variations

in material or human factors during the fabrication process that can have an effect on the finger

dynamics. However, combining analytical mathematical models and data-driven modeling would

allow for more complex control methods to be applied. Analytical mathematical models allow
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for a feedforward prediction term to be incorporated into the control algorithm. Some recent

works have begun to explore this concept.

One downside to using a data-driven modeling approach is that the model is computed

offline and the controller designed ahead of time based on the identified model. As mentioned

previously, data-driven approaches are useful for dealing with environmental and fabrication

uncertainties, but the environment could change or the elastomer material of the actuators change

over time. Over time the dynamics of the system will drift from the originally identified model.

Ideally an algorithm that periodically updates the model could remedy this issue. Future work

could also investigate adaptive control strategies for handling the varying parameters.

Our methods show promising results for soft finger-like actuators interacting with their

environment, but many assumptions were made about the structure of the environment. Some

of these assumptions include not having any other external disturbances on the finger besides

the object we expected to make contact with in the finger’s path. To realize a truly autonomous

gripper, the on board controller would need to be robust to unexpected external disturbances

and react accordingly. These disturbances could represent another robot or human working in

the same environment that did not give enough clearance, or an object shifting from its initial

position. Given the compliant nature of soft robots, these external forces can have a huge impact

on the position and motion of the robot.

While a lot of interesting work can be done using a single finger, eventually we would

want to combine multiple fingers into a gripper. Future work would be in how to couple the

controllers for the individual fingers to function together as a whole hand. Once the fingers are

assembled into a hand and the controller coupled then different grasping strategies could be

142



explored as well as classifying objects based on the grasp shape.

Lastly, we believe the techniques demonstrated in this dissertation have importance

outside of soft robotics. There’s a possibility that our kinesthetic sensing approach for contact

could be applied to rigid robotic manipulators working in contact-rich tasks. For example, this

approach could be used to sense forces on an end-effector when in contact with an object by

measuring the increase of torque at a joint due to the resistance without the use of force sensors.

In particular, the idea of figuring out what direction a door opens by feeling the resistance on the

wrist when trying to pull it in the wrong direction could be an indicator of which direction to

pull the door open.
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Cianchetti. A bioinspired soft robotic gripper for adaptable and effective grasping. Soft Robotics,
2(3):107–116, 2015.

[81] Andrew D Marchese, Robert K Katzschmann, and Daniela Rus. Whole arm planning for a soft and
highly compliant 2d robotic manipulator. In Proceedings of the IEEE/RSJ International Conference
on Intelligent Robots and Systems (IROS), 2014.

[82] Andrew D Marchese, Robert K Katzschmann, and Daniela Rus. A recipe for soft fluidic elastomer
robots. Soft Robotics, 2(1):7–25, 2015.

[83] Andrew D Marchese, Konrad Komorowski, Cagdas D Onal, and Daniela Rus. Design and control
of a soft and continuously deformable 2d robotic manipulation system. In Proceedings of the IEEE
International Conference on Robotics and Automation (ICRA), 2014.

[84] Andrew D Marchese and Daniela Rus. Design, kinematics, and control of a soft spatial fluidic
elastomer manipulator. The International Journal of Robotics Research, 35(7):840–869, 2016.

[85] Andrew D Marchese, Russ Tedrake, and Daniela Rus. Dynamics and trajectory optimization
for a soft spatial fluidic elastomer manipulator. The International Journal of Robotics Research,
35(8):1000–1019, 2016.
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[88] Dejan Milutinović, David W. Casbeer, and Meir Pachter. Markov inequality rule for switching
among time optimal controllers in a multiple vehicle intercept problem. Automatica, 87:274 – 280,
2018.

[89] John Morrow, Hee-Sup Shin, Calder Phillips-Grafflin, Sung-Hwan Jang, Jacob Torrey, Riley
Larkins, Steven Dang, Yong-Lae Park, and Dmitry Berenson. Improving soft pneumatic actuator
fingers through integration of soft sensors, position and force control, and rigid fingernails. In
Proceedings of the IEEE International Conference on Robotics and Automation (ICRA), pages
5024–5031, 2016.

