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abstract

Kinesthetic haptic devices face persistent challenges in simultaneously
achieving high stiffness rendering, low apparent inertia, and large oper-
ational workspaces—limitations that stem from fundamental tradeoffs
in actuation technology. This dissertation investigates novel series actua-
tion approaches to overcome these constraints. We explore a frequency-
partitioned series admittance actuation strategy that combines high -
bandwidth, low-amplitude actuators with low-bandwidth, large- am-
plitude actuators, demonstrating a 50% reduction in minimum stable
rendered inertia and significantly increased rendering bandwidth. We
also develop a series actuation framework for workspace expansion of
impedance-based haptic devices that maintains rendering quality across
extended operational volumes, addressing the workspace limitations of
high-fidelity force feedback systems. Additionally, we present a handheld
kinesthetic haptic device with coupled bidirectional input, demonstrating
comparable performance to grounded interfaces in trajectory tracking
tasks. Through systematic experimental evaluation, analytical modeling,
and user studies, we establish performance boundaries and practical im-
plementation considerations for these approaches. The insights gained
from this research extend beyond haptic interfaces to robotics and physical
human-machine interaction systems where high-quality force exchange is
critical. This work provides both practical implementations and theoreti-
cal frameworks that expand the performance capabilities of kinesthetic
haptic devices without requiring complex mechanical designs or control
strategies.
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1 introduction

Haptic technology has developed from a specialized research area into a
key component in human-computer interaction (HCI) and human-robot
interaction (HRI) systems. Haptic interfaces function as bidirectional con-
nections between humans and digital or remote environments, converting
touch into computational input and output. These devices enable users
to interact with virtual objects, control remote systems, and receive force
feedback, changing how we interact across fields including medical simu-
lation, teleoperation, virtual/augmented reality, and robotics. A central
challenge in haptic interaction is accurately reproducing physical prop-
erties—such as stiffness, texture, weight, and inertia—while maintaining
system stability and transparency. This challenge is especially significant
in kinesthetic haptic devices, which provide force feedback rather than
just surface sensations. Despite advances over the past three decades,
limitations in actuation technology still restrict the performance of kines-
thetic haptic interfaces, particularly in achieving high transparency, high
stiffness rendering, and large workspaces simultaneously. The field of
haptics combines mechanical design, control theory, and perceptual psy-
chology. An effective haptic device must generate appropriate forces with
minimal latency, high precision, and across frequency ranges matching
human perception. These devices must also operate safely in direct con-
tact with users, creating additional constraints on their design and control
systems. Kinesthetic haptic devices typically fall into two main categories:
impedance-controlled and admittance-controlled systems. Impedance-
controlled devices measure position and render force, providing low ap-
parent inertia and smooth "free-space" motion but struggle with high
stiffness values without stability issues. Admittance-controlled devices
measure force and render position, naturally providing high stiffness but
facing challenges in achieving low inertia and transparent operation. This
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fundamental divide has resisted conventional solutions. A key limitation
is the lack of ideal actuator technology. The ideal haptic actuator would
offer high force/torque capability, high bandwidth, minimal inertia, zero
backlash, inherent backdrivability, compact size, and safety. Conventional
motors, hydraulic systems, and pneumatic actuators each have certain ad-
vantages but fail to meet all requirements. This has prompted research into
hybrid approaches, composite actuation strategies, and new mechanical
configurations to overcome individual actuator limitations.

1.1 Thesis Overview
The remainder of this dissertation is organized as follows: Chapter 2 pro-
vides background information and a review of related work, placing the
research within the broader field. This chapter discusses various feedback
methods for haptic devices and explores existing actuation approaches
for kinesthetic interfaces. Chapter 3 presents the design, implementa-
tion, and evaluation of a handheld kinesthetic haptic device with coupled
bidirectional input. This chapter includes a detailed system performance
evaluation and reports findings from a user study comparing the device
to a traditional rotary input interface. Chapter 4 introduces the series ad-
mittance actuation approach for improving kinesthetic haptic renderings.
This chapter describes the frequency-partitioned control strategy, presents
experimental results demonstrating performance improvements, and ana-
lyzes the limitations of the approach with respect to position saturation.
Chapter 5 explores a series actuation approach for workspace expansion
of impedance-based haptic devices. This chapter presents the actuation
configuration, control methodologies, and performance evaluation results,
with particular attention to stability, transparency, and practical imple-
mentation considerations. Chapter 6 summarizes the key contributions of
the research and discusses directions for future work, including potential



3

applications in telepresence systems, virtual reality interfaces, and phys-
ical human-robot interaction. Appendix A presents additional work on
layer jammers in a Simulated Environment Soft Haptic (S.E.S.H.) Glove,
demonstrating an alternative approach to haptic feedback through control-
lable stiffness in a wearable form factor. Appendix B presents additional
work on the effects of synchronous movement on human trust in robots,
exploring the social and psycho physical aspects of robotics.

Throughout this dissertation, we demonstrate that series actuation ap-
proaches can significantly enhance the performance of kinesthetic haptic
devices, addressing challenges in force rendering capability, transparency,
and workspace limitations. The insights from this research have implica-
tions not only for haptic interface design but also for the broader field of
physical human-machine interaction, where high-quality force exchange
between users and mechanical systems is increasingly important.
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2 background and related work

Our work is split into two different sections. The first section focuses on
a novel input method for kinesthetic haptic devices whereas the second
section focuses on actuation methods that drive kinesthetic haptic devices.
We present some background on haptics in general, followed by a review
of significant related work, including other novel input methods, as well
as the focus of our current and future work, which is on actuation methods
for haptic devices.

2.1 Background
Kinesthetic haptic devices are haptic devices that provide force feedback
to the user in order to convey haptic information. There are two types
of kinesthetic haptic devices, namely impedance-based and admittance-
based haptic devices.

Impedance-based kinesthetic haptic devices are arguably the more
popular kind of haptic device among kinesthetic haptic devices. The term
"impedance" in this context refers to the mechanical resistance encountered
by a user when interacting with the device, which can be modulated to
simulate different forces, thereby enhancing the sense of realism in the
interaction. They take user motion as input, compute the force they need
to generate according to the haptic effect being displayed, and then output
that force which the user feels as shown below in Figure 2.1. These types
of devices are usually back-driveable, and are good at rendering free space
and low impedances, but they struggle with rendering high impedances.
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Figure 2.1: Block Diagram of an impedance-based haptic device(Image
from Allison Okamura’s Introduction to Haptics class)

Admittance-based kinesthetic haptic devices are a type of haptic tech-
nology engineered to interact with users by responding to the forces ap-
plied by the user. Unlike impedance-based haptic devices, which are
driven by the motion input of the operator, admittance-based devices are
driven by the force input from the operator. They take user force or torque
as an input, compute the position that the device should move by, and
then output this position which the user feels as shown in Firgure 2.2.
This type of device is usually not backdrivable, is good at rendering high
impedances but struggles with rendering low impedances and free space.

Figure 2.2: Block Diagram of an impedance-based haptic device(Image
from Allison Okamura’s Introduction to Haptics class)
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2.2 Different feedback methods for haptic
devices

In recent years, the domain of handheld haptic devices has witnessed sig-
nificant advancements aimed at enhancing user interaction and feedback.
Handheld devices like the ones by [1] and [2], make advances with form
factors and actuation methods, but are more conventional in their way to
provide force feedback to the user. Other devices like the HAPmini, de-
signed to enrich the user’s touch interaction through a simplistic structure
with minimal mechanical complexity and actuators, while still delivering
force and tactile feedback [3].

Furthermore, research on finger-worn wireless haptic devices like Hap-
lets has demonstrated the value of providing rich haptic feedback to the
fingertips during manipulation, with applications in texture, stiffness
perception, and normal and shear force perception [4]. Additionally, a
portable haptic guide device with omnidirectional driving gear has been
proposed to signal route guidance commands to the end-user by delivering
a sense of force to the thumb [5].

In the realm of bilateral haptic interaction, a novel device has been
devised to render accurate force to a human operator for creating a vir-
tual environment from a remote real environment. This device employs
parallel mechanisms to facilitate force interaction in multiple degrees of
freedom, addressing challenges in actuator and controller design due to
non-constant Jacobian matrices [6].

A unique contribution to the field is the development of shape-changing
haptic devices by [7]. The Animotus is a wirelessly-connected, 3D printed
cube that acts as a haptic compass, altering its shape to guide the user in
the right direction [7]. Another significant invention is the S-BAN, a new
handheld haptic interface utilizing a parallel kinematic structure to deliver
2-DOF spatial information over a continuous workspace [8]. They further
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explored the perception of shape-changing haptic interfaces, providing
valuable insights through their work.

These are some of the conventional and unconventional novel methods
of providing haptic feedback and taking input from the user. Most of these
haptic devices are tailored to certain use cases and we have yet to invent a
general purpose haptic device with the potential to become ubiquitous.
In part of our work we design and inform a novel input method for a
kinesthetic haptic interface and as such it is important to know relevant
work in the field.

2.3 Actuation methods for Kinesthetic Haptic
Devices

Haptic devices need actuators that can provide both high impedances
and low impedances stably while providing high bandwidth as well.
This would allow haptic devices to render a large range of impedances
over a wide frequency range which would lead to more accurate haptic
renderings. Impedance-controlled haptic devices are good at rendering
low impedances but struggle to render high impedances. Admittance-
controlled haptic devices are very good at presenting large impedances, but
they are not very commonly used as compared to impedance-controlled
haptic devices as they have a unique set of problems associated with them.

Admittance-controlled devices struggle with rendering low impedances
because their actuators are inherently not backdrivable and thus, need
a very high position control bandwidth to present low impedances in a
stable manner. This is not possible as actuators have limited power, there-
fore actuators with high force or torque capabilities would not have a very
high position control bandwidth and vice versa.

Attempts have been made toward actuator configurations that over-
come these problems for both admittance controlled approaches like the
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series elastic actuator[9], hybrid actuators[2, 10] or even the newer co
actuation approaches [11] to name a few. However, it remains one of
the open fundamental challenges in haptics to have an actuator that can
have both high force or torque capabilities and a high position control
bandwidth . These existing approaches have their own set of challenges
that being complex mechanical design to integrate non-linear components
and complicated control methods to deal with them.

Series elastic actuators use a compliant element between the operator
and the actuator which allows for closed-loop force control by measur-
ing the deflection of this compliant element. It is popular for wearable
exoskeletons[12, 13] and robots[14]. Although they can produce large
forces they fail to present high stiffnesses due to their compliant elements.

Hybrid actuators which introduced as a viable option which can render
high stiffnesses and large forces for large force feedback systems as well
as portable haptic devices[11] . These kind of actuation schemes often
need complex control schemes or need complicated models of passive
components to compensate for them. This makes them less accessible to
use.

The newer co-actuation approach [11] is a type of admittance-based
actuation approach that uses a clearance module with a non-collocated
encoder which helps with free space rendering. The actuator tracks the
position of the non collocated encoder while rendering free space and
switches to an admittance based controller when rendering a stiffness.
This approach does well with rendering free space and high stiffnesses.
However, it would struggle with rendering low impedances due to the
inherent problems with admittance controllers which this approach does
not address.

In spite of prior efforts, there still exists a gap in finding the ideal
actuator for haptic devices. Most of the research focus in the field of
actuation has been on impedance-based haptic devices. The few efforts
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to improve admittance-based actuation have yet to enable haptic devices
that can achieve both high impedances as well as low impedances well.

For impedance-controlled haptic devices, most actuation methods do
not address the gap of workspace limitations. There is some work done
to try to address this gap, first by Harwin in his work[15] continued in
[16], but they fail to provide a comprehensive analysis into their approach.
Zinn came up with a distributed macro mini approach to address this
issue for large workspace impedance based haptic devices [17], however,
this approach greatly increases the mechanical design complexity of the
haptic devices. Other attempts have been made to make large workspace
haptic devices, but they attempt to make wearables which often have bulky
setups and are compromise on performance[18] [19]. Literature in this
area is limited, especially for compact, grounded interfaces using serial
actuation configurations, and that is the gap we wish to address with
chapter 5.
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3 handheld kinesthetic haptic device with
coupled bidirectional input

3.1 Overview
This chapter describes work done on a handheld kinesthetic haptic device
with a bidirectional coupled input as part of a NASA ULI project. To give
a big picture perspective in short, our goal was to explore a new type of
input method for shared control of a robotic arm and this chapter describes
our work as such.

3.2 Introduction
Kinesthetic haptic devices offer a variety of ways to interact with users,
from rendering virtual environments to providing guidance and feedback
during teleoperation of robots. Traditionally, high-performance haptic
devices have been grounded (e.g., the devices from Force Dimension [20]
or Haption [21]), meaning that they are fixed in a location and generate
haptic sensations by reacting against the environment. More recently,
a variety of handheld haptic devices have been proposed that provide
similar kinesthetic renderings by reacting against the user’s hand or arm
[1]. For example, Dills et al. [2] propose a high-performance one degree-
of-freedom device employing hybrid actuation. Many of the other recent
handheld devices provide haptic feedback to each finger individually
either through finger-mounted devices [22, 23] or gloves [24, 25]. Notably,
many of the recent handheld devices are designed for rendering virtual
environments in gaming or virtual-reality applications. Alternatively,
we are interested in one degree-of-freedom industrial applications and
propose a new handheld haptic input device that is actuated using one
hand through two mechanically-coupled triggers.
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Figure 3.1: Our proposed handheld haptic device with two triggers that
take input via finger flexion. The triggers are mechanically coupled (i.e.,
when one trigger is pushed in, the other pushes out).
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Figure 3.2: Internal (a) view, zoomed internal view (b), and cross-sectional
view (c) of the device showcasing the drive-train and related design ele-
ments.

