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Assistive technology (AT) design is critical in enabling functionality for people with disabilities, blending 
essential elements of both practical utility and user experience. Traditionally, AT has successfully addressed 
core functional needs, such as enabling cursor movement and clicking actions with devices like computer 
mice. However, a comprehensive approach to AT design also necessitates a thorough consideration of sensory 
feedback, including tactile sensations, ergonomics, and auditory cues like button click sounds. These aspects 
are not merely supplementary but are integral to the device’s functionality, enhancing user interaction and 
long-term comfort, especially for individuals with motor impairments. In this work, we present MouseClicker, 
a mechatronic AT to surrogate physical agency over a computer mouse and to foster the haptic sensory 
experience of clicking on it tailored specifically for an individual with Spinal Muscular Atrophy (SMA) who 
faces challenges in using a standard mouse due to severe hand motor impairments. Our design aims at 
replicating the holistic experience of clicking a mouse, from its functional mechanical actions to its nuanced 
tactile and auditory feedback. This work details the MouseClicker’s design and reports on an exploratory 
user study aimed at identifying optimal vibrotactile feedback parameters – such as location, and intensity 
– that represent mouse button clicks. MouseClicker presents a step forward in AT design by integrating the 
functionality, sensory feedback, and the overall experience of taking control over non-AT devices. 
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1 INTRODUCTION 

The World Health Organization (WHO) defines Assistive Technology (AT) as technology that “en- 
ables and promotes inclusion and participation,” primarily through the design of tools that can 

“improve an individual’s functioning and independence.” This is usually interpreted to mean func- 
tional inclusion vs holistic inclusion, i.e., consideration is made for what a tool can “do” and not 
for what a tool “is” Newell [ 2003 ], despite the WHO mandate to be holistically inclusive. 

For people with hand motor impairments, a number of devices have been developed to interact 
with computers such as mouth and tongue controllers and joysticks [Krishnamurthy and Gho- 
vanloo 2006 ; Peng and Budinger 2007 ; Quadstick 2020 ], brain-computer interfaces (BCIs) [Pires 
et al. 2012 ], eye-gaze controllers [Gips and Olivieri 1996 ; Smith and Graham 2006 ], facial expres- 
sion based input [Taheri et al. 2021a , 2021b ], and trackpads (if the person has any level of control 
over their hand muscles). While all these interaction modalities enable input functionality, none 
provide haptic feedback inherent in physical tools, such as a computer mouse or keyboard. 

Studies with users have revealed that thinking and creativity are facilitated by the tools we 
use, from the versatile pencil and paper to the more purpose-oriented computer keyboards. Psy- 
chologist Vygotsky proposed the idea that tools enhance a person’s problem-solving abilities by 

expanding their Zone of Proximal Development (ZPD) [Vygotsky and Cole 1978 ]. According to 

him, tools play a crucial role in shaping and extending human cognitive abilities. That work laid 

the foundation for understanding how tools and external aids contribute to problem-solving and 

higher-order thinking processes. To further expand upon the idea, sociologist Sherry Turkle high- 
lighted the significance of objects in providing a sense of materiality, embodiment, and connection 

to the physical world [Turkle 2011 ]. She further suggested that physical objects, such as pencils, 
can engage our senses and enable deep thinking, reflection, and imaginative exploration, offering 

sensory richness and a tangible presence that digital technologies often lack. Continuing the dis- 
course on the importance of tangibility, designer Don Norman contended that physical objects can 

shape and influence human cognition and problem-solving [Norman 2013 ]. His work, particularly 

the book The Design of Everyday Things , showcased the impact of physical object design on the 
way we think and interact with the world. 

In addition to psychologists and designers highlighting the role of objects in problem-solving 

and thought construction, artists and musicians, like pianists, also stress the significance of touch 

in creating and playing music—a sensation that on-screen pianos frequently fail to reproduce. 
Similarly, computer keyboard enthusiasts wax poetic about the sound, travel, and tactile feedback 

of mechanical keyboards, and how their hands glide over the keys for effortless input. The same 
cannot be said of on-screen keyboards, often the dominant input option for people with hand motor 
impairments. Social scientist Howard Gardner talks about the impact of the tactile sensation of his 
fingers on keys, noting the soothing influence of typing, which he finds to be more significant than 

the satisfaction derived from creating well-written content. If presented with the choice, he would 

choose to use the keyboard rather than bypass it to directly transmit thoughts from his mind to 

the computer [Gardner and Davis 2013 ]. 
Ideas from psychology and design, emphasizing the significance of physical objects, provide the 

foundation for our work, which draws inspiration from their insights to focus on integrating tac- 
tile sensations into the design of ATs. Building the inclusive input device presented in this work 

began with a conversation about input methods with our co-designer, Taheri. Taheri is a gradu- 
ate engineering student with spinal muscular atrophy (SMA) who relies exclusively on a single 
functional thumb to interact with an on-screen keyboard using a touchpad. Beyond the need for 
an effective input method, met by her on-screen keyboard, Taheri expressed the desire for tactile 
sensation and a sense of “physical” connection with the input device. In particular, she cited the 
example of a computer mouse, saying that despite being able to use a mouse with her touchpad 
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Fig. 1. Left: Side view of the MouseClicker device showing the microprocessor, lever mechanism, vibrotac- 
tile haptic interface, and base of the MouseClicker. Right Top: shows Taheri using the MouseClicker. Right 
Bottom: The vibration motors attached to Taheri’s fingers for providing haptic feedback corresponding to 
the mouse clicks. 

she had no idea what using an actual computer mouse felt like. Our ongoing conversations with 

Taheri revealed a broader desire for the tactile experience of using physical tools like keyboards 
and musical instruments. While their virtual counterparts are accessible and functional - such as 
on-screen keyboards and digital music production software like GarageBand - the physical sen- 
sation offered by those tools was missing for Taheri. Her feeling of exclusion from the authentic 
experience of using a physical object highlights a critical gap in current AT designs, which typ- 
ically prioritize functionality over the holistic experience of using an object [Turkle 2011 ]. This 
presented us with both a challenge and an opportunity to investigate the integration of other sen- 
sory modalities—such as touch and sound—into an input device, with the aim of creating a more 
inclusive experience for Taheri. 