149



[90] Alexey A. Munishkin, Araz Hashemi, David W. Casbeer, and Dejan Milutinović. Scalable
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Appendix A

Supplementary Materials

This section contains additional figures and the materials and methods used for designing and
characterizing the actuator to allow repeatability for future researchers.

The Appendix includes:
Fig. S1. Open-loop square wave response.
Fig. S2. Rising and falling edges of an open-loop square wave response.
Fig. S3. Sensor characterization for an additional finger
Materials list
Construction Steps
Overall Framework
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A.1 Supplementary Figures

Figure S1. Open-loop square wave response. The noise of the digital pressure regulator can
be seen in the measured pressure (yellow) and the curvature sensor (purple). The reference
pressure is in blue.
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Figure S2. Rising and falling edges of an open-loop square wave response. The close-up of
the square wave response shows the delay of both the digital pressure regulator through the
measured pressure (yellow) and the curvature sensor resistance (purple). The reference pressure
is in blue. (A) The rising edge of the square wave input shows that the curvature sensor takes
about 1.5s to reach a steady-state value, while the measured pressure reaches the set pressure in
about 0.15s. However, the measured pressure is noisy. (B) The falling edge shows the responses
of both the measured pressure and curvature sensor resistance appear to be less noisy and the
curvature sensor resistance reaches a steady-state value quicker.
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Figure S3. Free and Blocked displacement tests for characterizing the sensors of an
additional soft finger. (A) The corresponding data for the finger in free displacement. (B) The
corresponding data for blocked displacement on a flat surface. (C) The corresponding data for
blocked displacement on a post. (D) The corresponding data for blocked displacement on a tube.
For all data shown, the curvature sensor resistance is in blue with the fit to data shown in purple
and the force sensor in gold with the fit to data shown in dark orange. Each sensor data was fit
using a 4th order polynomial.
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A.2 Materials and Methods
The materials and fabrication methods are further explained in more detail in [40]. Following

are an itemized list of the components used within this work and the steps required to construct a similar
actuator.

A.2.0.1 Materials

The total system required to control and sense the actuator consists of multiple individual
pieces. The list below details the function of each individual component.

• An Arduino Nano, Atmega328p, was chosen due to its low cost, small size, and ease of program-
ming. It can be powered by the computer it is connected to, but for accurate ADC readings, it
should be provided a low drift 5V signal.

• A Digital-to-Analog Converter, MCP4725, made by Microchip and was crucial to controlling
the pressure regulator which was controlled by an analog voltage. As a full range DAC with 12
bit precision, it could control the pressure regulator up to slightly over 52 kPa (7.5 PSI). It was
powered by the same 5V linear regulator as the Arduino Nano.

• A Digital Pressure Sensor, Balluff BSP000W, was chosen based on it’s high accuracy and the
fact that it had a 0-10V output, proportional to 0-1000 kPa (0-145 PSI). The pressure sensor was
powered off of a 24V DC wall adapter.

• A Digital Pressure Regulator, SMC ITV2030, provided a regulated pressure that was set by a
0-10V input. It required an air source that had a pressure greater than 103 kPa (15 PSI). It ran off
of the same 24V wall adapter as the pressure sensor.

• The Relaxation Oscillator Circuit was a custom in-house PCB that was designed to measure the
impedance of the sensor fluid in the actuator without hydrolyzing the fluid by using small voltage
AC current. It measured the impedance of both the top and bottom sensors and converted that to a
digital frequency that was easily measured by the Arduino Nano.

Multiple materials were used to create the SSAs. The materials are listed below while the
specific quantities and mixing procedures are described in the construction steps section.

• The curvature sensor was made from parts A and B of Ecoflex 00–30 in a 1:1 ratio.

• The actuator air chambers and force sensor were made from parts A and B of Dragon Skin 10 in a
1:1 ratio mixed with Smooth On’s Slo Jo and Silicone Thinner.