There are a variety of industrial applications that could benefit from
a one degree-of-freedom haptic input device. For example, an operator
could precisely control a single variable during an industrial process (e.g.,
flow rates, temperatures, feed rates, pressure during sanding) and the
device could provide haptic cues or guidance as necessary (e.g., vibration,
modulation of stiffness). In many applications, it would also be desirable
for the input to be differential, meaning an operator may want to adjust
a particular process variable from the current set point (e.g., go faster or
slower). Finally, many industrial applications would benefit from a device
that is one-handed, which frees the operators’ other hand for secondary
tasks (e.g., controlling a second input or feeling a surface during sanding).
To address these desired qualities, we propose a one degree-of-freedom
bidirectional input where the differential input is provided through two-
mechanically coupled triggers, as shown in Figure 3.1. We were inspired by
existing applications leveraging finger flexion, such as musical instruments
(e.g., a trumpet), that allow for input in the natural direction of the finger.
Specifically, we chose to investigate a mechanism leveraging adjacent
finger flexion to utilize the innate structure of the human fingers, that is
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more adept at pulling than pushing [26]. Additionally, the mechanically-
coupled triggers allows for simple bidirectional inputs where the triggers
correspond to opposite directions.

In this chapter, we propose a high-performance one degree-of-freedom
(DOF) haptic device that is mobile and can be actuated using a single
hand through two fingers. We first discuss our design requirements for
realizing a usable and high-performance haptic device followed by de-
scribing our developed prototype. Through an experimental evaluation,
we demonstrate that the prototype has many desirable characteristics for
generating high-quality haptics, such as a high transparency and a high
bandwidth. Finally, we investigate the performance of our prototype in
terms of giving precise input via a user study comparing the device to a
haptic knob, a form factor that is already widely used in industrial settings.

3.3 System Performance Evaluation
To evaluate the performance of our device, we conducted a series of ex-
periments to evaluate (1) the rendering force and stiffness, (2) the friction
(i.e. transparency), and (3) the rendering bandwidth of our prototype
device. The experiments and their results are described in the following
sections.

Maximum Rendering Force and Stiffness

To assess the device performance, we experimentally evaluated the max-
imum uncoupled stable rendering stiffness [27], [28]. We perform an
experiment wherein we incrementally increase the stiffness rendered by
the device in discrete steps and check for stability at each step. Stability is
assessed by physically perturbing the finger triggers of the device through
user touch and observing whether the system stabilizes. We can qual-
itatively asses stability by looking at the vibrations in the system i.e. if
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the vibrations are increasing in amplitude, the system is deemed unsta-
ble. To reduce the bias of any single user interaction, we performed the
testing with several cohorts. The average maximum stable rendering com-
manded stiffness was 1.06 N/mm while the maximum stable rendering
commanded force was 15.9 N.

Friction tests to assess transparency

To evaluate the transparency [29], we performed an experiment to measure
the friction of the drive train. Specifically, we applied a slowly increas-
ing motor torque and identified the torque level at which the motor and
drive-train initiated movement. This experiment was repeated at various
motor positions to account for friction variation as a function of device
configuration. The commanded motor torques varied from 0.177 to 1.029
mNm, with an average torque of 0.665 mNm. The equivalent (reflected)
friction force at the finger interface, taking into account the drive-train
reduction, varied from 0.05 to 0.343 N with an average frictional loss of
0.22 N. For comparison, other handheld haptic devices like the CLAW [1]
and [30] report frictional losses (or a minimum transparency) of 0.5 N
and 0.54 N respectively.

Rendering Bandwidth

The frequency range over which a haptic device can accurately display
forces, with minimal magnitude and phase distortion, is referred to as
the rendering bandwidth. A large rendering bandwidth is important for
realistic user perception [31]. To achieve a large rendering bandwidth, it
is important to design a stiff drive-train such that there are no structural
vibration modes present within the desired bandwidth, typically up to
100 Hz for a high performance interface.
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Figure 3.3: Frequency response of the proposed device. The only peak in
the magnitude plot occurs due to the rendered stiffness.

To evaluate the rendering bandwidth, we measured the frequency
response of the device drive-train. The frequency response was obtained
by measuring the motor position output using the 4096 CPT encoder in
response to an applied torque chirp signal. A virtual stiffness was overlaid
on the torque chirp to maintain centering of the device. To provide a
broad-spectrum evaluation, we performed an experiment to measure the
frequency response across both low frequency and high frequencies. In
the experiment, the disturbance chirp signal was varied from 0.1 - 100 Hz
over a 30 second interval. The test was repeated 10 times. The results are
shown in Figure 3.3.
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As seen in Figure 3.3, the low frequency magnitude response is ap-
proximately flat up to 4 Hz, after which it increases as it approaches the
resonance created by the introduction of the virtual centering spring. The
flat portion of the curve is, as expected, approximately equal to the inverse
of the rendered stiffness (0.5 rad/mNm). The high frequency magnitude
response shows a peak at approximately 8 Hz, which corresponds to the
induced resonance the results from the introduction of the virtual cen-
tering stiffness. Importantly, there is no evidence of drive-train flexible
modes below 100 Hz. We can estimate the reflected inertia of the device
from the high frequency magnitude of the frequency response which is
approximately equal to 7.91 × 10−4 mNm/rad/s2. A low value of reflected
inertia infers highly transparent device.

3.4 User Study
To assess the efficacy of the proposed device, we conducted a user study.
Specifically, our study aimed to assess the accuracy and perceived usability
of the proposed device across a range of common one degree-of-freedom
tasks.

Study Design

Our study compared our device (referred to as the handheld condition
going forward) to a grounded rotary input (i.e., knob, see Figure 3.4) in a
within-subjects design where the order of conditions (i.e., the device used
for each task) was counterbalanced. We chose the knob as a baseline based
on its prevalence in haptics (e.g., DC motors) and society (e.g., control
panels, thermostats). Input devices like knobs are typically used to give
more precise inputs as suggested by prior studies [32] and standards [33].
In this preliminary evaluation, we focused on using the inputs for two
differential control applications: reaching target locations and tracking
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trajectories. Accordingly, both input devices were programmed to render
a static haptic stiffness around a center point, similar to a joystick.

Participants

Our study involved 11 participants (6 male, 5 female), aged 18–23 (M =

19.27, SD = 1.60) recruited from the university campus. All participants
were right handed. None of the participants identified as having extensive
experience with haptics. Participants were paid $15 an hour.

Procedure

After providing informed consent, participants were briefed on the struc-
ture of the experiment. The participants then completed a targeting task
for each condition followed by a tracking task for each condition. The
details of the tasks are presented in the next section. After completing
each condition, participants filled out the NASA TLX [34] and the System
Usability Scale (SUS) questionnaire [35]. The order of the conditions
was counterbalanced across participants. For each task, the participants
trained with the input device before collecting test data. Following the two
tasks, participants completed a brief demographics survey and completed
questions on qualitative data about the devices answering questions about
their comfort levels with each device for both tasks. The study proce-
dure lasted approximately one hour. The study was administered under a
protocol approved by the university Institutional Review Board (IRB).

Apparatus

The knob condition used a Maxon motor (model no. 320165) with a rotary
handle attached to the shaft. An encoder attached to the motor was used
to measure the user’s input. Both conditions were operated as differential
inputs using a haptic overlay. For both the tasks, both input devices were
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programmed to render a static stiffness of 7.5 mNm/rad for the knob and
7.4 mNm/mm for the handheld haptic device which centered the knob and
the triggers of the device respectively. A stiffness value that was deemed
comfortable for the task was chosen through testing by the authors. This
stiffness is what provides the force feedback to the user through the motors
in each device, the farther the user moves from the center point of each
device, the greater the force. The knob was mapped to move the object on
the screen left and right by rotating the knob in those directions. Whereas,
the handheld device was mapped to move the object left and right by
pushing each trigger in(the upper trigger to move right and lower to move
left).

Tasks & Measurements

Figure 3.4: Knob used as the comparison input device in our study.

Targeting Task

We assessed the targeting performance of each condition through a Fitt’s
law experiment. In the targeting task, shown in Figure 3.5, participants
used the input device to move a cursor to a designated goal location. The
position and size of the goal varied between tests. Participants were in-
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structed to reach the target as fast as possible. When possible, the design of
the Fitt’s law experiment followed the ISO standard proposed by Mckenzie
[36]. In each trial, participants pressed a key to begin and the trial was
stopped once the target was reached (defined as when the cursor was
within the target for two seconds). For each condition, participants com-
pleted 30 training trials and 60 test trials. From each trial, we calculated
the index of difficulty (ID) and used it to calculate the throughput (TP)
of the input device.

ID = log2(
A

W
+ 1)

TP =
ID

MT

(3.1)

where A is the amplitude of movement to the target, W is the width of
the target, and MT is the time to reach the target. A higher throughput
corresponds to better device performance for targeting tasks.
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Figure 3.5: Targeting task following ISO 9421-9 to calculate throughput of
device.

Tracking Task

We assessed the tracking performance for each condition through a series
of sinusoid tracking tests. As shown in Figure 3.6, participants used the
input device to follow the desired trajectory and we tracked the absolute
value of error between the reference trajectory and participant cursor at
each time-step. The frequency and amplitude of the trajectory were varied
during the trials. Participants were instructed to follow the trajectory as
closely as possible. To enable direct comparisons of performance across
the conditions, we selected two different amplitudes and two different
frequencies for the sinusoidal trajectory. The two frequencies, 0.3 Hz and
1 Hz (referred to as the low frequency and high frequency), were selected
within the bandwidth of human control [37]. In the tracking task, each
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participant performed 16 training trials (i.e., 4 trials of each combination
of amplitude and frequency) before completing four test trials. The four
trials were completed without any break (e.g., the second sinusoid started
immediately upon the completion of the first sinusoid). The order of the
effects were randomly generated and different between the training and
testing trials. Each sinusoid consisted of 4 full periods of oscillation for
the low frequency trajectories and 8 full periods of oscillations for the high
frequency trajectories.

Figure 3.6: Task to assess device performance for tracking.

Results

The results for the targeting task were analyzed using a paired two-tailed
t-test. We found a significant effect on throughput for the handheld device
(M = 1.65, SD = 0.70) compared to the knob (M = 2.05, SD = 0.60,
t(10) = 11.48, p < 0.05, d = 0.59) with the knob having a higher through-
put.
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Figure 3.7: Average errors and standard deviations for trajectory tracking
with the handheld haptic device and the knob.

The raw NASA TLX score for this task was 30.45 on average for the knob
and 38.48 on average for the handheld haptic device. We perform a paired
two-tailed T-test on the TLX scores and find that the haptic device(M =

38.48, SD = 16.36) has significantly higher scores than those for the knob
(M = 30.45, SD = 16.36, t(10) = 2.28, p < 0.05), .

The error results of the tracking task were analyzed using a three-way
repeated measures ANOVA with device (haptic device, knob), frequency
(high, low), and amplitude (high, low) as factors. The results are shown
in Table 3.1. We find no significant effect of the device on the user error
for this task. We do, however, find a significant effect of the amplitude
(F(1, 8) = 83.85, p < 0.001) and the frequency (F(1, 8) = 15.57, p < 0.001)
of the path on the user error. The average raw NASA TLX score for this task
was 42.12 (M = 42.12, SD = 17.42.) for the knob and 42.42 (M = 42.42,
SD = 16.56) for the handheld haptic device. We perform a paired two-
tailed t-test on the TLX scores and find no significant difference (t(10) =
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0.55, p = 0.58) between the scores of this task for both devices.

Table 3.1: Three-way ANOVA Results

Independent Variables F Value Num of DF Den DF PR>F
Device 0.798 1.0 8.0 0.398
Frequency 19.671 1.0 8.0 <0.05
Amplitude 62.447 1.0 8.0 <0.001
Device x Frequency 1.182 1.0 8.0 0.309
Device x Amplitude 0.011 1.0 8.0 0.920
Frequency x Amplitude 6.056 1.0 8.0 0.039
Device x Frequency x Amplitude 0.001 1.0 8.0 0.976

Since the results of the ANOVA do not show any significant relation
to the device used, we do not perform any post hoc analysis on this data.
The raw average error values per segment are as shown in the Table 3.2
below.

Table 3.2: Average Error Per Segment
Trajectory Segment Device Mean Error Standard Deviation
Low Frequency Low Amplitude Handheld Haptic Device 33.12 15.52

Knob 29.19 10.76
Low Frequency High Amplitude Handheld Haptic Device 81.10 25.26

Knob 78.18 31.86
High Frequency Low Amplitude Handheld Haptic Device 51.04 13.04

Knob 38.17 14.85
High Frequency High Amplitude Handheld Haptic Device 124.93 31.75

Knob 113.57 55.67

The SUS score for our proposed handheld haptic device was 86.60
(M = 86.60, SD = 3.88) while that of the knob was 87.24 (M = 87.24,
SD = 2.57). This falls in the excellent category in the SUS scale for both
devices. We perform a two-tailed paired T-test on the SUS scores as well
and find no statistically significant difference between the scores of the
two devices (t(10) : 0.90, p = 0.37).



24

3.5 Discussion
There are several key takeaways from the user study. In the targeting task,
we observed that our handheld haptic device did not perform as well as
the knob in terms of throughput. Some participants appeared to struggle
with the spatial mapping with the handheld haptic device (i.e., which
trigger moves the cursor up or down on the screen) and would move the
object in the wrong direction before correcting themselves. This effect
was not observed when participants used the knob which was both more
familiar to participants and grounded to the table in an orientation that
was spatially consistent with the task. In the future, we are interested
to explore whether the performance with the proposed device could be
improved through additional training. The amount of training trials in
our experiment was limited to prevent participant fatigue.

In the tracking task, the knob generally had lower average errors than
our handheld haptic device for all frequencies and amplitudes. However,
the average error varied by less than 13 pixels between the two devices. As
seen in Figure 3.7, much of the difference in performance can be attributed
to overshoot by the handheld haptic device, which was not observed when
participants used the knob. Looking closely at the high-frequency high am-
plitude segment of the data in Figure 3.7, we can see that users commonly
undershoot the desired motion when using the knob as compared to our
haptic device. However, we see higher overshoots with the haptic device
for high-frequency high amplitude trajectories as well. We can infer from
these observations that the handheld haptic device may be more suited to
tasks where reaching the peaks of the trajectory is more important than
controlling the overshoot. The overshoot might also suggest that the haptic
overlay was not optimal for the handheld haptic device. In the future, we
are interested in exploring the impact of the overlay on user performance.