In this work, we present MouseClicker, an input method co-designed with Taheri, that enables 85 
physical agency over a computer mouse and provides the tactile sensation of clicking it (Figure 1 ). 
Our initial design for recreating the computer mouse experience was based on prior approaches 
that emphasize the importance of direct interaction in the design process [Kim et al. 2014 ]. These 
approaches suggest that direct interaction is often desirable as it allows for a more efficient and 

comfortable experience. Based on this, we began with an orthoprosthetic glove, emphasizing direct 
interaction between the user and the device to provide tactile feedback at the point of interaction. 
However, upon further investigation, we recognized three serious drawbacks to this approach 

for Taheri. Our primary concern was the substantial expense associated with developing an ex- 
oskeleton. Our work’s objective centers around making our design open-source, allowing others 
to recreate it inexpensively in their own homes. Furthermore, a publicly available orthoprosthetic 
glove might not accommodate various hand sizes and shapes, as it would be specifically tailored for 
Taheri. Lastly, while the orthoprosthetic or exoskeleton solution would allow using the mouse di- 
rectly by externally controlling Taheri’s fingers to click the mouse buttons, it inadvertently risked 

diminishing her thumb control due to the mechanics involved in the glove design. Given the pri- 
ority to maintain Taheri’s existing level of thumb functionality, we (including Taheri) deemed this 
tradeoff to be unacceptable. This insight prompted a shift in our design approach from direct to 

decoupled interaction. 
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Unlike assistive input devices that often require the design of entirely new devices to repli- 
cate a desired functionality, our prototype leverages the standard computer mouse to recreate the 
tactile sensations and provide a physical representation of the user’s actions, which is missing 

in digital-only options. This approach not only allows us to capitalize on the existing function- 
ality of commonly available input devices, but it also helps ensure affordability and simplicity, 
presenting a novel pathway toward holistic inclusion in AT design. It is known that the sense 
of touch can augment any interaction method, where haptic feedback serves as a complemen- 
tary communication channel to other senses such as vision and hearing [Hwang et al. 2001 ]. 
Nevertheless, while vibrotactile feedback is significant for interaction design, not much atten- 
tion has been given to this modality as an accessibility feature for individuals with hand motor 
impairments. 

MouseClicker integrates tactile feedback corresponding to each mouse click. To test our de- 
coupled interaction and tactile feedback, we performed a user study to understand the range and 

location of tactile feedback that most effectively simulates the sensation of clicking the left and 

right mouse buttons for Taheri. By conducting a study with individuals without hand motor im- 
pairments and Taheri who has a hand motor impairment, our objective was to ensure that the 
haptic feedback design is grounded in a universally recognizable standard, enhancing its potential 
efficacy for all users, including those with motor impairments. This methodological choice stems 
from prior work in AT design [Ammar and Taileb 2017 ; Fitzgerald et al. 2009 ; Markow et al. 2010 ]. 
We provide details in the study design section (Section 6 ). 

As with other AT designs, our work is tailored to suit the unique needs of one individual. How- 
ever, our hope is that the tactile parameters learned through our study are generalizable, and can 

be integrated with other forms of hands-free computer input methods. 
Our main contributions are as follows: 

—A proof-of-concept prototype that is collaboratively designed with and tested by Taheri 
who has severe hand motor impairments due to a progressive neuromuscular disease. 

—A user study with 10 participants without motor impairments along with Taheri, aimed at 
comparing Taheri’s haptic perception with the rest of the participants’ responses, with a 
focus on mechanoreceptor functionality, and testing location and intensity of vibrotactile 
feedback, as well as sound representing physical mouse clicks. 

—Appropriation of a computer mouse to demonstrate our vision of holistic inclusion (func- 
tional + sensory) through the integration of multimodal feedback for the design of an AT 

input device. 

Our interpretation of holistic inclusion recognizes that the way we engage with technology goes 
beyond mere functionality. It considers the sensory aspects, aesthetics, and emotional connection 

to an object, acknowledging that these elements greatly impact user experience and overall satis- 
faction. By incorporating a more holistic approach that balances functionality and sensory expe- 
riences, we believe AT design created by modifying existing devices has the potential to leverage 
familiarity, promote sustainability, and democratize worldwide access. 

2 BACKGROUND 

Using a mouse for a person without a hand motor impairment involves physically moving the 
mouse (proprioceptive and kinesthetic feedback), which causes a cursor to move on the screen 

(functional feedback), and/or clicking one of the buttons to invoke an action (visual, haptic and 

aural feedback). The multimodal feedback enables a user to establish the link between their in- 

tention of clicking a mouse button by moving the mouse cursor, the action of pressing the mouse 
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button, and the evaluation of their action by hearing the click sound, feeling the button press down, 
and seeing the resulting outcome on screen. The link established between the haptic feedback and 

the click is coherent as the site of action and feedback received is in the same localized appendage 
(and sensory modality) for a person without a disability. However, for someone with hand motor 
impairments, when the intention is exercised through another input modality such as facial ex- 
pression or gaze, and feedback is received on the hand—this relationship changes and is no longer 
analogous. In this scenario, the third-party (either human or machine performing input) needs to: 
(1) acknowledge the user’s intention , (2) have the physical ability to perform the action or an equiv- 
alent, (3) recognize when the action is taken successfully, and (4) provide some form of feedback 

to the user in order for them to evaluate success or failure. 
This raises an interesting question: “can the decoupled haptic feedback serve as a comple- 

mentary communication channel for scenarios where the sites of action and feedback are not the 
same?” Answering this question can help us understand whether and how to integrate haptic feed- 
back in the design of AT devices for people with hand motor impairments. Our current work is a 
first step toward answering this question by integrating haptic feedback that corresponds to input 
and establishing the feedback parameters for Taheri, knowing that for some people with neuro- 
muscular diseases, tactile sensations are also affected [van der Linden et al. 2010 ] and therefore a 
baseline of vibrotactile sensations may need to be established for each user. 