• The sensor channels were filled with the ionic fluid 1-Ethyl-3-methylimidazolium ethyl sulfate
(1E3MES)

• An enclosed 3D printed SLA mold was used to make a more even, flat surface along the top
chambers of the actuator where the top curvature sensor was attached. An open mold allowed a
meniscus effect to form along certain sections of the top of the mold. This led to an uneven surface
which made attaching the curvature sensor more difficult.

A.2.0.2 Construction Steps

The build procedure was designed through an iterative process taking inspiration from the
literature. It eventually evolved into a multi-step process listed below.
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1. The actuator chamber and force sensor are created using Dragon Skin 10. The elastomer was
created by mixing together 20 grams of Dragon Skin 10 Part A with 20 Grams of Part B, and
adding in 1 gram of Slo Jo and 4 grams of Silicone Thinner (both from Smooth-On Inc., USA).
The Slo Jo helped to increase the pot life of the uncured silicone and allowed enough time to degas
the silicone. The silicone thinner made degassing substantially easier.

2. We made sure the uncured silicone was effectively degassed either using a vacuum chamber or a
degassing mixer system. Once the silicone was degassed, the Dragon Skin 10 mixture was poured
into both the actuator chamber mold and the the bottom force sensor mold. Our actuator chamber
mold required being clamped together. The bottom sensor mold can be seen in Fig. 2D. The molds
were placed in a vacuum chamber to degas. Leftover Dragon Skin 10 mixture should be reserved.

3. While the Dragon Skin 10 parts were degassing, which can take up to 20 minutes, the Ecoflex
00-30 parts were made. Only the top sensor was made out of Ecoflex 00-30. The silicone was
mixed using 10 grams of Ecoflex 00-30 Part A and 10 grams of Part B. Ecoflex does not need any
mold thinner because of its lower viscosity. The Ecoflex mixture was poured into the top sensor
mold, shown in Fig. 2E, and placed in a vacuum chamber to degas.

4. Once bubbles had stopped coming out of any of the molds, they can be removed from the vacuum
chamber. We then topped off any lost uncured silicone so that it was level with the top of the mold.
For the top and bottom sensor molds, a piece of acrylic that is slightly bigger than the mold itself
was gently placed on top of the mold going from back to front. This served as a lid for the molds
and helped to create a very smooth top surface for the top and bottom sensor. They were placed in
a 60◦C oven for about 4 hours to fully cure.

5. Silicone rubber skins were used instead of molded silicone pieces to seal in the sensor and actuator
chamber parts. While the sensor and actuator chamber parts were curing, the silicone skins were
made. Two total skins were needed for one actuator, one of Ecoflex 00-30 and one of Dragon Skin
10. The silicone for the first skin was made by combining 15 grams each of Dragon Skin 10 A and
B, and add 2 grams of mold thinner. After mixing it needed to be degassed. The other skin was
made by mixing 15 grams each of Ecoflex 00-30 A and B. The Ecoflex mixture didn’t need any
thinner as the viscosity of unaltered Ecoflex is similar to that of the Dragon Skin 10 with thinner.
Once both are mixed and degassed, they can be spun coat onto acrylic plates. Either the Dragon
skin or Ecoflex mixture was deposited onto the middle of the acrylic plate. Then the plate was
spun at 100 rpm for 70 seconds. This created a smooth, even layer. This was repeated with the
remaining uncured silicone, which should result in 2 plates of uncured silicone, one composed of
Dragon Skin and one composed of Ecoflex. These were then cured in a 60◦C oven, and were ready
to be used in an hour.

6. Once everything had cured, the final assembly of the individual components was constructed. The
same procedures as above were followed but only a total of 15 grams each of the Dragon Skin
mixture and the Ecoflex mixture was needed to create a layer of glue. Once these were mixed
and degassed, the same silicone mixture was poured onto the middle of the acrylic disk that was
covered with the silicone skin, making sure to match the uncured silicone with its same cured
silicone counter part. These disks were spun at 1800 rpm for 60 seconds. This created a very thin
uncured silicone glue on top of the cured silicone skin. This process should be done for both of the
plates.