In terms of usability, both the proposed device and the knob scored
in the excellent category for the SUS [35] and the difference between the
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average usability scores for the devices was only 0.64 percent. Users who
play video games frequently (at least once per week) expressed a high
degree of satisfcation with the form factor of the handheld haptic device
while users who had little or no experience with gaming found the device
to be fatiguing.

3.6 Conclusion
In this chapter, we designed and evaluated a handheld haptic device that
incorporates a bidirectional coupled finger flexion interface. Through
experimental validation, we demonstrated that the proposed device can
render high-performance haptic effects, as measured by its transparency
and rendering bandwidth. Through a user study, we showed that partici-
pants rated the proposed device as highly usable and assessed the device
with a series of targeting and tracking tasks. While the performance of the
device was inferior to that of a haptic knob in some instances, the overall
assessment was positive. The results suggest a range of modifications to be
considered in future work including improvements to the ergonomic form
factor, exploration of alternative haptic effects, and evaluation of these
modifications on the overall device and user performance. Specifically,
we are interested to test the device in simulated and realistic scenarios.
Examples include industrial process control [38] and shared autonomy
for collaborative robots [39].
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4 a series admittance actuation approach to
improve kinesthetic haptic renderings

4.1 Overview
This chapter describes a frequency partitioned admittance actuation ap-
proach which has the potential to expand the rendering capability of
admittance based haptic devices by extending the admittance control’s
position control bandwidth. The actuation approach combines a high
bandwidth, low amplitude actuator in series with a low bandwidth, large
amplitude actuator. Summing the actuator velocities of these two leads to
an actuator with both a large amplitude displacement and a high position
control bandwidth. We describe the actuation and control approach and
experimentally validate the approach with a one degree of freedom testbed.
We experimentally demonstrate improvements in rendering through a
measurable reduction in the minimum stable rendered inertia, the primary
metric by which admittance-based systems are assessed, and an increase
in the frequency range over which force rendering is accurate, known as
the rendering bandwidth, as compared to a baseline admittance-based
actuated system. Finally, we investigate the consequences of potential
position saturation of the high frequency actuation during operation, on
both rendering stability and rendering output impedance. The limitations
section of this chapter has been contributed by a co-author of this work
Patrick Dills.

4.2 Introduction
Admittance-based haptic devices, which typically employ high gear re-
ductions to achieve high forces and high power, excel at rendering very
high virtual impedances, such as high stiffness virtual walls, due to their
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naturally high output impedance. Low impedance rendering, or trans-
parency, is obtained through the use of closed-loop feedback, where in-
teraction forces between the human user and device interface are mea-
sured and an admittance control law, in combination with a high-gain
position feedback loop, drive the haptic interface to render the desired
virtual admittance (i.e. high admittance for transparency). However,
above the closed-loop bandwidth of the admittance-based system’s posi-
tion controller, the output impedance of the device cannot be modified,
and transparency (or high admittance) is not achievable. To improve
haptic rendering performance, it has been shown that increasing the band-
width of the admittance-based system’s position controller can increase
transparency. In particular, this can increase the range of stable canon-
ical impedances by allowing for lower values of virtual mass, stiffness,
and damping than is achievable with lower bandwidths [40, 41]. While
attempts have been made to develop actuation methods that can render
both very high and very low impedances [2, 10, 11, 42, 43], none have
achieved the high dynamic stiffness characteristics of admittance-based
systems along with the low-impedance transparency required for high-
performance haptic applications. In this work, we present a new approach
that seeks to extend the rendering range of admittance-based haptic in-
terfaces through a series combination of admittance-type actuators that
extends the actuator’s bandwidth capabilities while maintaining its high
force and large range of motion capabilities. As shown in Fig. 4.1, our
proposed frequency partitioned series admittance actuation approach
attempts to increase the position control bandwidth of the actuator by
splitting the low frequency and high frequency position error between
two different actuators. Our proposed approach is introduced in Section
4.3 and is experimentally validated in Section 4.4. Finally, we present an
analysis of the approach limitations in Section 4.5.
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Figure 4.1: Conceptual diagram of frequency partitioned series admittance
actuation approach.

4.3 Series Admittance Actuation Approach
The rendering range of admittance-controlled haptic interfaces is limited
by the performance of their admittance controller’s inner position-control
loop. Specifically, the minimum stable rendered inertia, mmin, the primary
metric by which admittance-based systems are assessed, has been shown
to be inversely proportional to the position control’s bandwidth (or cutoff
frequency, ωc) while the frequency range over which force rendering is
accurate, known as the rendering bandwidth, ωr, has been shown to be
proportional to the position control’s bandwidth [40]:

mmin
∼=

b

ωc

and ωr
∼=

3
4ωc

where b is a viscous damping term that approximates the impedance
of the human operator, coupled to the haptic interface. As such, high-
performance admittance-based haptic interfaces must be designed to fa-
cilitate high-bandwidth position control. This presents a challenge for
high-power haptic interfaces given that the physics of position-controlled
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actuators is such that the bandwidth generally scales inversely with ac-
tuator power and workspace size (i.e. higher actuator inertia and finite
stable gains lead to lower overall bandwidths). In seeking a solution,
it is useful to consider the motion requirements for human-robot physi-
cal interactions. Studies [44, 45, 46, 47] that have sought to characterize
and model physical human-robot interaction have noted that the ampli-
tude of volitional human motion (i.e. upper limb) remains relatively
constant below 2 - 5 Hertz whereas above 5 Hertz, the motion amplitude
decreases approximately with the inverse square of frequency. Similar
trends have been reported for power and force output. While studies char-
acterizing human motions during physical interaction are limited and the
human element can’t be reduced to a simple set of numbers it is reasonable
to assume that the requirements for a haptic system will follow similar
trends. This observation suggests an actuation partitioning approach that
aligns the magnitude and speed of the actuation capabilities with the
desired frequency content. As described above, the bandwidth of high dy-
namic stiffness admittance-based actuation is, in general, correlated with
and approximately proportional to the workspace size. In other words,
larger actuators generally have lower bandwidth capabilities while smaller
workspace actuators generally have higher bandwidth capabilities.

Proposed Approach

While the actuator-size to bandwidth correlation is described as a limi-
tation of larger admittance-based systems, if one considers an approach
that incorporates two or more redundant admittance-based actuators (per
manipulator degree-of-freedom), then the bandwidth-size correlation
suggests that a larger actuator can be used for large, low-frequency mo-
tions and forces while a smaller, higher-bandwidth actuator, can provide
high-frequency motions, albeit at smaller amplitudes. In the proposed
approach, referred to here as series admittance actuation, a high frequency,
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Figure 4.2: Conceptual Block Diagram of series admittance actuation
approach. DLF(s) and DHF(s) represent the position controllers for the
high-frequency and the low frequency actuator respectively. JM1 and JM2
represent the inertia of the individual low-frequency and high frequency
actuators.

low amplitude actuator (referred to as the high frequency actuator for
brevity) is connected in series with a low frequency, high amplitude ac-
tuator (referred to as the low frequency actuator) (see Fig. 4.2). The
high frequency actuator has a limited displacement amplitude but a high
position control bandwidth, whereas the low frequency actuator has a
high displacement capability but has a limited position control bandwidth.
Arranging the two actuators in series allows each actuators velocity to sum
resulting in a single device capable of both high motion amplitudes as
well as high positional bandwidth. The implication in haptics being that a
higher position control bandwidth allows admittance-controlled devices
to expand their range of stable rendering impedance and improve the
accuracy of the impedances that are rendered. While actuator rendering
control and partitioning can be affected through state feedback methods,
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including explicit pre-filtering of the reference position input into low and
high frequencies, or the PQ and design method [48] we instead, propose
a simple and intuitive approach, shown in Fig. 4.2, that uses the dynamics
of the actuators themselves for the frequency partitioning. Specifically,
desired position or velocity commands are first commanded to the large
actuator. The control errors, which consist of the high-frequency position
or velocity components that the large actuator is incapable of providing,
are used as the reference input to the smaller, high frequency actuator.
The high frequency actuator compensates for the slow dynamics of the
low frequency actuator and other errors, due to disturbances or unmod-
eled nonlinearities, resulting in a combined actuator with high position
control bandwidth as well as a high amplitude of motion and enables
kinesthetic haptic performance beyond what is obtainable by traditional
admittance-controlled actuators.

4.4 Performance Evaluation
To evaluate the actuation approach, we developed a one degree of free-
dom actuation testbed (see Figure 4.3). Note, that the actuation testbed
was developed as a concept demonstrator and was not intended as a plat-
form to evaluate specific actuation technologies for either the low or high
frequency actuators. Instead, the testbed was developed to validate the
frequency partitioning concept and explore control methods and possible
limitations. As such, the testbed incorporated a high-frequency actua-
tor that is not ideally suited to the proposed approach but which was
readily available in the author’s lab and provided a platform to explore
the proposed concept prior to development of hardware tailored to the
proposed approach. The testbed haptic rendering is controlled through
an admittance feedback controller, consisting of a position controller in
combination with an admittance-based rendering law (see Fig. 4.4). As



32

described in the previous section, the position controller’s desired input is
first commanded to the low frequency actuator control and the resulting
control errors are subsequently used as the reference input to the smaller,
high frequency actuator. In this case, we implemented a lead compensator
to regulate the low frequency actuator position. The high-frequency actu-
ator control consists of an inner velocity control loop (implemented on the
ultrasonic motors hardware controller) surrounded by proportional feed-
back outer position control loop. To emulate the limited displacement of
the envisioned high frequency actuation, the testbed includes a software-
imposed position limit on the high frequency actuator displacement. Both
controllers were tuned to achieve as high a position-controlled bandwidth
as practical. As seen from the experimentally obtained frequency response
of the individual actuators (see Fig. 4.5 ), the resulting bandwidths of the
low and high frequency actuators were approximately 8 Hz and 30 Hz,
respectively.

Figure 4.3: Series Admittance Actuation Test Bed



33

Figure 4.4: Block Diagram of Series Admittance Actuation Testbed Where K
represent the gains of the respective position controllers, and Jv represents
the virtual admittance rendered.

Minimum Stable Mass Assessment

Admittance-based haptic devices typically struggle with rendering low
impedances and, in particular, can not render inertia levels below a thresh-
old, referred to as their minimum stable rendered inertia, mmin, below
which the rendering control becomes unstable. The minimum stable iner-
tia is a proxy for the transparency of an admittance-based system and, as
such, is commonly used as a primary metric by which admittance-based
systems are assessed.

To measure the minimum stable rendered inertia, we must detect the
threshold inertia value below which the rendering algorithm becomes un-
stable. The stability of admittance-based haptic devices is strongly affected
by the coupled impedance of the human operator. Unlike impedance-
based devices, where uncoupled stability is the more conservative measure
of stability, for admittance-based devices, the coupled stability is the con-
servative measure of stability. To obtain consistent stability measurements,
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Figure 4.5: Measured position control frequency response of the low
and high-frequency actuators. The position control bandwidth of low-
frequency actuator and the high-frequency actuator can be observed to be
8 Hz and 30 Hz respectively

it is important to incorporate the effects of a human user’s impedance.
While stability experiments have typically been performed using human
subjects (operating the haptic interface) [40, 41], these experiments can
produce varying results, due to the wide variation of possible human
impedance, which can vary due to posture, grip orientation, and grip
pinch forces. To improve the consistency of our stability measurements,
we developed a human impedance emulator, shown in Figure 4.6. For high
performance admittance-based haptic interfaces, stability is primarily de-
termined by the loop gain in the vicinity of 10 Hz or above [40], where the
open loop phase is approximately -180 degrees. In this frequency range,
the human impedance models proposed [49, 50] can be approximated as
a linear damper [40]. For the experiments performed here, we selected
a damping value of approximately 0.2 N-m/rad/sec, which is approxi-
mately equal to the average value for human subjects reported in [51]. The
emulator produces the damping impedance through back-EMF forces of
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a shorted DC brush motor (see Fig. 4.6). The minimum stable rendered
inertia was obtained experimentally by physically coupling the series ad-
mittance testbed (Fig. 4.3) to the human impedance emulator (Fig. 4.6).
To measure the minimum inertia, the programmed rendered inertia value
was systematically reduced until instability was observed. The minimum
stable rendered inertia of the series admittance actuator testbed (0.0025
Kg.m2 ) was found to be approximately 50% less than the minimum stable
rendered inertia of the system using the low-frequency actuator alone
(0.0057 Kg.m2). The reduction in inertia is consistent with the relationship
established between the minimum stable rendered inertia and admittance
position control bandwidth given in equation defined in section 4.3 and
[40].

Figure 4.6: Human Impedance Emulator
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Figure 4.7: Impedance Frequency Response of Series Admittance Actuator
testbed showing the output impedance and rendering bandwidth

Impedance Frequency Response and Rendering Bandwidth
Measurement

In the performance evaluation of impedance-type and admittance-type
haptic devices, transparency, or output impedance more generally, is an im-
portant performance characteristic, as it directly measures the ability of the
device to render the desired impedance as a function of frequency. Due to
the high output impedance of the admittance-based approach, particularly
above the closed loop bandwidth of the position controller, it is not prac-
tical to obtain output impedance measurements through the controlled
motion of the haptic interface, such as might be done for an impedance-
based device. Is this case, output impedance measurements (see Fig. 4.7)
are obtained by applying torques through the human impedance emu-
lator described in section 4.4.1. Output impedance measurements were
obtained for the series admittance testbed and, for comparison, for the low
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frequency actuator alone. As seen in Fig. 4.7, both the series admittance ac-
tuator and the low frequency actuation stably rendered that desired inertia
(of 0.01 kg-m2 and 0.06 kg-m2 respectively) below their respective position
control bandwidths. Overall, the series admittance actuation rendering
was more accurate, both in terms of magnitude and phase distortion, due
to the error-correcting of the high frequency actuation. Importantly, the
rendering bandwidth, which defines the frequency range over which the
rendering accurately replicates the desired impedance [27], is significantly
larger for the series admittance actuation (approximately 14 Hz) than for
the low frequency actuation alone (approximately 5 Hz).