3 RELATED WORK 

In recent years, AT researchers have explored computer input devices extensively, to help individ- 
uals with mobility impairment due to diseases including SMA, quadriplegia, muscular dystrophy 

(MD), locked-in syndrome, amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), cerebral 
palsy (CP), and spinal cord injuries [Pinheiro et al. 2011 ]. The main challenge to design and build 

assistive computer-human interfaces is that the proposed devices need to accommodate the special 
needs of the target individual. Unique personal characteristics and preferences have a significant 
impact on the kind of sensors that can be used [Tarng et al. 1997 ], as well as on the actuators 
and their placement, even though the resulting device may provide the same functionality across 
different users. The design of an AT device necessitates maximizing information flow while simul- 
taneously minimizing the physical and mental effort of the end user [Abascal 2008 ]. Consequently, 
the majority of current AT techniques for people with motor impairments rely on the collection 

of signals from different parts of the body, such as the tongue, brain, or muscles which are often 

under the individual’s voluntary control. 
In this section, we provide a brief overview of prior work related to input devices for individuals 

with motor impairments and vibrotactile feedback provided by assistive devices. 

3.1 Assistive Input Techniques for Individuals with Motor Impairments 

There is a need for hands-free input devices for users with severe hand motor impairments. Brain- 
Computer Interfaces (BCIs), eye tracking, tongue-based interfaces, and voice input have been ex- 
plored in prior work. BCIs have been used for brain-to-text communication [Willett et al. 2021 ] 
and hands-free wheelchair control [Singla et al. 2014 ] have enabled interaction with computers 
and movement without assistance, empowering individuals with paralysis or motor impairments. 
There are two main types of BCI systems: (1) non-invasive approaches that predominantly use 
electroencephalography (EEG) data, which is analyzed and deciphered using signal processing 

and machine learning methods [Birbaumer et al. 1999 ; McFarland et al. 2008 ; Vidal 1973 ; Wolpaw 

et al. 2002 ], and (2) invasive methods that involve brain surgery to implant an electronic port phys- 
ically connected to the brain anatomy. However, invasive BCI techniques are usually inaccessible 
outside of research labs [O’Doherty et al. 2011 ]. Recent research has shown significant advances in 
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BCI. For example, a novel hybrid EEG-based BCI system that merges motor imagery with P300 sig- 
nals has been developed for efficient 2D cursor movement and target selection [Long et al. 2011 ]. 
Another framework utilizes EEG signals to control operating system functionalities [Gannouni 
et al. 2022 ]. Performance comparison of a non-invasive P300-based BCI mouse to a head-mouse 
for people with spinal cord injuries revealed that the P300-BCI mouse offered a promising alter- 
native for users with severe motor impairments, showing potential for everyday use [Gannouni 
et al. 2022 ]. There is also a growing number of EEG-enabled BCI devices for consumers. Emotiv, 1 

Advanced Brain Monitoring, 2 and Muse 3 are some commercial devices that allow integration of 
various brain signals into a single headset for use in daily life, even though the limitations pre- 
clude continuous wearing for extended periods of time necessary for interaction with computers. 
Despite extensive research in BCIs for over four decades, most BCI devices are limited in their use 
because of challenges related to EEG signals being highly susceptible to noise both from the user 
and their environment. 

Voice input has been the subject of considerable research and development as a hands-free input 
technique. For voice-based interaction, sounds are converted into digital instructions [Dai et al. 
2003 ; Harada et al. 2009 ; Igarashi and Hughes 2001 ; Polacek et al. 2011 ; Rosenblatt et al. 2018 ], 
whether they are speech or non-speech sounds (e.g., whistling, humming, or hissing) [Bilmes et al. 
2005 ; Harada et al. 2006 ]. Most speech-based methods have been trained on speech by native speak- 
ers of a language, making it challenging for the system to recognize accented speech [Metallinou 

and Cheng 2014 ; Ping 2008 ]. Notable advancements include the Voice Controlled Mouse Pointer 
(VCMP), which uses voice commands for cursor movement and operating system functions, of- 
fering accessibility for people with disabilities without requiring a user’s voice database [Kaki 
2013 ]. Another innovation is a voice-controlled cursor for point-and-click tasks using non-verbal 
sounds, demonstrating higher accuracy and user preference over traditional spoken digit recog- 
nition methods [Chanjaradwichai et al. 2010 ]. A recent technique combining eye tracking and 

voice recognition enables laptop operation for those with physical challenges, using cameras for 
eye movement tracking and converting speech into commands [Kalyanakumar et al. 2023 ]. These 
developments illustrate the ongoing progress in voice-based input technologies, enhancing the 
interaction experience for users with various needs. However, in order for either of these voice- 
based methods to be effective, a relatively quiet environment is often necessary, since ambient 
noise can have an undesired impact on their performance, though that is improving with ambient 
noise canceling methods. In individuals with neuromuscular diseases, speech clarity can be sig- 
nificantly affected by compromised tongue muscle function, influencing the usage of voice-based 

systems [Kooi-van Es et al. 2023 ]. Additionally, these systems may struggle to reliably recognize 
varying accents, potentially leading to user frustration. 