7. The molded parts could now be glued to their corresponding skin. To do this, a molded part was
gently placed down on the uncured silicone glue, starting at one end of the part and moving toward
the other. Both the actuator chamber piece and the bottom sensor were laid onto the Dragon Skin
10 skin and the top sensor piece was put on the Ecoflex skin. These were left to cure at room
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temperature. Curing them in an oven could lead to microscopic air bubbles, caught between the
part and the skin, expanding due to heat and affecting the integrity of the seal.

8. After 2 hours the parts were sufficiently glued to their respective skins. The complete parts were
cut out of the main skin using an x-acto knife. A visual check of all of the sensor and air channels
was performed. If any of the channels looked filled in, that part was discarded. If any parts don’t
appear properly sealed, then a needle containing uncured Ecoflex 00-30 was inserted into the part
where the two pieces were not glued together effectively. Silicone was injected to spot fix small
problems.

9. To attach the bottom force sensor to the actuator chambers, 20 grams of mixed and degassed
Dragon Skin 10 was spread onto the top of the bottom force sensor using a wooden applicator. The
actuator part was then gently placed on top and was prevented from sliding out of alignment with
the sensor using wooden sticks that were pressed into the surface that the parts were stacked on.
Everything was then placed into the vacuum chamber to remove air bubbles between the bottom
force sensor and the actuator. After the air bubbles had stopped coming out the joined actuator and
force sensor was put in the oven to cure for two hours.

10. Next, the top curvature sensor needed to be attached to the combined actuator and force sensor.
The previous step could not be used since uncured resin would could drip down and cure on top of
the actuator chambers causing an uneven expansion of the chambers. To prevent this, an acrylic
plate with a cutout that exactly matches the top curvature sensor was attached to an acrylic disk
using double sided tape. The top curvature sensor was then gently placed inside of the cutout,
and the whole apparatus was placed on the spin coater. A bead of uncured Ecoflex 00-30 was put
down the length of the top sensor, and spun coat for 1 minute at 70 rpm. This applied an even
layer of uncured Ecoflex on the whole curvature sensor surface. With the top sensor still inside of
the acrylic cutout, the assembled actuator and bottom sensor was placed topside down onto the
curvature sensor. This was then placed in an oven to cure for 2 hours. Doing this completed the
actual construction of the whole actuator but does not include adding the sensor fluid and mounting
the actuator.

11. To flood the sensor channels with the ionic fluid 1-Ethyl-3-methylimidazolium ethyl sulfate
(1E3MES), two syringes were prepared. One contained 1E3MES and the other contained uncured
Ecoflex 00-30. We added food dye to the sensor fluid to make the sensor ink, which was normally
translucent, more visible. This had the added benefit of making leaks much easier to detect during
development. The first step to flood a sensor was to place a hollow needle into one of the sensor
reservoirs, which allowed the air to escape when the sensor fluid was injected. Using the needle
filled with 1E3MES, the fluid was carefully injected into the sensor reservoir opposite the one
containing the hollow needle. The fluid would slowly fill the entire length of the sensor channel.
The sensor fluid continued to be inserted until it came out of the hollow needle. All air bubbles
needed to be removed with an empty needle before removing both the 1E3MES syringe and the
hollow needle. The sensor channel was now filled with sensor fluid, and had to be sealed properly
otherwise it would leak out over time.
To seal off the sensor channels, a silicone cap was placed inside of the sensor fluid reservoirs. After
completely filling the sensor channels with fluid and removing all air bubbles, the syringe filled
with uncured Ecoflex 00-30 was inject into the end of the sensor fluid reservoir where the needle
that had filled the sensor pierced through the silicone. Enough Ecoflex 00-30 was injected such
that about half of the reservoir was filled with silicone and half was filled with sensor fluid. This
was then cured at room temperature for 2 hours.