4.5 Limitations of Series Admittance Actuation
While the proposed series admittance actuation approach has demon-
strated advantages in terms of improved rendering accuracy and band-
width, design constraints inherent to the proposed actuation method
present limitations to its performance. Primary among these limitations is
the assumed small displacement range of the high frequency actuator (as
compared to the low frequency actuator), which results from its higher
bandwidth characteristics. During operation, position saturation of high
frequency actuation limits both rendering stability and rendering output
impedance.

To gain insight into the potential effects of high frequency actuator
saturation, we can simplify the dynamic model given in Fig. 4.2. These
simplifications include (1) an assumption that the high-frequency actu-
ator has an infinite position control bandwidth (to remove the effect of
phase loss above the closed-loop bandwidth), (2) an assumption that the
disturbance forces from the human user are negligible (due to the high
output impedance of the admittance position controller), and (3) an as-
sumption that the human users output impedance can be modeled using
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Figure 4.8: Simplified open loop block diagram of the SAA actuation
approach expressed in a cascaded form. τinput and τo represent the input
and output torques respectively. Jv represents the virtual inertia rendered.
K represents the gain of the lead controller. J represents the inertia of
the actuator and Bh represents the simplified damping provided by the
human.

a simple linear damper (for the same reasons given to justify the human
impedance emulator discussed in section 4.4.1). These simplifications
allow for the series admittance actuators open loop transfer function to
be expressed in a simple cascaded form as shown in Fig. 4.8. To facilitate
analysis we can further simplify the model of the high frequency actuator
by approximating the actuator saturation through a variable gain, derived
from the describing function [52] for a saturation gain which is a real
valued nonlinearity with unity gain below the saturation amplitude (see
Fig. 4.9). As high frequency actuator amplitude increases the describing
functions gain reduces asymptotically to zero.
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Figure 4.9: Describing function of saturation where k represents the satu-
ration gain, ‘a’ represents the saturation amplitude limit and ‘A’ represents
the actual amplitude of oscillations.

Stability Analysis with Position Saturation

Position saturation of the high frequency actuator can limit the perfor-
mance of the series admittance actuation approach when high frequency
position control commands exceed the position limits of the high frequency
actuator. As a consequence, the series admittance actuation approach can
become unstable when the user inputs rapid movements which exceed
the capability of the high frequency actuator.
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Figure 4.10: A) The systems open loop transfer function with the effects
of position saturation shown as oscillation amplitude increases past the
high frequency actuators position saturation point. It also shows that the
minimum stable mass that can be rendered is inversely proportional to
the gain margin. B) The same information shown in a Nyquist contour
emphasizing the possibility of an encirclement and instability due to high
frequency actuator position saturation.
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We can gain insight into the effects of actuator saturation on stability
by examining the open loop transfer function’s frequency response for
different amplitudes of oscillation (see Fig. 4.10). As seen in Fig. 4.10 A,
significant phase loss above the bandwidth of the low frequency actuator
occurs when the oscillation amplitudes exceed the saturation limits of the
high frequency actuator. As the amplitude oscillations become very large
(relative to the saturation threshold), the high frequency actuator has
little to no effect on the stability of the system and the open-loop system
frequency response approaches that of the low frequency actuator alone.
As a result, the system’s minimum stable inertia decreases to that of the
system with low frequency actuation only, resulting in oscillations and
potential instability. As seen in the Nyquist plot (see Fig. 4.10 B) of the
open-loop system, position saturation reduces the gain margin of the unity
virtual mass system which is inversely proportional to the minimum mass
that the system can render stably. This effect is most prominent if the
phase loss due to position saturation of the high frequency actuator is
greater than 90 degrees. When the phase loss in the position controller
is less than 90 degrees, an encirclement due to saturation is unlikely and
the system will remain stable (ignoring other destabilizing effects, such as
time delay in the control loop).

Effect of Position Saturation on Output impedance

Position saturation can also adversely affect the output impedance of
the series admittance actuator. As identified in the previous section, the
system will remain stable (while rendering a virtual mass) when the phase
loss due to position saturation remains below 90 degrees. However, the
presence of high frequency position saturation can distort the rendered
impedance while still maintaining stability. We can gain insight into the
effects of actuator saturation by examining the output impedance of the
system, using the assumed system model simplifications described at the
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beginning of this section (see Fig. 4.8). Assuming the simplified model
shown in Fig. 4.11 A, we can evaluate the frequency response of the
output impedance (see Fig. 4.11 B). As seen in Fig. 4.11 B, high frequency
actuator saturation results in distortion of the output impedance (in both
magnitude and phase) above the position control bandwidth of the low
frequency actuator. At high frequencies and as the oscillation amplitudes
become large the output impedance approaches the open loop output
impedance of the device itself. Phase distortion due to position saturation
is especially evident at frequencies near the position control bandwidth
of the low frequency actuator. This phase distortion will adversely affect
the rendering. For phase distortion greater than 45 degrees (shown as
0 degrees in Fig. 4.11 B), the rendering will no longer be perceived as a
pure inertia [40]. The frequency at which the phase distortion exceeds
45 degrees is referred to as the rendering bandwidth [53, 54]. It follows
from this analysis that high frequency actuator’s position saturation can
adversely affect the perceived rendering (i.e. output impedance) and the
rendering stability. As such, the high frequency actuator’s range of motion
(i.e. position saturation threshold) must be carefully considered in any
implementation of a series admittance actuated system.
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Figure 4.11: A) Block Diagram representing the output impedance in
relation to the acceleration of the system including the humans disturbance
and position saturation of the high frequency actuator. B) Impedance
frequency responses of the system plotted across amplitudes of motion
that are determined to be stable (show less than 90 degrees of phase loss
from high frequency actuator saturation).
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4.6 Conclusion
Our series admittance actuation approach brings the position control
bandwidth needed to render lower masses to admittance controlled haptic
devices. Our series admittance actuation approach does so through a
frequency partitioned position error between two different actuators which
are connected in series. The actuation approach also enables stable haptic
renderings over a wide range of frequencies as well as more accurate
haptic renderings at lower frequencies as well. Our actuation approach
allows for a simple control structure as well as a simple mechanical design
in comparison to other actuation approaches with the same goal. We
see a 50% reduction in the minimum mass that can be rendered by an
admittance controlled haptic device using our actuation approach due to
the increase in position control bandwidth. Future work would include a
more representative one-degree of freedom testbed and a deeper analysis
to understand the benefits and limitations of this approach. A Multi degree
of freedom test setup would also allow us to explore the scalability of our
proposed actuation approach.
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5 a series actuation approach for workspace
expansion of impedance based haptic devices

5.1 Overview
The development of high-performance haptic interfaces faces fundamental
trade-offs between workspace volume and force rendering capabilities. In
this chapter, I present a series actuation framework designed to overcome
this challenge by expanding the operational workspace of impedance-type
haptic devices while maintaining their high-fidelity rendering characteris-
tics.

Most impedance based kinesthetic haptic devices are either limited in
performance i.e. cannot produce high stiffness [55][23], or are limited in
their workspace capabilities. This limitation in workspace is often a result
of their drivetrains, which allow for an increase in the impedance that
these devices can render, but limit their workspace.Large workspace haptic
devices which are very limited in the impedences that they can render or
cannot be transparent enough in case of admittance based haptic devices.
Our goal in this chapter is to explore a potential solution to this workspace
problem through a proposed series actuation approach. We test the pro-
posed series actuation approach with two different control approaches in
this chapter and assess the stability, transparency and limitations through
experiments and pilot studies.

5.2 Introduction
Typical impedance-based haptic devices face significant limitations in
achieving both large workspaces and high-fidelity, high-impedance force
rendering. High-performance systems, such as the Phantom Premium se-
ries [56], demonstrate good force feedback capabilities (maximum torque
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values at 515 mNm and maximum force values at 37.5 N), yet remain
constrained to relatively small operational volumes (typically less than
381 x 267 x 191 mm3). This workspace limitation primarily stems from
the mechanical drivetrain configurations employed to achieve the neces-
sary torque amplification and back-drivability characteristics essential for
transparent haptic rendering [57].

Conversely, large-workspace haptic systems, including cable-driven
mechanisms [58, 59, 60] and extended serial-link manipulators [61], sac-
rifice force rendering capability to achieve broader operational ranges
or are very complex mechanically [17]. These devices typically exhibit
low rendered stiffness values, substantially limiting their ability to con-
vey rigid virtual surfaces and precise force constraints [62]. Alternative
approaches utilizing admittance-based architectures present additional
challenges, including inherent transparency limitations arising from their
device dynamics and elevated apparent inertia characteristics[63][64].

The concept of series actuation for haptic interfaces remains relatively
unexplored, with only limited preliminary investigations reported in the
literature [15][16]. Harwin et al. [15] initially proposed a dual-actuator
configuration for enhanced workspace coverage, though they propose this
approach, they fail to thoroughly explore the control limitations and haptic
performance quantitatively. To address this gap in the limited literature, we
present an investigation of series actuation strategies for high-performance
impedance-type haptic rendering. As shown in Figure 3.3, our proposed
series actuation approach attempts to expand the workspace of the primary
impedance based actuator by adding a secondary actuator at the base of
the primary i.e. any movement in the secondary actuator would move
the primary actuator as well. In the next section, I give a more detailed
explanation of the actuation and control approach.
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Figure 5.1: Actuator Configuration for Workspace Expansion through a
Series Actuation Approach

5.3 Series Actuation Approach for Workspace
Expansion

Impedance-based haptic devices excel at rendering low impedances, pro-
viding users with a sensation of free movement and low inertia interactions.
However, these devices face significant challenges when attempting to
render high impedances or stiff virtual environments. This fundamental
limitation stems from the inherent mechanical and control characteristics
of impedance-controlled systems, where the maximum achievable stiff-
ness is constrained by factors including actuator torque capacity, structural
compliance, sensor resolution, and control loop bandwidth [27, 65].

One of the most prevalent engineering solutions to address the lim-
ited force-rendering capabilities for haptic devices is the implementa-
tion of cable-driven drivetrains positioned at the actuator output. These
mechanisms provide torque multiplication, enabling the rendering of
higher impedances than would be possible with direct-drive configura-
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tions [66, 67]. The mechanical advantage gained through such transmis-
sion systems, however, introduces a significant drawback: a reduction
in the actuator’s effective workspace. Traditional gearboxes are not often
used for haptic devices due to issues with backlash and high reflected
inertia. Cables drive transmissions, which are often used for these haptic
devices, limit workspace due to limited length of the cable. It is not possi-
ble to simply increase the size of these cable transmissions as they have
issues with scaling such as, low stiffness and higher compliance intruding
more modes into the system.

The Series Actuation Approach proposed in this work directly ad-
dresses this workspace limitation through a novel architectural configura-
tion. Our method involves coupling a limited-workspace, high-performance
impedance type haptic device (hereafter referred to as the "primary ac-
tuator") in series with a large-workspace positioning system (designated
as the "secondary actuator"). This hierarchical arrangement leverages
the complementary characteristics of both subsystems to create a unified
haptic interface with expanded capabilities.

The primary actuator in our configuration is optimized for high-bandwidth
force rendering with good transparency characteristics. Typically imple-
mented as a cable-driven or direct-drive mechanism with high-resolution
encoders and precision bearings, this subsystem ensures high-fidelity
haptic rendering within its limited operational range. The mechanical
design prioritizes minimal friction, backlash, and inertia to maintain the
device’s ability to render low impedances effectively while also achieving
substantial maximum stiffness values.

Complementing this, the secondary actuator serves as a positioning
stage responsible for dynamically relocating the primary actuator’s workspace
throughout a much larger operational volume. While this secondary
system may have a lower operational bandwidth with higher output
impedance, its primary function is positional rather than haptic. The
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fundamental objective of our Series Actuation Approach is to substantially
expand the effective workspace of the primary actuator by continuously
repositioning it via the secondary actuator. This dynamic repositioning is
implemented such that the user always remains within the operational
range of the high-fidelity primary system, regardless of their position
within the expanded workspace. Critically, this configuration must main-
tain the output impedance characteristics of the primary actuator, ensuring
that the user experiences consistent haptic rendering quality throughout
the expanded workspace.

The control architecture for this series-actuated system presents unique
challenges, particularly regarding the coordination between primary and
secondary subsystems. In this investigation, we implement and evaluate
multiple control methodologies to determine optimal approaches for main-
taining rendering fidelity while enabling seamless workspace expansion.
These control strategies include position-based control schemes, where
the secondary actuator follows the primary system’s position with ap-
propriate offsets. Each control methodology presents distinct advantages
and limitations regarding stability margins, transparency metrics, and
transition smoothness between workspace regions. Through systematic
experimental evaluation and user studies, we characterize the performance
envelope of each approach and identify the most promising directions for
future refinement of series-actuated haptic interfaces. The implementation
details, experimental validation procedures, and quantitative performance
assessments of our Series Actuation Approach are presented in subsequent
sections, providing comprehensive evidence for the viability of this so-
lution to the longstanding workspace limitation problem in high-fidelity
haptic interfaces.
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Hardware Implementation

A 1 degree of freedom prototype is developed to explore different control
methods with this actuation approach. The prototype system comprises
of a primary actuator, which is a one degree of freedom impedance based
haptic device i.e. a brushed DC motor(Maxon 118783) with a 6:1 cable
drive gearhead. This primary actuator is in series with a secondary actuator
at it’s base(as shown in Figure 5.2) which is a brushed DC motor with
a 50:1 gearhead. This secondary actuator has a high output impedance
and acts as a servo. Both actuators have rotary encoders on them and are
controlled using a Speedgoat FPGA system and the control loops run at a
frequency of 1000 Hz.