Eye gaze tracking has been extensively explored as an input modality. An eye gaze tracking 

system works by detecting, tracing, and mapping the movements of the user’s eyes to the controls 
on a computer screen, first demonstrated by Jacob [ 1991 ] in 1991. Following their work, AT experts 
have studied eye gaze tracking in more detail to minimize the errors associated with this kind of 
method and increase performance [Adjouadi et al. 2004 ; Deepika and Murugesan 2015 ; Rajanna 
and Hammond 2018 ; Sesin et al. 2008 ]. It has been noted that using this type of interaction method 

over a prolonged period of time can cause headaches [Liossi et al. 2014 ]. The slower speed of 
input, lower accuracy, and the need to wear a device, all make it challenging for prolonged use as 
a primary input method. 

1 Emotiv: https://w w w.emotiv.com/ 
2 Advanced Brain Monitoring: https://w w w.advancedbrainmonitoring.com/ 
3 Muse: https://choosemuse.com/ 
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Another area of exploration has been Tongue-Computer Interfaces (TCIs). TCIs use sensors 
mounted on the tongue to measure movement and pressure [Wakumoto et al. 1998 ]. These types 
of systems have been used to help perform various tasks. For instance, the Tongue-Drive Sys- 
tem (TDS), capable of generating 9 distinct signals [Chu et al. 2018 ], has been used for operating 

computers [Kong et al. 2019 ], managing a hand exoskeleton with one degree of movement con- 
trol [Ostadabbas et al. 2016 ], and controlling a power wheelchair [Huo et al. 2008 ]. The Induc- 
tive Tongue-Computer Interface (ITCI), which Struijk initially introduced [Struijk 2006 ], offers 18 
command signals [Andreasen Struijk et al. 2017 ]. It has been employed as a control interface for 
multiple applications. The Itongue ®, 4 a commercial variant of the ITCI, enables users to oper- 
ate personal computers and power wheelchairs. ITCI’s performance has been tested on the indi- 
viduals with and without disabilities through various tasks such as typing [Caltenco et al. 2014 ; 
N. S. Andreasen Struijk et al. 2017 ] cursor control on a computer [Caltenco et al. 2014 ; Mohammadi 
et al. 2019 ], and managing an assistive robotic arm [Andreasen Struijk et al. 2017 ; Mohammadi et al. 
2021 ]. A significant drawback of these sensors is their placement in the mouth which can cause 
fatigue and discomfort from extended use. 

In addition to these technologies, another area that complements the spectrum of hands-free in- 
put methods is the development of head-controlled systems and Camera Mouse technology. These 
innovations specifically target individuals who, while capable of head movement, face challenges 
with hand-based interactions, thereby broadening the range of ATs available for diverse motor 
impairments. Head-controlled systems generally use a piece of equipment, like a transmitter or 
reflector, attached to the user’s head, designed to interpret the user’s head movements and map 

them into the cursor’s movements on a computer screen [Chen et al. 2003 ; Fitzgerald et al. 2009 ]. 
An additional switch often substitutes for the mouse button. The Camera Mouse uses a front- 
facing camera without the need for head attachments [Betke et al. 2002 ; Magee et al. 2011 ]. It 
tracks head movements via computer vision, translating them into on-screen cursor movements. 
Mouse clicks are enabled through a dwell-time-based customizable process. As stated earlier, these 
systems require users to have full control over their head’s movements, thus, those who are un- 
able to stabilize and control head movements may find it challenging or impossible to effectively 

use these systems [Heitger et al. 2006 ]. Lastly, there are hands-free tools and approaches de- 
signed for people who, while unable to move their heads using the aforementioned systems, still 
retain the voluntary control to move facial muscles and make facial expressions [Taheri et al. 
2021a , 2021b ]. 

The diverse range of hands-free input technologies, from BCIs to head-controlled systems, have 
expanded interaction options, including alternatives to computer mice, for individuals with severe 
motor impairments. However, there remains a need for more conventional yet adapted input de- 
vices. These devices can cater to individuals whose hand impairments may not be severe enough 

to require entirely hands-free solutions but who still face challenges with standard input meth- 
ods. For example, trackballs as an alternative to computer mice offer ease of use for those who 

have difficulty with wrist movements or grasping. They can be operated using fingers, palms, or 
even the side of the hand, providing flexibility in control methods. However, research has shown 

that the use of trackballs decreases the strain on shoulder muscles, but increases the strain on the 
wrist [Harvey and Peper 1997 ]. Another tool that can be used as an alternative to pointing devices 
is the joystick. Joysticks are typically used to assist individuals with mobility impairments operate 
their power wheelchairs, while in other contexts, they are commonly utilized as game controllers. 
However, operating a joystick requires a certain level of fine motor control and coordination. 
Some individuals may find it difficult to grasp, move, or manipulate the joystick with the precision 

4 Itongue ®: https://tks-technology.dk/produkter/#itongue 
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required due to limited motor strength, dexterity, or coordination [Aspelund et al. 2020 ; Martins 
et al. 2022 ]. In addition, typically an extra button is necessary for clicking, requiring users to al- 
ternate hand movements between the button and the knob. Touchpads or trackpads, commonly 

built into laptops, require minimal wrist movement and no need for grasping. They support basic 
gestures like tapping for clicks. However, multi-gesture actions often needed for double-clicks, 
grabbing screen elements, and so on, may not be feasible for individuals with hand motor impair- 
ments who are unable to use more than one finger. 

While all these techniques enable interaction with computers, they have their limitations of cost, 
efficiency, feedback, discomfort, and speed. To overcome some of these limitations, we designed 

MouseClicker to work with a device-free input method based on facial expression recognition 

using a common webcam [Taheri et al. 2021a , 2021b ], particularly since without the input func- 
tionality, it is challenging to demonstrate the correlated haptic feedback. This input method may 

not work for all individuals with motor impairments, but it was easy for Taheri to use as she is 
able to voluntarily control her facial muscles. 