12. After the sensor channels are filled, the actuator was mounted and electrically wired. The mount
was made using laser cut acrylic pieces. It featured holes to allow a bolt to clamp the actuator,
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slots to allow cable ties to provide strain relief to the sensor wires, and finally a set of slots in the
back of the bottom part of the mount that would allow it to be bolted onto a structure. The mount
was installed by inserting two long M3 bolts through the two holes on the tabs on both the top
and bottom pieces. This served to effectively clamp the actuator in the mount. Next, two cable
ties were looped through the holes directly behind the actuator, these were used for strain relief.
Four, 24 gauge, solid core wires, about each 3 feet long were wrapped around the cable ties before
poking one into each of the separate sensor fluid reservoirs. A large gauge needle was inserted into
the back of the actuator’s air channel.

13. If not resealed, the new holes created by the wire will allow the sensor fluid to leak out of the
actuator. To circumvent this, the mount was designed to form a box around the end of the actuator,
and allowed uncured elastomer to pool and cure on the back end of the completed actuator. The
final step was to place the actuator vertically in an oven with the mount on as well, and pour
uncured Ecoflex 00-30 into the end of the mount. Some of the silicone was reserved to pour in
incrementally due to the elastomer leaking out of the mount.

A.2.0.3 Framework Components

The kinesthetic framework is presented bellow as a step by step process.

1. After an actuator is decided upon, the curvature sensor needs to be characterized for both free and
blocked displacement to determine that its relation to increase in bending is monotonic and there
is a detectable difference between free and blocked displacement for use in the error threshold
switching rule.

2. Next we identified a data-driven model for the curvature sensor. In Chapters 4-5 a polynomial fit
was found for the static characteristic relation and used to inform our controller, which is explain
in more detail for each chapter. In Chapter 6 a system identification approach for an ARX model
is presented that shows how to check for model reduction if the order of the model is unknown
beforehand. In Chapter 7 we determined through an impulse response that a second order model
would be a good approximation for our ARX model.

3. After a model was determined, we used root locus analysis in the MATLAB control system
designer to find a linear controller and tuned the parameters with criteria of the damping ratio of
ζ = 0.707 on the root locus diagram while also trying to optimize rise and settling times in the
step response. The order of our controller was chosen based on the type of reference inputs along
with the curvature model. Since we wanted to track ramp references with as close to zero tracking
error as possible we needed a controller with a double integrator.

4. We first verified the controller in Simulink using the controller and model simulating a periodic
signal for free displacement curvature reference tracking. We used both triangular and sinusoidal
signals for comparison. After verifying the controller in Simulink, the controller was converted
into a difference equation to be used in a C program with an Arduino Nano.

5. For the real soft finger, the controller was next validated on the physical system using the setup
described in Chapters 4 and 7. Results from the reference curvature tracking in free displacement
for different orientations of the finger was collected to analyze and compare the effects of gravity
on the soft finger and sensor. There may need to be iterations on steps 3-5 if performance is not
satisfactory.

6. Next tracking error performance experiments were performed to find the threshold for the error
based switching rule for our contact detection method. Experiments may depend on the robot
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system the finger is mounted on. In Chapter 6 the finger was mounted on an arm with revolute
joints, while in Chapter 7 the finger was mounted on an arm with prismatic joints. In both cases
experiments were performed that required the arm to move in a 3D workspace to collect the error
tracking data. We also performed experiments for the different type of reference signals (constant
curvature and periodic flexion-extension motion) we were interested in using for our system. The
data collected for these experiments are used to form the error distributions, which inform the
threshold for contact detection. A threshold should be chosen such that it is higher than any error
seen during the experiments.

7. The error threshold(s) chosen are used in the overall control architecture for contact dependent
tasks to determine when contact has been detected. Anti-windup should also be included as part of
the overall control architecture to avoid integrating the error once contact has been detected. We
have given examples of some contact tasks in Chapters 4-7.

8. For contact tasks that involve scanning the workspace. The data for the end-effector position along
with the error values can be combined to visualize the workspace.
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