Figure 5.2: Prototype Actuator using Series Actuation scheme to expand
actuator workspace
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Proposed Control Approaches

The naive approach to this problem is to just have a position controller on
the secondary motor that follows the position of the primary motor. We
implemented this approach using a lead controller on the secondary motor
as shown in Figure 5.3. Ideally, if a high bandwidth position controller was
available, this simple approach should work for expanding the workspace;
however, in practice it performs poorly because of actuator saturation in
the secondary motor, making this method unsuitable for quick movements
that need rapid acceleration and deceleration which leads to significant
tracking errors causing frequent ’wiggles’ during fast transitions.

Figure 5.3: Block Diagram of Naive Controller Implementation for sec-
ondary actuator

Harwin and colleagues, in their work with the "Flying Phantom" at
the University of Reading, used a PD controller with a deadzone to re-
duce unnecessary movements of the secondary actuator to achieve "high-
bandwidth, low impedance interaction over the full range of horizontal
movement". The Flying Phantom attached a Phantom Premium haptic de-
vice to a larger positioning system to expand the workspace while keeping
the high-quality force feedback capabilities of the primary device aiming
to provide both large movement area and good haptic feedback.

We tried Harwin’s approach, but found a major problem: the quick
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accelerations and decelerations of the secondary motor caused notice-
able jerks at the end effector that reduced the quality of force rendering.
These mechanical jerks were especially problematic when switching be-
tween stopped and moving states, creating unwanted force artifacts that
worsened the haptic experience. We tried to fix these issues by adding
velocity feedforward components as suggested in Harwin’s approach
to compensate for velocity-related forces and improve tracking, but our
testing showed that these changes still produced poor rendering quality,
particularly when simulating free-space environments where minimal
resistance is important.

To solve these problems, we developed a different control strategy
using an optimal control framework. We implemented a Linear Quadratic
Regulator (LQR) controller designed to track both the velocity and position
of the primary actuator, as shown in Figure 5.4. Through testing, we found
that a weighting ratio of 2:1 for velocity to position tracking provided
the best balance between position accuracy and smooth motion blending
precise positioning with smooth velocity control. We carefully tuned the
controller gains to prevent the secondary actuator from saturating while
maximizing tracking performance, which significantly improved haptic
quality across the expanded workspace.

For all our tests, we kept the control approach for the primary actua-
tor the same across all secondary controller implementations to ensure
fair comparison and isolate the effects of the secondary control design.
This consistency allowed us to directly compare each approach based on
transparency, stability, and overall user experience.

5.4 Performance Evaluation
Impedance-based haptic devices are very good at rendering low resistance
and free-space motion, but struggle when rendering high stiffness. This
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Figure 5.4: Block Diagram of LQR Approach Implementation on the Sec-
ondary Actuator

guided how we tested our system. We focused on two main performance
metrics. First, we measured the maximum stable stiffness that our com-
bined system could render compared to using just the primary actuator.
This shows whether expanding the workspace reduces the device’s ability
to simulate rigid objects. We tested both coupled stability (when a user
is interacting with the device) and uncoupled stability (when the device
operates on its own). Second, we examined how well the system simulates
free-space motion with minimal resistance. This is important for making
movements feel natural across the expanded workspace, especially dur-
ing large and fast movements. By comparing these metrics between the
standalone primary actuator and our series-actuated setup (with both
naive and LQR control approaches), we could directly assess whether our
approach maintains the original device’s performance while providing a
larger workspace.

For any automated tests to evaluate our series actuation approach, we
use a modified version of the test setup as described earlier (see Figure
5.5). A force torque sensor is added as shown below and the test device
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has been modified to interface with our haptic device. The test device
is used as a position source to give inputs to our Series Actuated haptic
device.

Figure 5.5: External position source for validation and testing of haptic
devices

Maximum Stable Stiffness

The most conservative stability test for impedance-based haptic devices is
uncoupled stability—when no user is touching the device. We tested this
by programming a stiffness into the device and then disturbing it to see if it
returns to a stable position or starts oscillating. We did this for three setups:
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the primary actuator alone, the series actuation with naive control, and
the series actuation with LQR control. Our results showed an interesting
pattern. The LQR control approach had the highest maximum stable
stiffness (853 mNm/rad), followed by the naive approach (195 mNm/rad),
and lastly the standalone primary actuator (130 mNm/rad). We then

Primary Actuator Naive Approach

LQR Approach

0

200

400

600

800

1000

St
iff

ne
ss

 (i
n 

m
N

m
/r

ad
)

Figure 5.6: Maximum Stable Stiffness for the Bilateral Uncoupled Stability
condition

tested the maximum stable stiffness with a user interacting with the system
by simulating a virtual wall with all three setups. Testing was done both
manually and using a Human Impedance Emulator as a consistent external
input. The emulator, shown in Figure 5.5, was fitted with a force-torque
sensor and attached to our haptic device as shown in Figure 5.9. This setup
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generated a steady pattern of positions while the haptic device rendered a
wall, allowing us to observe stability consistently. Interestingly, the results
with user interaction showed the opposite trend from our first test. The
primary actuator alone achieved the highest maximum stable stiffness
(3000 mNm/rad), followed by the naive approach (2100 mNm/rad) and
the LQR approach (1800 mNm/rad). We need to investigate further to
understand and prove why this happens, but we think it is because the
velocity feedback term from the LQR controller is adding damping to the
system.

Enhanced Stability through Time Domain Passivity
Control

To address stability limitations when rendering high-stiffness haptic walls,
we implemented a Time Domain Passivity Controller (TDPC) as a comple-
mentary control element for both the LQR and naive control approaches.
The TDPC framework continuously monitors energy exchange within
the secondary actuator subsystem and dynamically modifies control pa-
rameters to maintain passivity. As illustrated in Figure ??, the architec-
ture incorporates a passivity observer that quantifies energy flow within
the controlled system. When this observer detects negative energy read-
ings—indicating that the direction of the applied torque and the measured
velocity is different, which means controller is going unstable. In case
this detected negative energy is more than a predetermined threshold,
the passivity controller is triggered. The passivity controller, is a method
for adaptive gain scheduling. It adds the minimum amount of damping
needed by the system to dissipate the negative energy. It is equivalent to
temporarily increasing the damping term in a PID controller.

To optimize system performance across different interaction scenar-
ios, we selectively activated the TDPC only during haptic wall rendering.
We observed that continuous activation during transparency conditions
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Figure 5.7: Passivity Observer measures the energy injected into the system
at every timestep

resulted in excessive damping that compromised the secondary actua-
tor’s tracking performance, making it unacceptably sluggish for free-space
movement simulation. With TDPC integration, both control approaches
demonstrated substantially improved stability characteristics. Maximum
stable stiffness values increased to approximately 3000 mNm/rad for both
LQR and naive control implementations, as shown in Figure 5.9, approach-
ing the performance envelope of the standalone primary actuator. The
TDPC effectively stabilizes the secondary actuator during high-stiffness
wall interactions without compromising the perceived stiffness at the end-
effector. To validate that the rendered impedance remains unaffected by
the TDPC intervention, we conducted an experiment using a previously
unstable stiffness value implemented with the LQR control approach aug-
mented by TDPC. Using our external position source to systematically
excite the haptic device, we measured force-displacement characteristics.
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Figure 5.8: Passivity controller adds minimum amount of damping to the
system needed to dissipate the negative energy

As demonstrated in Figure 5.10, the virtual wall maintains its programmed
stiffness characteristics despite the additional passivity control layer, con-
firming that the stability enhancement occurs without compromising ren-
dering fidelity.

Transparency Assessment

In evaluating haptic interfaces, transparency—the ability of a device to
accurately render desired impedance characteristics across frequency
ranges—represents a critical performance metric. Impedance-type haptic
systems inherently exhibit low output impedance, making them partic-
ularly effective at simulating free-space environments with minimal re-
sistance. Since our primary actuator is an impedance-based device with
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Primary Actuator Naive Approach LQR Approach
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Figure 5.9: Maximum stable stiffness for the unilateral coupled stability
condition(haptic wall)

naturally low output impedance, our evaluation focuses on whether the
series actuation approach preserves this desirable characteristic despite
the addition of the secondary actuator subsystem.

To systematically evaluate transparency preservation, we conducted
two complementary experimental assessments. The first examination
focused on time-domain transparency characteristics. We configured the
system to render free-space conditions using three distinct configurations:
the standalone primary actuator, the naive control approach, and the LQR
control approach. An external position source generated and applied
a sinusoidal trajectory with 1 radian amplitude as a standardized input
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Figure 5.10: Time Domain data showing a haptic wall at a previously
unstable stiffness, now stabilized through Time Domain Passivity Control
without affecting wall stiffness

to the haptic device. As illustrated in Figure 5.11, all three approaches
demonstrated comparable output characteristics at the end-effector. The
residual torque observed in the time-domain response primarily originates
from mechanical friction in the drivetrain rather than from differences in
control architecture.

Our second experimental protocol examined frequency-domain trans-
parency through impedance characterization across a spectrum of input
frequencies. The external position source generated a frequency-swept
chirp signal (0.1 Hz to 15 Hz) which was applied as input to the haptic
device while rendering free-space conditions. This procedure was repli-
cated for all three control configurations. Figure 5.12 presents the resulting
frequency response data, showing minimal variation in magnitude and
phase characteristics across the three implementations. The response pro-
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Figure 5.11: Time Domain data showing the torques felt by the user in
transparency condition across approaches

file reveals damper-like behavior at lower frequencies—attributable to
drivetrain friction—transitioning to inertia-dominated characteristics at
higher frequencies, which aligns with theoretical expectations.

It is important to acknowledge certain methodological limitations
in this analysis. The relationship between input position and output
torque exhibits significant nonlinearity, as demonstrated in Figure 5.13,
where a low-frequency sinusoidal position input produces distinctly non-
sinusoidal torque output. This nonlinearity indicates that the phase data
presented in Figure 5.12 should be interpreted with caution, as phase
characteristics provide crucial insights into the qualitative feel of a haptic
device. Further refined testing and analysis will be necessary to compre-
hensively characterize transparency across the frequency spectrum.
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Figure 5.12: Impedance Frequency Response of Series Admittance Actuator
testbed showing the output impedance across approaches

Figure 5.13: Low Frequency Sine Wave position input to haptic device
showing non linearity



63

5.5 Conclusion
This chapter presented a series actuation approach to expand the workspace
of impedance-based haptic devices. Our 1-DOF prototype combined a
limited-workspace primary actuator with a larger secondary positioning
system to increase operational range while maintaining performance. Test-
ing multiple control strategies showed that the LQR approach with 2:1
velocity-to-position tracking ratio performed better than the basic position-
following method, which had tracking errors during transitions. Adding
Time Domain Passivity Control improved stability, allowing stiffness val-
ues up to 3000 mNm/rad when coupled with a user, similar to the stan-
dalone primary actuator. Time and frequency domain tests confirmed that
the series approach maintains the low-impedance characteristics of the
primary device, with minimal differences in output impedance between
configurations, especially in free-space rendering. We observed limitations
including nonlinear impedance responses and tuning challenges. More
analysis is needed to understand the conflicting stability performance be-
tween uncoupled and coupled configurations. The causes of these results
require further investigation. Future work should address these issues
and test multi-DOF implementations. Additional research could explore
adaptive control methods and user studies to evaluate performance in
complex scenarios. This approach provides a practical solution to expand
workspace in haptic interfaces without compromising rendering qual-
ity, with potential applications in simulation, teleoperation, and virtual
reality.
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6 thesis contributions

The contributions of this dissertation include theoretical frameworks, hard-
ware implementations, and experimental validation of new actuation ap-
proaches. Specifically, the key contributions include:

1. A frequency-partitioned series admittance actuation approach that
combines a high-bandwidth, low-amplitude actuator with a low-
bandwidth, large-amplitude actuator to extend rendering capability
in admittance-based systems.

2. A series actuation framework for workspace expansion in impedance-
type haptic devices that maintains rendering quality across an ex-
tended operational volume.

3. Development and evaluation of a handheld haptic device with a
bidirectional coupled input mechanism, demonstrating comparable
performance to traditional grounded interfaces in certain tasks.

4. Analytical models that characterize the stability boundaries and
performance limitations of series actuation approaches, particularly
regarding position saturation effects and their impact on system
behavior.

5. Experimental validation of the proposed approaches through sys-
tematic performance evaluation, showing improvements in metrics
including minimum stable rendered inertia, rendering bandwidth,
maximum stable stiffness, and workspace volume.

These contributions advance the state of the art in haptic actuation, pro-
viding both practical implementations and theoretical frameworks that
can guide future developments in the field.
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7 conclusions and future work

7.1 Recommended Future Work
In chapter 4, we provide a proof of concept for our series admittance
actuator through our series admittance testbed. We also evaluate the per-
formance of our actuation approach and asses some of the limitations.
However, our current testbed is limited in capability and is not representa-
tive of our vision of the series admittance actuator. The high-frequency
actuator that we use in the testbed is limited in terms of both its torque
capacity and its position control bandwidth, which limits the capability
of our actuation approach. The current high-frequency actuator does
not have position saturation limitations, which would be present in a
representative actuator. The main objective of our future work would
be to first design and build a more representative actuator with a high
frequency actuator with a more representative force/torque capability as
well as a higher position control bandwidth. A possible choice for this
high-frequency actuator may be a piezo stack, which is known to have
high force capabilities and high position control bandwidths but low am-
plitudes. The choices for the high-frequency actuator, however, need to be
thoroughly explored with a thoughtful and analytical approach to what we
need the capabilities of the high-frequency actuator to be. An option that
we could explore would be to design a high frequency actuator by picking
a high frequency, high amplitude and low torque actuator and adding a
custom designed cable driven gearhead to it, in case an appropriate option
cannot be found for the high frequency actuator.