3.2 Haptic Feedback in AT 

Haptic feedback in AT encompasses a variety of modalities, each offering unique benefits to en- 
hance user interaction. This feedback spectrum includes force feedback, tactile feedback, and vi- 
brotactile stimulation, each playing a unique role in augmenting user experience. 

Force Feedback in AT: Force feedback or direct pressure, often seen in virtual reality and reha- 
bilitation devices, offers users a tangible sense of resistance or pressure. These systems simulate 
real-world physical interactions, providing crucial sensory input that aids in motor skill recov- 
ery and spatial awareness. For instance, previous studies have shown the effectiveness of haptic 
feedback in improving finger independence and dexterity in post-stroke patients [Lin et al. 2016 ; 
Thielbar et al. 2014 ], enhancing grasp control in individuals with multiple sclerosis [Jiang et al. 
2009 ], and supporting hand rehabilitation in people with tetraplegia [Markow et al. 2010 ]. 

Texture Perception in AT: Tactile feedback encompasses a broad array of sensations, from basic 
touch to intricate textural information. This type of feedback is particularly beneficial in assistive 
devices for individuals with sensory impairments, where the tactile sensation can substitute for 
or augment visual or auditory input. Devices like tactile gloves and Braille displays are prime 
examples where tactile feedback has been revolutionary. 

Vibrotactile Feedback in AT: Within the tactile feedback category, vibrotactile stimulation 

is a widely used form. Vibration motors and piezo-actuators are commonly used to produce vi- 
brotactile stimulation. Initially popularized for mobile device alerts, vibrations notified users of 
incoming calls or messages, system states and setting changes [Brown et al. 2005 ; Kaaresoja and 

Linjama 2005 ], with rhythmic and amplitude-varied feedback. Over time, vibrotactile feedback has 
become a dominant haptic modality in VR experiences. In the realm of touchscreen devices, which 

lack inherent tactile response, vibrotactile feedback has been pivotal in emulating the sensation 

of physical buttons, enhancing text entry performance and user experience [Hoggan et al. 2008 ; 
Koskinen et al. 2008 ]. Beyond general usage, vibrotactile feedback has shown immense value in 

supporting users with various disabilities. It has been effectively employed in AT for blind or vi- 
sually impaired users, providing an alternative sensory channel, and conveying information that 
would typically be visual. This approach has been used effectively for shape recognition, reading 

enhancement through tactile representation of Braille, and navigation assistance, where tactile 
cues replace visual ones [Kaczmarek and Haase 2003 ; Sampaio et al. 2001 ; Velázquez et al. 2018 ; 
Zelek 2005 ]. Similarly, in the context of rehabilitation, vibrotactile signals have aided in improv- 
ing fine motor skills and grasp control in individuals with motor impairments [Alamri et al. 2007 ; 
Feintuch et al. 2006 ]. For individuals recovering from stroke or those with brain and spinal cord 
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injuries leading to sensorimotor impairments, vibrotactile feedback has been particularly valuable. 
It provides guided feedback for improvement and correction of movements, potentially reducing 

the need for constant supervision by therapists [Bao et al. 2018 ; Bark et al. 2014 ]. 
Our focus on vibrotactile feedback for the MouseClicker system, particularly through coin mo- 

tors, is grounded in its blend of efficacy, simplicity, widespread use, and user accessibility. The 
choice was driven by the need for a lightweight, compact, and cost-effective haptic actuator that 
had been previously widely explored, and could be easily integrated into devices. While other 
forms of tactile feedback, such as pneumatic or electromagnetic actuators, offer different bene- 
fits, vibration motors provide an optimal balance of feedback quality, device miniaturization, and 

affordability. This balance is crucial in AT, where user comfort and device accessibility are para- 
mount. Our approach aims at ensuring that MouseClicker is not only technically effective but also 

practically accessible to a wide range of users with severe motor impairments or quadriplegia. We 
plan to open-source our design with the hope that friends and family members of people with 

severe motor impairments experiment with our design and modify it as needed without incurring 

high costs typical of ATs. 

4 DESIGN PROCESS 

Most interaction technologies are designed taking into account the needs and abilities of the vast 
majority of people, i.e., approaching the problem from a one-size-fits-all perspective. AT design, 
on the other hand, is frequently centered on addressing the needs of one individual with the best 
effects seen when it is developed with and tested by the end user [Šumak et al. 2019 ]. Our de- 
velopment of MouseClicker is deeply rooted in the principles of participatory design, especially 

given the unique requirements of individuals with severe hand motor impairments. In this regard, 
Taheri played a pivotal role throughout the entire process. We followed an approach similar to that 
of Lin et al. [ 2014 ] to help build a device uniquely suited to the specific needs and desires of Taheri. 
Taheri’s participation went beyond simple consultation; she was actively involved in shaping the 
core design, functionality, and user experience of MouseClicker. 

Our iterative design cycle is shown in Figure 2 . There are three fundamental questions that we 
tried to address during this design process: (1) Does the prototype meet Taheri’s needs? (2) Does 
the prototype create a desired user experience? and (3) Is vibration a suitable method for providing 

haptic feedback corresponding to mouse clicks for Taheri? To answer these questions, Taheri was 
involved in every step — from initial brainstorming and defining requirements to participating 

in the design process at all stages as well as for all evaluation stages, i.e., (1) haptic feedback, 
(2) device functionality, and (3) full system. This is shown in Figure 2 . To establish the target 
solution, we began by identifying the requirements and hopes that Taheri had and focused on 

obtaining her insights through a series of brainstorming sessions followed by hardware prototype 
design iterations. 