The next steps would naturally involve using the new one degree of
freedom testbed to test the capability of the actuation approach in the
context of haptics. In our work so far, we have only considered render-
ing inertia for simplicity; however, rendering a combination of springs,
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masses, and dampers and performing tests like the impedance frequency
response or stability analysis would provide insight into the working of
our approach. The effect of saturation of the high-frequency actuator
would also be interesting to observe. A better analytical understanding
of our approach may also be part of the future work which is aided by
the new testbed. We may test more complicated position controllers like
observer based LQR control which may provide benefits and improve the
performance of our actuator. We also want to explore using the series
admittance actuator for force control which would make it more relevant
for physical human robot interaction. This would be a natural choice of
application as force control would also benefit from the increased position
control bandwidth that our approach provides. Again, building a new
one-degree-of-freedom actuator would allow us to show the true benefits
and limitations of our series admittance actuation approach; it would
allow us to perform more representative tests, gain a better understanding
of our approach, and be an important contribution as well.

Another obvious avenue to explore would be multi degree of freedom
implementations of this approach. There may be phenomena that are may
be more apparent when implementing this actuation configuration for
multi DOF systems.

In chapter 5, we do some preliminary experimental research into a
series actuation configuration for Workspace expansion, however, more
work needs to be done, both analytical and experimental. Analytical
models will help understand exactly why the dynamic system behaves this
way. Wide-band haptic actuation, integrating kinesthetic and vibrotactile
actuation into one combined actuator might be a avenue to explore that
could extend this approach.
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a layer jammers in a simulated environment soft
haptic (s.e.s.h.) glove

While the main dissertation focuses on series actuation for improving
traditional haptic devices, this appendix explores an alternative approach
to haptic feedback that shares the goal of enhancing force rendering capa-
bilities. The haptics field needs wearable devices that can provide varied
impedances and transition between high transparency and high stiffness.
These devices are useful in VR/AR and telerobotics applications where
compact size and body conformity matter. This appendix examines layer
jamming technology from soft robotics as an approach for creating variable-
stiffness haptic interfaces. Unlike the series actuation methods in the main
text, which address limitations in rigid haptic devices, layer jamming uses
controllable friction between stacked layers to achieve variable stiffness
without complex mechanisms. This approach offers advantages including
flexibility, low weight, simpler manufacturing, and better body confor-
mity. This appendix describes the design and testing of layer jamming
elements in a soft haptic glove. We analyze how design parameters affect
jamming force and establish guidelines for predictable performance. This
work shows how soft robotics principles can address haptic rendering
challenges through different methods than those presented in the main
dissertation.

A.1 Overview
The field of haptics is constantly seeking better wearable kinesthetic haptic
devices. Devices that can render a wider range of impedances and transi-
tion from high transparency to high stiffnesses while also being compliant.
Such kinesthetic haptic devices are desirable for VR/AR as well as teler-
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obotic systems. We draw inspiration from the field of soft robotics and
present a layer jamming based approach to wearable haptic devices. In
this chapter, we explore vacuum-based layer jammers, characterize their
jamming force versus key characteristics, and explore the design rules reg-
ulating their performance. We present a theoretical analysis, comparing
the behavior of our layer jammers to results from classical beam theory,
and we select one motif from which to build a demonstration device. We
present a haptic glove consisting of layer jammers that provide kinesthetic
haptic feedback. We demonstrate our proposed soft haptic glove through
a Unity-based virtual environment, in which a user can grasp objects
through our jamming glove which resists user motion.

A.2 Introduction
Wearable kinesthetic haptic devices have been used in various human-
robot interaction applications. Many kinesthetic haptic devices are at-
tached to a fixed point in the environment (i.e. grounded) [68] to apply
forces to a user. Recently, wearable devices have emerged that are attached
only to a user (ungrounded) [69]. Ungrounded devices, such as haptic
gloves, provide sensory feedback either to individual fingers or to the
hand as a whole (gripping/vibrating) but cannot provide ground force re-
sistance (e.g., simulating pushing against a wall) as they are not mounted
to a grounding surface. These devices have found use in teleoperation [70]
and medical rehabilitation [71]. Using haptic devices for virtual reality
[72] is especially promising.

Within these haptic devices, the method of actuation has proven crucial
to performance and effectiveness. An early haptic device, SPIDAR-MF
[73] used DC Servo Motors, which can have safety risks, complex design
or form factor, and low transparency (the ability to be deflected with low
force when not actuated so the device appears “transparent” to a user).
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Other examples include magnetorheological fluid [74] and pneumatic
pistons [75] which have controllable force but suffer from large system
volume. Other approaches explore hydraulic artificial muscles [76] and
dielectric elastomers [77] which offer creative approaches towards actua-
tion, but drawbacks include electrical safety, high cost, and difficulty of
fabrication. Another approach is using actively controlled brakes which
can provide resistive loads in both grounded [78] and ungrounded de-
vices [79, 80]. Typically, devices with passive actuators such as brakes
have a high inertia and low transparency or need to use complex control
methods to compensate for the non-linearities of the brake.

The emerging field of soft robotics presents potential options for actu-
ation, braking, and sensing in wearable haptics. Soft robots can be built
from intrinsically soft materials such as low-modulus elastomers [81] or
from traditional materials in novel form factors to exhibit overall flexible
behavior [82]. We utilize the former approach in this work (Fig. A.1).

This field gives us actuators that can provide resistive loads while also
having a low reflected inertia. One compelling technology for haptics is
jamming, in which a media of discrete components moves freely within
an enclosed membrane, but “jams” in place when exposed to vacuum.
Jamming media can be categorized into zero-, one-, and two-dimensional
systems. Zero-dimensional jammers contain granular media (approximat-
ing zero dimensional points). When the enclosing membrane is pressed
against an object, the grains freely displace, conforming to the shape of the
object [83]. When vacuum is applied, the granular media is “jammed”,
locking the object in its grasp until vacuum is released. One-dimensional
jammers contain a bundle of flexible but inextensible fibers aligned length-
wise. The enclosed bundle of fibers is able to bend freely, wrapping around
objects [84]. Vacuum jamming locks the fibers in place, yielding a high-
modulus rod of the desired shape. Two-dimensional jammers, as de-
veloped in our 2017 work [85] and in Narang’s 2018 work [86], contain
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Figure A.1: The Simulated Environment Soft Haptics (S.E.S.H.) glove
prototype featuring five layer jammers mounted to the palm side of a work
glove.

Figure A.2: Illustration of layer jamming: (A) Without vacuum applied,
the layers can slide freely relative to one another; (B) With vacuum applied,
the atmospheric pressure creates normal force between layers, causing
frictional coupling.

flexible sheets. In these systems, stacked layers of 2D sheets such as paper
or fabric (Fig. A.2A) are able to bend and slide relative to one another
before they are jammed in place (Fig. A.2B) upon exposure to vacuum.

In all of these systems, a low-modulus system deforms to a desired
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shape, then is jammed via exposure to vacuum, resulting in an increase
in impedance. Jamming systems can be used in robotic grippers to cause
force closure [83], in soft robots to vary modulus in actuators, and in
wearable devices to simulate virtual environments [87]. There has been
work with soft robotic gloves for virtual reality medical applications [88],
and teleoperation [89]. Joint impedance with layer jamming has been in-
vestigated [87] but quantitative analysis of underlying variables governing
performance has yet to be undertaken. We present a layer jammer, char-
acterizing key variables and exploring the design rules governing their
performance. We use this jammer in a demonstration of a Simulated Envi-
ronment Soft Haptic (S.E.S.H.) glove. We believe that this work provides
a foundation for robust predictive design to obtain desired performance
in future VR/AR haptic devices.

There is a need in the wearable haptics community for a new method
of force reflection, which allows the user to immerse themselves in a new
reality without the use of complex, bulky, expensive brake systems.

We present a characterization of layer jammers and a design for a haptic
feedback glove that can simulate environments as a demonstration of these
jammers.

The key contributions of our work are as follows:

• Systematic analysis of design rules governing layer jamming for
haptics, relating these rules to first principles found in beam theory.

• Characterization of the jammers for parameters: braking force, free
space rendering transparency and effect of wear on braking force,
and development of a system to measure these parameters.

• Demonstration of a jammer design and fabrication method using
readily available, low-cost components yielding a range of jammers
with predictable performance.
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Figure A.3: Close-up of a single layer jammer showing the stacked sheets
of paper enclosed in PVC membrane with vacuum tubing connection.

• Demonstration of a prototype haptic glove integrated with a virtual
reality simulation.

A.3 Method
The SESH glove consists of a modified work-glove, instrumented with five
jammers and one bend sensor. The system uses an Arduino microcon-
troller to communicate with a Unity-based virtual environment. Layer
jammers are a lightweight and low-cost way to achieve a soft brake, well
suited for force reflection in haptic devices (Fig. A.3).

The jammer presented in this work can be fabricated of simple materials
in under ten minutes at a cost of less than 20 cents. Printer paper was
selected as it provides a high ratio of jammed to unjammed slipping force.
Materials with higher friction (sand paper) retain friction force even when
no vacuum is applied, reducing transparency. 1 mil PVC is selected as it
shows little resistance to force. Both materials are inexpensive and readily
available.
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Jammer Design

The following steps describe our fabrication method for our 40-sheet jam-
mer, with sheets of 104 mm × 30 mm. Other configurations described in
this work were fabricated using a similar procedure.

Assembly Procedure

1. Cut 40 sheets of 20 lb. printer paper (Boise Inc. Boise ID, USA) to
104 mm by 30 mm.

2. Cut two sheets of PVC thermoplastic (1 mil shrink-wrap bag) large
enough to enclose the sheets in step 1 (∼115 mm × 40 mm) and place
the paper sheets between the sized PVC sheets.

3. With a film sealer (Yeler PFS-100, Runyii, China), seal the long edges
and one short edge of the assembly from step b.

4. Instrument the remaining open edge with 3 mm OD tubing. Seal the
edge with a silicone gasket of Ecoflex 00-30 (Smooth-On, Macungie
PA. USA). Sandwich the assembly between two layers of acrylic and
screw together with M2 screws.

Without external pressure applied to the jammer, there is little fric-
tion between the sheets, thus they move freely relative to one another
(Fig. A.2A), allowing the jammer to bend with little resistance, similar to a
40-sheet magazine. When vacuum is applied to the jammer, the sheets are
pressed against one another from outside atmospheric air pressure. The
pressure creates a normal force between the sheets (Fig. A.2B), making
the jammer appear stiff under external load.

During jamming, external load causes little deformation of the stiff
jammer (Fig. A.4A) as the individual sheets resist slip due to frictional
coupling (F < Fslip) where F is as shown in Fig. ??, and Fslip is the force
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Figure A.4: Jammer mechanics: (A) With vacuum applied and external
load below the slipping threshold, the jammer maintains rigidity; (B)
When external load exceeds the slipping threshold, the layers slip relative
to one another.

required to overcome friction, causing the pages to slip relative to one an-
other. When the applied load is sufficiently large to overcome the frictional
coupling (F = Fslip), the sheets inside the jammer will slip (Fig. A.4B)
relative to one another.

Variables used in analysis of jammer mechanics: F is the applied force,
L is the distance from the base, b is the width, and h is the thickness of
the jammer. We call this transition the slipping point of a jammer. In this
state, the layers slip to a new stiff state and will remain in that state until a
new force causes frictional slip or until vacuum is released. Using classic
Euler-Bernoulli beam theory from mechanics of materials, we explore the
contributions that system parameters have on the slipping point, using
variables as shown:

σslip =
mc

I
(A.1)

Where σslip is the point at which slip occurs, and c is the distance from
the neutral axis. For a rectangular cross section:

c =
h

2 (A.2)

Moment at the base due to a force F is:
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m = F× L (A.3)

And for a rectangular cross section, second moment of inertia is:

I =
bh3

12 (A.4)

Combining Eq. (1), Eq. (2), Eq. (3), and Eq. (4):

Fslip =
σslipbh

2

6L (A.5)

Where σslip is determined by the friction properties between layers,
and vacuum applied.

Jammer Testing

To validate the correlation between our jammers and beam theory, we
performed an experimental investigation using a testing assembly shown
in Fig. A.5. This assembly contained a vertical translation stage, (item 1 in
Fig. A.5), with a clamp to hold a jammer. This jammer (item 2 in Fig. A.5)
was translated onto a scale (item 4 in Fig. A.5) which was used to measure
Fslip.

Test 1

We evaluated jammers with sheet counts from 20 sheets to 50 sheets, each
104 mm by 30 mm, to evaluate the effect of sheet count (similar to h in
eq. 5). We evaluated each jammer in its jammed state (vacuum applied)
to determine Fslip. In order to evaluate transparency (the reflected inertia
when no vacuum is applied) we evaluated each actuator in a free (no
vacuum state). We evaluated quantity three of each jammer using the
following procedure:



76

Figure A.5: Experimental setup for jammer testing: (1) Vertical translation
stage, (2) Jammer in clamp, (3) Obstacle on scale, (4) Digital scale for
measuring force.

Test Procedure

1. If the jammer is new, apply vacuum, apply force F until slip occurs.
Release vacuum and repeat this procedure ten times as break-in
cycles.

2. With vacuum applied, lower the jammer onto the obstacle until slip.
Record this value (Fslip) from the scale.

3. Raise the jammer. Release vacuum. Re-apply vacuum.
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4. Perform the lowering and raising procedure described above three
times for each jammer in each configuration.

Test 2

We evaluated the effect of width (b in eq. 5) on slipping force of jammers.
In this evaluation, we used jammers with 40 sheets, 104 mm by b mm,
varying b from 20 mm to 45 mm. For each of these evaluations, we tested
three jammers of each configuration and tested each three times using the
procedure described above.

Test 3

We evaluated distance from the base of the jammer (L in Eq. 5) using
jammers with 40 sheets of 154 mm by 30 mm. Rather than fabricate
jammers of various lengths, we used the same configuration for each and
varied the point of load application (L = 50 mm, 100 mm, and 150 mm).
This method was selected as we believe that it is likely that jammers will
have loads applied in regions other than at the distal tip. We evaluated
three jammers in each point of application and tested each three times
using the procedure described above.