4.1 Co-Designer 

Taheri is a graduate engineering student who is an individual with severe motor impairments due 
to the neuromuscular disease spinal muscular atrophy (SMA). Taheri can voluntarily control only 

one finger (right thumb) and uses a trackpad to interact with the computer (Figure 1 ). Taheri taps 
on the trackpad with her thumb to perform the left click, but she explained that in some situations, 
such as when she is tired or her hands are cold, even tapping (left click) becomes challenging and 

error-prone and requires the help of her caregiver. She is unable to perform complex keyboard 

+ mouse input combinations as they can neither press any buttons nor perform multi-gestures 
on the trackpad. Instead, her caregiver assists them in performing complex inputs, limiting her 
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Fig. 2. Design cycle of the MouseClicker system with Taheri, the co-designer, who is a graduate engineering 
student with SMA and who relies on one functional thumb to interact with an on-screen keyboard via a 
touchpad. 

ability to work independently. For right-clicking, Taheri uses additional software (PhaseExpress 5 

in combination with Macro Recorder 6 ) that has about a 1-sec lag before they see the result on the 
screen. She is unable to do a continuous click or scroll, common interactions that most take for 
granted. The bottom-right image in Figure 1 shows how Taheri’s hand needs to be placed near 
the trackpad by her caregiver to allow her to use it for typing with an on-screen keyboard. After 
discussing with Taheri and observing her interaction with the computer, it became clear that her 
needs extend beyond just having full mouse functionality. Taheri also expressed a desire for the 
sensory feedback that comes with using a physical mouse. 

5 MOUSECLICKER 

Since enabling mouse functionality was not our primary goal, we repurposed an existing mouse 
to focus on recreating the tactile sensations of using a physical mouse for Taheri. To support in- 
put, our prototype uses a hands-free control mechanism to perform common functions such as a 
single-click, double-click, and continuous press, on the left and right buttons. Facial expressions 
were chosen as the input method because they provided an easy-to-use hands-free control mech- 
anism for Taheri. Two actuators, controlled by the user’s facial expressions, physically press the 
left and right buttons to best approximate the experience of using a physical mouse (single click, 
double click, and continuous press). Vibrotactile feedback is provided on the index and middle 

5 PhaseExpress: https://w w w.phraseexpress.com/ 
6 Macro Recorder: https://w w w.macrorecorder.com/ 
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fingers (common mouse button click fingers) through two small electric motors, rather than col- 
located with the facial input (i.e., directly with the site of facial input), in order to provide a haptic 
experience analogous to the sensations most users associate with using a physical mouse. The 
decision to deliver feedback to the fingertips acknowledges that the core physical sensation of a 
mouse click centers on that tactile confirmation in the fingers. While some might expect collo- 
cated feedback, our focus was on the authenticity of the haptic sensation itself. By positioning 

the vibrotactile feedback at the index and middle fingers, we attempt to bridge the gap between 

the non-collocated input mechanism and the tactile expectations associated with using a conven- 
tional mouse. This design decision potentially delivers a more effective interpretation of the task 

as compared to collocated feedback. 

5.1 Target System Operation and Feedback 

Full control over a mouse involves moving the mouse on an XY-plane (2 axes = 2 variables,) and 

clicking the mouse (2 buttons = 2 variables). Considering that Taheri is able to control the pointer’s 
position using a trackpad independently, our design focuses on the physical button clicking, from 

both a functional and a feedback standpoint. 

5.1.1 Analysis of a Computer Mouse Button. To design a system that performs clicks , we first 
analyzed the mechanical function of a common two-button mouse. The electrical switches that 
are implemented as buttons on the mouse produce a distinctive clicking sound. Usually, they are 
Single Pole Double Throw (SPDT) switches designed with a snapping mechanism in the moving 

contact. These types of SPDT switches produce one click when pressed and another click when 

released. Both clicks are easily identifiable when performing a long-press and hold action using 

the left mouse button, such as dragging an item on the computer screen. When performing a fast 
push/release action on the mouse’s buttons (such as clicking on a link), the two-click sounds are 
often perceived as one. 

5.2 Hardware 

We appropriated a commonly available two-button mouse for our design to fulfill the user-specific 
requirements of our primary user Taheri, who helped ideate and design a solution that included 

physical actuation of a standard computer mouse. The ability to visually observe the mouse buttons 
being clicked and simultaneously feel the clicks on the fingers resonated with Taheri’s aspiration 

to avoid feeling excluded, providing her with a heightened sense of “physical” interaction with her 
input device. 

The total cost of materials for our proposed prototype is approximately $100. We believe this 
makes it an affordable assistive technology that not only provides the functionality of a mouse but 
more importantly, provides the tactile sensation of using a mouse through haptic feedback on the 
fingers. 

5.2.1 Clicking Mechanism. The clicking mechanism presents a dual mechanical design for inde- 
pendently operating the left and right mouse buttons. Each side is actuated by an all-metal-geared 

micro-servo motor coupled with the lever mechanism in a cam and follower configuration. The 
lever position and pushing force of the end effector is acquired by its closed-loop circuitry. This 
enables the clicking mechanism to click on a wide range of computer mice and it compensates for 
loose tolerance in its manufacturing (characteristics appreciated by the maker community). 

In our current prototype design (Figure 1 ), there are two main states of the device, that cor- 
respond to two servomotor-shaft positions: (a) rest, and (b) clicking (pushing the mouse button 

down), as shown in Figure 3 . The input of the lever mechanism is the shaft rotation of the ser- 
vomotor, and the output at the end-effector is the rounded tip of the lever that pushes down the 
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Fig. 3. Left: The MouseClicker device showing the two main lever/pusher positions: (a) rest, and (b) clicking. 
Right: Overview showing all the parts of the clicker mechanism. 

mouse button. This allows us to provide the user with four types of feedback: (1) vibrotactile haptic 
feedback on two fingers to create the holistic experience of using a mouse, (2) auditory feedback 

in the form of a click sound from the mouse itself, which was systematically tested in our exper- 
iments, (3) visual feedback from the mouse buttons being pressed down by the lever, and a LED 

bar-graph representing the force applied during the push, although we did not experimentally ma- 
nipulate it as the benefits of visual components in enhancing user interaction has been extensively 

documented by prior research [Spence and McDonald 2004 ], and (4) functional feedback resulting 

from actions triggered by the mouse clicks on the computer. 

5.2.2 Haptic Feedback. To provide vibrotactile feedback that could be considered a tactile rep- 
resentation of clicking a mouse, we focused on: (1) placement of the stimuli source on the body, (2) 
nature of the stimuli or the actuator, and (3) stimuli specifics, i.e., intensity, duration, and profile. 
We selected eccentric rotating mass (ERM) motors over reciprocating ones for vibration actuators 
as they are smaller and lighter. 

5.3 Software 

For functional mouse input, we wanted to use an off-the-shelf solution as that was not the fo- 
cus of our design, but a necessary requirement to match the haptic feedback. A hands-free input 
method was necessary and after discussions with Taheri, it was decided to use a webcam-based 

facial expression recognition system for input, that was easy to implement and did not require 
a wearable device needed by gaze-based or BCI input methods. To trigger the MouseClicker, we 
based our input method on work by Taheri et al. [ 2021a , 2021b ] who presented a facial expression- 
based system for allowing individuals with motor impairments to play video games. In their work, 
Facial Action Unit ( FAU ) recognition [Baltrušaitis et al. 2015 ] is provided by the OpenFace 2.0 
toolkit [Baltrusaitis et al. 2018 ], which is capable of extracting Action Units ( AUs ) from a real- 
time video feed of the user’s face. The authors mapped different combinations of the extracted AUs 
(defined as facial expressions) to actions in video games. We utilized the first part of their pipeline, 
i.e., extracting AUs from the webcam stream and combining them into facial expressions to trigger 
MouseClicker. The facial expressions were mapped onto different clicking modes (single, double, 
and continuous press) for the left and right clicks as shown in Table 1 . 

Similar to Taheri et al. [ 2021a ], we incorporate a speech recognition system using Google Cloud 

Speech API 7 to activate and deactivate the prototype. This ensures that the system does not operate 
accidentally if the user makes a facial expression without intending to click. Lastly, like Taheri 
et al. [ 2021a ], we also created a GUI to allow easy customization of the system’s sensitivity to the 
user’s facial muscle movements. Since users with motor impairments may present a wide range 
of abilities in the movement of their facial muscles, this interface can increase the adaptability of 

7 Speech-to-Text: Automatic Speech Recognition | Google Cloud: https://cloud.google.com/speech- to- text/ 
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Table 1. The Mouse Clicking Modes and Corresponding Facial Expressions 
from Taheri et al. [ 2021a ] that are Mapped to the Mouse Clicks 

Button Click Mode Facial Expression 

Left 
Single Click Disgust 
Double Click Smile 

Continuous Press Sad 

Right 
Single Click Wide Eyes 
Double Click Contempt 

Continuous Press Jaw Drop 

Taheri selected these mappings through an interface we designed to allow customizing 
MouseClicker according to personal preference. 

the proposed system beyond Taheri. The user can choose which facial expression gets mapped to 

which clicking mode on MouseClicker. A list of all the available facial expressions and clicking 

modes for each button is provided in Table 1 . The mappings shown in this table are the ones that 
Taheri felt most comfortable using, with the easiest expressions mapped to the most frequently 

used mouse clicks. 

6 EVALUATION 

Through this study, our goal is to establish a correlation between the act of clicking a mouse by 

controlling robotized levers through facial expressions and the corresponding vibrotactile feed- 
back on the index and middle fingers for Taheri. By creating this connection, we aim at providing 

Taheri with a haptic experience that confirms successful mouse clicks, allowing independent and 

reliable computer mouse interaction without the need for assistance. Our design does not attempt 
to fully replicate the proprioceptive experience of hand movements involved in using a mouse, 
but instead focuses on providing salient sensory feedback to indicate mouse clicks have been exe- 
cuted based on recognized facial expressions. Taheri’s involvement in the design process from the 
original orthoprosthetic idea to the decoupled interaction in MouseClicker, ensured that the final 
experience was something they desired. Comparing the haptic preferences of Taheri to those of 
people without hand motor impairments could help identify any differences or similarities in the 
way they perceive and respond to the haptic experience of clicking a mouse. If the preferences of 
Taheri closely align with those without hand motor impairments, it suggests that the current haptic 
feedback provided through vibrotactile means is suitable for Taheri. However, significant discrep- 
ancies might indicate a need for further refinement and personalization of the haptic feedback 

to better accommodate the unique needs and tactile sensory abilities of Taheri. By exploring this 
comparison in our study, we can gain valuable insights into the feasibility of perceptual mapping 

for haptic experiences, specifically in relation to the decoupled feedback (Section 2 ). The inclu- 
sion of visual feedback through the LED, in conjunction with vibrotactile feedback, was important 
for Taheri to confirm that mouse clicks were successfully executed based on her facial expression 

inputs. This multimodal feedback provided Taheri assurance and confidence in controlling the 
mouse independently. 