Test 4

To evaluate the effect that vacuum level has on slip force, (anticipated
to be proportional to σslip in eq. 5), we evaluated three jammers, with
40 sheets of 104 mm by 30 mm, varying vacuum from -80 kPa to -20 kPa
(gauge). We tested each using the test procedure described above.

Test 5

To test repeatability, we tested a jammer using the procedure described
above for twenty cycles to find the relationship between cycle count and
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slip force. Jammer performance varied during the first eight cycles. Thus,
we determined that ten “break in” cycles were required prior to use. This
is the point at which a crease is formed in the individual sheets of the
jammer, ensuring repeatable results.

Glove Design

We developed a simulated environment soft haptics (S.E.S.H.) glove to
demonstrate layer jammers’ capabilities in a variety of applications. This
glove was to take advantage of relationships discovered to allow a user to
feel a computer-generated environment. We defined our design guidelines
as shown in Table A.1.

Table A.1: Design Rules

Design Rules For
Jammers

Description

Gesture Recogni-
tion

Sensing the motion of
fingers

Transparency Friction and interior
force should be less
than the user’s detection
threshold on force mag-
nitude.

Force Reflection Apply resistant force on
fingers sufficiently large
to simulate stiff objects
(4N)

Wearability The method of mounting
the glove to the user’s
hand

The SESH glove (Fig. A.1) consisted of five jammers (each with 40
sheets of 30 mm × 104 mm) mounted to custom attachment hardware and
sewn to a glove. The mounting hardware in the palm of the glove consisted
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of an acrylic plate which houses the jammer bases, allowing pivotal rotation
for the thumb. This plate mounting style allows the jammers to act as
cantilevers with jamming direction in the plane of actuation of each finger.
A flex sensor (Adafruit, New York, NY. USA) is sewn to the dorsal surface
of the glove’s index finger to track finger flexion.

The flex sensor is connected to an Arduino Uno microcontroller, which
is connected to custom software to interpret sensor data (Fig. A.6). The
software is connected to a vacuum regulator which applies vacuum on
demand to emulate resistance in gripping. The glove uses palm-mounted
layer-jammers connected to the vacuum regulator to reflect resistant force
to simulate objects.

To simulate an environment, the SESH glove is connected to a computer
program which allows the user to see the simulated environment that they
are feeling with the glove. To create this program, we used Unity 2024 game
engine (Unity Technologies, San Francisco, CA. USA) to develop custom
software which receives data from the integrated sensor on the glove and
visualizes it to a hand model. As shown in Fig. A.7, the animation shows
the user navigating the environment that the glove is reproducing (See
supplementary video).

Glove Testing

For evaluation, the S.E.S.H. glove was instrumented with a force transducer
(Force Sensitive Resistor, Interlink Electronics, Camarillo, CA. USA) at the
distal end of the index finger, between the glove and the wearer’s finger.
This allowed us to measure the force between the distal tip of the index
finger and the jammer. Vacuum was applied to the jammer, the wearer
flexed the index finger, and force required for slip was measured. This
procedure was conducted twelve times.
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Figure A.6: System diagram of the SESH glove: Flex sensor data is pro-
cessed by the Arduino, which controls the vacuum regulator based on
Unity environment interactions.

A.4 Results

Analyzing Jammers

Using the processes described in Methods, results are presented (Fig. A.8)
showing the effects of varying parameters of jammers. The trend line for
sheet count vs slip force (Fig. A.8A) is second order. As Fslip is expected
to increase with the square of thickness (eq. 5), correlating with beam
theory. Unjammed slip force is also presented in Fig. A.8A and does not
rise above 0.2 N for any configuration tested. This yields a transparency
ratio (Fslip for jammed/unjammed) from 2× for ten sheets for 28.4× for
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Figure A.7: Screenshot of the Unity virtual environment showing a user
interacting with virtual objects using the SESH glove.

fifty sheets.
Initial cycle testing on new (never used) jammers had a higher slip force

than those that had undergone numerous cycles. Our testing demonstrated
that slip force decreased for eight cycles, then remained relatively constant
(Fig. A.9). Thus, we conducted ten “break in” cycles prior to experimenting
with any jammers. During break in, a physical crease has been formed in
the papers in the layer jammer.

Analyzing Glove

The force sensing resistor test yielded slip force of 3.96 N ± 0.5 N. With
44 sheets at 104 mm × 30 mm, This is within 3% of the 3.86 N predicted
by the second order trendline and is highlighted in Fig. A.8A with a red
square and range bar.
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Figure A.8: Results of parameter testing: (A) Effect of sheet count on
slip force showing quadratic relationship; (B) Effect of jammer width on
slip force; (C) Effect of load application point on slip force; (D) Effect of
vacuum level on slip force.

A.5 Discussion
We have presented a vacuum based layer-jammer as well as a layer jam-
ming gripper for use in haptic devices. We characterized the jammers,
analyzing the effect of design parameters (Sheet count, width, length,
and vacuum gauge pressure) on overall slip force (max force that can be
applied prior to jammer slipping). Using the resulting device, we pre-
sented a Simulated Environment Soft Haptic (S.E.S.H.) glove and used it
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Figure A.9: Effect of repeated cycling on jammer slip force, showing initial
decrease over the first eight cycles before stabilizing.

in a Unity 2024 based virtual reality environment, simulating grabbing a
ball. The jammers provided four Newtons of blocking force in the finger-
sized configurations tested. When vacuum was released, force dropped
to near zero, for realistic transparency. Maximum slip force Fslip can be
adjusted by varying the key parameters evaluated. This work enables
future jammers to be designed with quantitative metrics known a-priori,
varying parameters during the design stage to yield devices with desired
performance characteristics. Future work will be needed to character-
ize other materials in jamming (using jamming layers of other materials
such as fabric, polyimide or other plastics, or paper with different surface
properties), and multi-dimensional actuation (for out-of-plane actuation).
These jammers also have the potential to provide non discrete levels of
stiffness by combining multiple jammers into one actuator and varying the
pressure levels of vacuum. Further exploration of these jammers in this
context will pave the way to make these jammers an attractive option for a
soft haptic actuator. These jammers provide a low-cost, low-impedance
actuator option for compliant and wearable haptic devices.
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b effects of synchronous movement on human
trust in robots

Robot-human trust is becoming an important concern as robots become
integrated into human spaces. We tested a method grounded in psycholog-
ical theory to increase human-robot trust—synchronous motion. Human
participants completed a goal-oriented ball-moving task with a robotic arm
to sound cues that were synchronous or asynchronous with the robot’s
pacing. Participants were instructed to follow sound cues without infor-
mation about synchrony. We found that participants in the synchrony
condition trusted the robot to complete a new task that was comparable to
the task they completed, significantly more than the asynchrony condition.
However, this effect did not extend to harder tasks. The participants in the
synchrony condition also believed that the robot had more influence on
the outcomes of the new task compared to the asynchrony condition. On
average, participants’ trust increased with the robotic arm after completing
the task, regardless of condition. We report findings from a thematic anal-
ysis that demonstrate that participants in the synchrony condition found
synchrony to be beneficial, while participants in the asynchrony condition
found it cognitively taxing to be out-of-sync. Results from this work may
be used to improve human-robot interactions in various contexts.

B.1 Introduction
Robots are becoming more common in industrial settings, restaurants,
homes, educational institutions, and healthcare. However, because hu-
mans lack a complete understanding of how robots function, they may be
unsure about the utility of robots in joint action tasks. As humans learn the
behaviors of robots, they may develop greater trust in them and a greater
understanding of how robots can collaborate with humans. Research in
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Figure B.1: Experimental setup for the human-robot ball-moving task.
The image shows a Kinova Mico 6-DOF robotic arm positioned between a
stand with colored balls (left) and a shared collection box (right). During
the experiment, participants stood opposite the robot and moved toy balls
from their stand into the shared box while listening to timed sound cues.
In the synchrony condition, participants and the robot moved balls at the
same speed, while in the asynchrony condition, they moved at different
speeds. This setup was designed to investigate how movement synchrony
between humans and robots influences trust and risk-taking behavior in
human-robot interaction.
computer science, psychology, and engineering has explored different
strategies for improving trust in non-human agents, such as personifica-
tion [90], increasing the predictability of behavior [91], and improving
safety through computer vision [92]. These methods often require inten-
sive developments to the robotic system or require a human-like robot
with a face or body. We tested a new method based in psychological theory
to increase human-robot trust that has not been well examined, and that
may be more scalable, namely, motor synchrony.

Extant research shows that when people move in synchrony—moving
in the same rhythm and in the same way—it increases trust [93], liking
[94], connection [95], and predictability [96] of the other person’s move-
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ment. The causal impacts of synchrony have been well documented, from
children swinging together on a swing [97], to people tapping their fingers
in unison [98]. The benefits of synchronous movement on trust have not
been well established in human-robot collaborations. We examined the
effects of synchronous versus asynchronous movement in human-robot
interaction and made the following predictions. 1. Synchronous move-
ment with a robotic arm will increase trust in the robot and robotics in
general. 2. Increased trust will transfer to a new task that involves risk.

B.2 Related Works

Human-Human Synchrony

Humans have engaged in activities that involve synchronous movement
across time, culture, and environment. Synchrony occurs naturally when
people dance, engage in religious ritual, walk or swing in unison, and
march in protest. The ubiquity of this practice has led many researchers
to examine the beneficial effects of synchrony, especially on processes
of social connection [99]. In 1912, Émile Durkheim originally proposed
that shared group activities, like synchrony, create a “collective efferves-
cence” that leads individuals to feel united in their emotions [100]. Indeed,
Wiltermuth and Heath [101] found that both motor and vocal synchrony
increased cooperation, cohesion, and trust within small groups. In sev-
eral dyad and small group studies, researchers found that synchronized
bodily movement increased measures of prosocial attitudes and behaviors
[102, 103], feelings of affiliation [98], social bonding [104], cooperation
[105], increased social cohesion [94], feelings of closeness and liking [95],
and trust [93, 106] toward group members. Notably, human interpersonal
synchrony has been shown to increase trust in a virtual interaction, and
with a virtual agent [93, 106]. We predict that similar effects occur in
human-robot interactions.
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Human-Robot Synchrony

Several past studies have examined human robot synchronous action
[107]; however, none have adequately examined the causal effects of syn-
chronous versus asynchronous action on trust. Hasnain and colleagues
programmed a Nao robot to either move its arm at a fixed oscillatory
frequency without adapting to a human participant or to adapt such that
it moved in synchrony with the participant’s arm [108]. They found that
when entrainment was uni-directional (meaning that the participant could
fall into synchrony with the robot, but the robot moved at a fixed pace),
participants adapted their movement to be synchronous with the robot

Control 
Group

Experimental 
Group

≈ 12 Days

Asynchronous

Synchronous

Survey 1 Survey 2 Survey 3
and

Interview
Computer Task

Figure B.2: Experimental design flowchart for the human-robot synchrony
study. The diagram illustrates the experimental procedure beginning with
an initial survey, followed by an approximately 12-day interval before lab
participation. Participants were randomly assigned to either the asyn-
chrony condition (performing asynchronous movements with the robot,
indicated by a negative emotion icon) or the synchrony condition (per-
forming synchronous movements with the robot, indicated by a positive
emotion icon). After the interaction task, participants completed a second
survey, followed by a computer-based risk assessment task involving mon-
etary decisions, and concluded with a final survey and interview. This
design allowed for measurement of how movement synchrony affects trust
development in human-robot interactions.
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[108]. In bi-directional interactions, they found that participants came
into synchrony with the robot more easily, and the robot and human’s
movement met halfway between their original frequencies [108]. Over-
all, their work and other studies found that participants have a natural
inclination to synchronize even with no instruction to do so [109].

In another study, Michalowski and colleagues programmed a small
robot with a cute appearance to move rhythmically to external sound in a
public space [110]. Their qualitative results revealed that more children
danced with the robot when it was moving synchronously to music than
when it was not [110]. Their quantitative results were not significant but
trended in the same direction [110]. Further, in several studies, Marin
and colleagues demonstrated that human participants coordinated their
movements to robots uni-directionally, particularly the more human-like
and less industrial they were [111]. Mörtl and colleagues programmed a
robotic arm to move synchronously with human participants and found
qualitative evidence of a pleasant experience, although they did not test
the causal effects of synchrony on human perceptions [112].

In studies testing the causal effects of synchrony, participants viewed
videos of interactions between a human actor and a service robot that
either moved synchronously in the direction of the actor’s movements,
moved in the opposite direction, or did not move at all [113]. They found
that participants felt closer to the robot and liked it more in the synchrony
condition, followed by the opposite movement condition, and finally the
no movement condition (Lehmann, 2015). In another causal study, a robot
adapted its movement to be coordinated with a human participant or
remained at a constant speed; participants preferred to work with the
robot that coordinated its movements to the human [114].

These results reveal that in various ways, human synchronous interac-
tions with robots are similar to synchrony in human-human interactions
(i.e., automatic and pleasant). However, there is a gap in understanding
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the causal impact of synchrony on trust in human-robot interactions. We
tested whether synchronous action in human-robot pairs resulted in pos-
itive outcomes as has been found in human-human pairs. Specifically,
we examined whether synchronous action compared to asynchronous
action increased trust in a robotic arm. We deliberately chose asynchrony
as a valid control for two reasons. 1) We were interested in industrial or
teamwork settings where a robot (or cobot) and human would move to-
gether to complete a goal-oriented task which eliminates a “no movement”
condition. 2) In settings where robots are completing complex tasks, they
often do not move at one constant speed and a variable speed may be
perceived as more natural, which eliminates a “constant speed” condition.

B.3 Method

Participants

We recruited 32 students from a large university via flyers and emails to
participate in a human-robot interaction study. The final sample included
29 participants with 41% identifying as White, 24% as East Asian, 10%
as South Asian, 7% as Latiné, 7% multiracial, and the remaining 11% as
Black, Arab American, and Puerto Rican. 62% identified as women, 34.5%
as men, and 3.5% as non-binary. 72% of the sample were undergraduate
students, and 28% were graduate students. The mean age was 21 (18 - 35,
SD = 4.32).

Study Design

Quantitative

We conducted a mixed design experiment with two conditions (syn-
chronous and asynchronous). Trust was measured at two time points—be-
fore and after a ball-moving task—allowing for between-group and within-
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group comparisons. Statistical analyses included repeated measures ANOVA
to examine within-subject effects and independent samples t-tests to com-
pare between-group differences.

Qualitative

Interview and free-response survey data were used to conduct a thematic
analysis using the standard six-step approach and applying inductive
coding [115, 116].

Experimental Procedure

Participants were screened to confirm no extensive experience with robots.
After prescreening, they received Survey 1 via email and completed it from
home via Qualtrics (see GitHub repository). The survey assessed their
past experience with robots (adapted from Sanders and colleagues [117]),
propensity to take risks (α = .92), (General Risk Propensity Scale; [118]),
self-confidence (α = .82), [119]), trust in robotic technology (α = .86)
(adapted from the Propensity to trust Technology Scale [120]), baseline
trust in robotic arms (α = .80) (adapted from the Generalized Attitudes
Towards Robots Scale or GAToRS [121]) and demographics. After an
average of 12 days (min = 7, max = 32), participants came into the lab to
complete the experiment. A time delay was used to prevent participants
from learning the aims of the study. Participants were randomly assigned
to the synchrony and asynchrony conditions.

Participants in both conditions were instructed to stand across from a
Kinova robotic arm, which was situated on a large desk (see Fig. 1). Toy
balls were placed on a stand to the right of the robot and a second stand
was placed to the left of the participant. A long, shared box was placed
on the other side of the robotic arm and the participant. The robot used
was a 6 - DOF Kinova Mico co-bot arm and was programmed using ROS
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to pick and place toy balls from a platform on the left of the arm to the
shared box.

Participants took part in a brief training protocol in which they were
instructed to listen to sound cues which directed them to move nine toy
balls one by one, from the stand into the shared box. Their movements
were designed to match the programmed movements of the robotic arm in
form; however, participants were not told this. Participants were told that
they would hear their own sound cues which would direct their timing,
and the robotic arm would receive it’s own sound cues. Participants in the
asynchrony condition moved each of the nine toy balls at a different speed
than the robotic arm. Participants in the synchrony condition moved toy
balls at the same speed as the robotic arm. One sound file was created
for each group. The sound file used for the asynchrony condition was the
same as the sound file used for the synchrony condition except that the
sound cues for each ball were made to be in a different order to make the
movements with the robotic arm out-of-sync (see GitHub repository for
video demonstration). Participants were recorded during the task. All
other components of the study were the same for both groups.

After completing the ball-moving task with the robotic arm, partic-
ipants completed Survey 2, which measured the following constructs:
adapted version of the Trust of Automated Systems Test or TOAST (α =
.78), [122], adapted version of the Multi-Dimensional Measure of Trust or
MDMT (α = .90), [123], adapted version of The Robotic Social Attribute
Scale or ROSAS (α = .64), [124], the GAToRs (α = .84), [121], and other
measures (see GitHub repository for full survey).

Participants then engaged in a computer task that measured their
willingness to risk money based on their trust in the robotic arm’s success
on a task. Participants were told that the robotic arm previously completed
additional ball-moving tasks that were categorized as easy, medium, or
hard. Easy tasks resembled the ball-moving task they performed with the
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robot. Medium tasks were categorized as containing two physical obstacles
in the robotic arm’s path of movement and hard, three obstacles (see Demo
on GitHub). Participants were presented with six choices ranging from
0% trust to 100% and 30 trials (10 of each difficulty). Participants were
given feedback on trial 9 that the robotic arm succeeded at a hard task and
feedback at trial 18 that the robotic arm failed at a hard task. Feedback was
given to assess trust recovery after failure. Following the computer task,
participants answered questions about how synchronous they believed
they were with the robotic arm in the ball-moving task (α= .95), how much
they enjoyed the task (α = .89), and various questions about who or what
they believed influenced or controlled the success of the robot. Synchrony
questions were asked to confirm that our intervention was successful for
participants in the synchrony, but not the asynchrony condition. Because
synchrony tends to be more enjoyable than asynchrony [98], participants
were asked how much they enjoyed the ball-moving task.
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Figure B.3: A: The relationship between condition and the amount of
influence participants believed the robotic arm had on the outcome of the
computer task. B: The relationship between condition and the amount of
trust participants had in the robotic arm to succeed during the computer
task. C: Mean scores on GAToRS (trust scale) before and after completing
the ball-moving task. Error bars correspond to ± 1 standard error of the
point estimate for the slope of the regression line. Data points are jittered
along the x-axis to enhance visibility.
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Qualitative Procedure

Finally, participants were interviewed about their impressions of the robot,
the robot’s speed, the experiment overall, working with the robot, how
they made decisions in the computer task, and what they thought the
study was about (see GitHub repository). The thematic analysis was
informed by a background in social psychology and research in human
synchronous interactions. Data familiarization included conducting in-
terviews with participants, transcribing their verbal comments, and two
weeks of reading through and annotating transcripts. Subsequently, codes
and candidate themes were generated and visualized in spreadsheets.
We computed the frequency of keywords and phrases to help visualize
patterns of difference across the synchrony and asynchrony conditions.
Themes were reviewed and an abbreviated report of the findings is pro-
vided. None of the participants believed the experiment tested synchrony,
despite how frequently participants discussed being in or out of syn-
chrony with the robotic arm. Code and survey materials are available at
https://github.com/MarjiMi/robot_synchrony

B.4 Results

Quantitative Analyses

Assumption and Manipulation Checks

Before testing our predictions, we confirmed that there was no significant
difference in trust between the synchrony and asynchrony conditions in
Survey 1 (before the experiment began). Likewise, groups did not differ
significantly in confidence in themselves, risk taking tendency, and enjoy-
ment of the experimental task. Further, we tested the effectiveness of our
experimental manipulation and found that participants in the synchrony
condition (m = 4.24, sd = 1.29) believed they were moving in synchrony

https://github.com/MarjiMi/robot_synchrony
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with the robot significantly more than participants in the asynchrony
condition (m = 2.4, sd = 1.33).

Generalized Trust

When examining generalized trust (GAToRS), participants in the syn-
chrony condition did not indicate higher trust in the robot compared to
those in the asynchrony condition, following the ball-moving task. Fur-
ther, conditions did not differ significantly in their increased trust in the
robot following the ball-moving task. When examining all participants,
we found a significant increase in generalized trust after the ball-moving
task, regardless of condition (b = .30, SE = .14, t(28) = 2.185, p = .037)
(see Figure 3C).

Behavioral Trust

In the computer task, participants in the synchrony condition rated easy
obstacles with significantly more trust (m = 5, sd = 0) than the asynchrony
condition (m = 4.82, sd = .32) (before feedback about success and failure
was given) (b = .18, SE = .08, t(26) = 2.162, p = .04) (see Figure 3A).
However, we note that the data show significant ceiling effects, which
may have reduced the strength of the effect. All other computer task
trust model tests were not significant, although they were in the predicted
direction. That is, participants in the synchrony condition trusted the
robot more than those in the asynchrony condition in the computer task,
but not significantly.

Robot Influence

Participants in the synchrony condition believed that the robotic arm
had significantly more influence on the outcome of the computer task
compared to the asynchrony condition (b = 1.45, SE = .56, t(26) = 2.575, p
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= .015) (see Figure 3B). Further, participants in the synchrony condition
believed that the outcome of the computer task was due to the robotic arm
more than the asynchrony condition; however, the effect did not reach
significance (b = 1.07, SE = .59, t(26) = 1.796, p = .084).

Qualitative Analyses

The thematic analysis resulted in three themes related to synchronous or
asynchronous, goal-oriented, human interactions with a robotic arm (see
Table 1).

Synchrony creates a positive experience

participants in the synchrony condition described the interaction positively
when in sync with the robot. They described synchronous interactions
with the robot as “comfortable” and “natural” and connected the idea
of teamwork to a synchronous interaction much more frequently than in
the asynchrony condition. However, some participants noticed that the
synchronous interaction was uni-directional which made one participant
feel less connected to the robot stating: "I didn’t feel connected to the arm…I
don’t think it was following me but only what it was pre-programed to
do" - P42 (synchrony).

Asynchrony is cognitively taxing

participants in the asynchrony condition sometimes described the robot’s
pacing as distracting or as creating uncertainty about their own movements.
Because participants were instructed to follow a specific pace signaled
to them audibly, they may have experienced heightened cognitive load
when paying attention to the robotic arm’s different pacing, and their own
pacing. One participant noted, "It was sometimes faster and slower than
me, which was not cool" - P15 (asynchrony).
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Non-human capabilities matter

participants in both conditions referred to the robotic arm’s capabilities
both by comparing it to a human’s capabilities or by noting that they
needed to adjust their movement to accommodate the robot’s inability
to match their pace (uni-directional synchrony). Despite there being no
instruction or need to synchronize to complete the task, participants in
the synchrony condition described a desire to adjust to the robotic arm’s
pace to enhance synchrony.

Other themes not directly related to synchrony included an overall
fascination about the robot with many calling the experience cool and
interesting. A few participants also described the interaction as weird,
or that it created a sense of weariness about whether the task would end
successfully. However, many noted that this feeling decreased and they
felt better over time as the robot successfully completed the task. This
result maps onto quantitative findings which revealed that on average, all
participants’ trust in the robot increased after the task.

B.5 Discussion
We tested the effects of human-robot synchronous action compared to
asynchronous action in a ball-moving task. Participants also rated their
trust level in the robot’s ability to complete a task similar to the one they
just performed (easy), as well as medium and hard tasks with financial
rewards at risk. Participants in the synchrony condition trusted the robotic
arm to complete comparable tasks more than the asynchrony condition.
However, this effect did not transfer to medium or hard tasks. This suggests
that synchrony narrowly increases trust in a robotic teammate for the
specific task at hand rather than new tasks that may be more challenging.
Future research may examine if synchrony improves trust in robots to
complete different tasks of similar difficulty.
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We found that participants trusted the robotic arm more after complet-
ing the ball-moving task compared to before (regardless of condition).
This suggests that mere exposure to successful teamwork tasks with a
robotic arm improves trust, while synchrony may narrowly enhance that
effect.

Participants in the synchrony condition also believed the robotic arm
had more influence over the outcome of the easy, medium, and hard tasks
compared to the asynchrony condition. We outline three potential reasons
for this effect that should be explored in future research. 1) It is possible
that synchrony makes the robotic arm appear more influential or in con-
trol because the experience feels more seamless. That is, the participant
can rely on the actions of the robot to complete the task and avoid the
increased cognitive load of asynchronous movement. 2) Synchrony leads
to increased connection with one’s synchronous partner. This may create
the perception that the robot has more agency, as a human would, over
the outcome. 3) Finally, participants in the synchrony condition may have
attended to the robotic arm more closely, leading to an increased aware-
ness of its movements and the belief that the robot influenced the outcome
of the tasks.

Our thematic analysis resulted in the theme that synchrony creates a
positive experience, while asynchrony is cognitively taxing. Synchrony
appeared to signal teamwork and comfort while asynchrony felt like a
distraction or led participant’s to be unsure about their own actions. The
teamwork task generally led participants to consider the robot’s human
and non-human features. They considered the unique capabilities that the
robot has, while noticing its limitations. In the synchrony condition, some
participants felt the need to adjust their movements to be more precisely
in sync with the robot despite no directive to do so. Although participants
were directed to follow the pacing of sound cues only, they felt it was more
useful to match the robot’s pace versus only following the sound cues.
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Synchrony appeared to signal teamwork which participants may have felt
was beneficial for completing the task.

Limitations & Future Work

This research has limitations. The robotic arm did not actively synchro-
nize with the human participant, leading some participants to adapt to
the robot’s capabilities. The robot’s movements were slower than natural
human movement and as a result, some participants stated that they felt
robotic or stiff. There may be benefits to embodying robot movement for
connection and trust with a robot; however, it will be important for future
research to examine bi-directional synchronous human-robot movement
at a natural human speed. This work may disentangle the confound of hu-
mans adapting to the robot’s movements during synchronous interaction.
Further, participants rated their trust in the robot to complete new actions
via a virtual computer task. Future research may engage participants in a
real follow-up task where participants can witness errors. Live errors may
intensify changes in participant’s trust in the robot.

Design Implications

Our findings can be applied to cobot-worker interactions in factories,
wheelchair mounted robotic arms, service robots, and educational robot
tutors. Simple and quick synchrony interventions may improve human-
robot introductions to potentially support trust and comfortability.
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Themes Sub-
categories

Quotes

Synchrony
creates a
positive

experience

Synchrony
feels com-
fortable

"Same speed and timing as me so I felt com-
fortable with it." - P60 (synchrony)

Synchrony
signals
teamwork

"if I was moving too fast I tried to slow down
to work as a team rather than us moving as
two separate people or things." - P39 (syn-
chrony)

Asynchrony
is

cognitively
taxing

Asynchrony
is a distrac-
tion

"The robotic arm feels like a distraction for
me while I’m moving the balls." - P37 (asyn-
chrony)

Asynchrony
creates un-
certainty

"The speed of the robot made me self con-
scious like why are you doing it faster or
slower." - P55 (asynchrony)

Non-
human

capabilities
matter

Robot vs
human
capabilities

"My arm started to hurt a bit and I was think-
ing about how robots don’t have to worry
about that." - P45 (asynchrony) "Definitely
on the slower side and would have been nice
if it moved more to a human pace." - P46
(synchrony)

Adjusting
to the
robot’s
ability

"I felt like I was going too fast at some points
so I started slowing down to stay at the
robots pace. I felt, working as a team, I had
more control over my pace and so I made
more effort to stay at the robots pace than it
should have to make to speed up to match
me." - P39 (synchrony)

Table B.1: Themes and example quotes generated from a thematic analysis.
Participants were interviewed about their experiences working with the
robotic arm.
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