We conducted the evaluation in two parts: (1) a pilot test with Taheri and two other individ- 
uals without hand motor impairments, to set an initial input frequency working range for the 
vibration motors, and (2) a split-plot user study with three experimental variables (position of the 
motor, intensity of the vibration, and click sound) in 80 randomized experimental states conducted 

with 10 participants without hand motor impairments. We also conducted this study with Taheri. 
This study method is similar to other studies for AT design [Ammar and Taileb 2017 ; Fitzgerald 

et al. 2009 ; Markow et al. 2010 ]. A practical challenge when evaluating our AT design was the 
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Table 2. Ranges of Frequencies and Duty Cycles which Each Participant 
Chose as Representative of the Sensation Perceived when Clicking a Mouse 

Participant Frequency Duty Cycle 

Taheri 2–3 Hz 7%–10% 

U1 0.75–2 Hz 25% 

U2 1.5–3 Hz 8%–25% 

difficulty in recruiting a sufficient number of participants with hand motor impairments. These 
participants were required to be not only available and willing, but also capable of coming to cam- 
pus for an in-person study. To overcome this, we adopted a broader evaluation approach. Our 
aim was at identifying and correlating perceptions shared by individuals with and without hand 

motor impairments. This strategy can help expedite the development of ATs that incorporate hap- 
tic feedback. The first part focused on determining an initial range of vibration parameters. We 
particularly wanted to learn if the vibration was consistently identifiable, and if the left and right 
clicks were distinguishable. Lastly, we were looking for a comfortable range of vibration intensity 

for all-day use. 
For the second part, we employed a split-plot experimental design that further explored the 

outcomes from the first part. The 10-person user study was conducted to evaluate the use of ERM 

motors for providing haptic feedback and to collect the specifications that would allow the feed- 
back model to be a reliable representation of the sensation experienced when clicking a mouse. To 

this end, we needed participants who had prior experience using a computer mouse, i.e., partici- 
pants without any hand motor impairments. 

6.1 Motor Vibration Frequency Pilot Study 

We conducted an early evaluation with Taheri and two other individuals (hereafter referred to 

as U1 and U2) to heuristically determine the preferred values for vibration frequency and duty 

cycles that could mimic the sensation of a mouse click. The test equipment comprised of a wave 
signal generator (Siglent SDG 1032X), general purpose n-channel MOSFETs, a 5-volt power supply 

(Siglent SPD 303X-E), and 8mm ERM motors, i.e., coin vibrators. We applied square wave signals, 
sweeping a range of frequencies from 0.2 to 100 Hz and duty cycles ranging from 5% to 100%, 
allowing three participants (Taheri, U1, and U2) to freely explore the signals. We did not normalize 
the duration of the vibration in this test, and the participants could repeat the input signals as 
many times as they wanted. Table 2 presents the ranges of frequencies and duty cycles that each 

participant selected as representative of what it might feel like (for Taheri) or felt like for (U1 and 

U2) to click a mouse. 
The frequencies and duty cycles reflect the signal modulation settings on the function gener- 

ator, corresponding to the energized time of each vibration pulse. The vibration frequencies and 

amplitudes perceived by the participants depended on the properties of the coin motor and were 
not measured directly here. 

6.2 Split-plot Experimental Design 

This was the main experimental phase of our research, designed to test and refine the vibrotactile 
feedback in MouseClicker. The study incorporated a split-plot experimental design, encompass- 
ing three key experimental variables: (1) motor position on the finger, (2) vibration intensity, and 

(3) click sound. We explored combinations of these three variables with 8 motor positions, 5 vi- 
bration intensities, and 2 click-sounds, amounting to 80 distinct experimental states. The layout of 
the 80 experimental combinations is depicted on the left side of Figure 4 . 
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Fig. 4. Split-plot experimental design: The 80 experimental states or “events”, categorized according to three 
experimental variables: (1) the signal fed to the vibrator, (2) the position of the vibrator on the participant’s 
index or middle finger, and (3) vibration with and without a clicking sound. 

(1) Motor Position: This variable determined where on the finger the vibration motor was lo- 
cated. We explored eight distinct motor positions, with four positions each on the index 

and middle fingers (values 1 to 4 for the index finger and values 5 to 8 for the middle 
finger). Additionally, a 0 value was used for instances when participants were unsure of 
the vibration motor location or when no vibration was perceived. The specific motor po- 
sitions of interest are shown on the right side of Figure 4 . The rationale for using eight 
positions, as opposed to the two used in MouseClicker was the need to comprehensively 

evaluate the spatial acuity of haptic perception, and to go beyond just identifying feed- 
back on the two mouse-click fingers. This expanded range allowed us to explore a broader 
spectrum of motor placements, facilitating the identification of the most discernible and 

effective locations for haptic feedback. This approach not only streamlined the experimen- 
tal process by minimizing biases that could arise from relocating motors but also increased 

our understanding of how to tailor haptic interfaces to accommodate diverse user needs. 
Ultimately, the results can help provide crucial insights for developing nuanced haptic 
interfaces tailored to users with varying motor abilities. 

(2) Vibration Intensity: This variable encompassed different levels of vibration strength, al- 
lowing us to understand the most effective intensity for simulating a mouse click. We 
evaluated five levels of vibration intensity, where level 1 was a no-vibration setting 

(or zero intensity), level 2 was barely perceivable, level 3 was considered comfortable, 
level 4 was considered strong, and level 5 was uncomfortably strong and potentially 

overwhelming. 
(3) Click Sound: This variable explored the impact of the presence or absence of an auditory 

click sound by simulating the sound of a mouse click in 40 of the 80 experimental states. 

Each participant in the study was randomly presented with these 80 combinations of the three 
variables, without any repetition. The randomization without replacement was done to ensure 
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Fig. 5. Anatomy of an event: A visual description of the event that study participants encountered at each 

trial. Each event is characterized by haptic feedback in the form of vibration, created by one of the five 
electrical signals induced in one of the eight electric motors. 

that each participant’s experience and feedback were unique and unbiased, to help enhance the 
reliability of our findings. The randomized presentation also allowed us to mitigate any potential 
learning effects that might skew the results. A detailed illustration of an event, showcasing the 
varying vibration intensities, can be found in Figure 5 . The study’s depth goes beyond identifying 

which finger received feedback. It delves into pinpointing specific finger parts, which is crucial for 
tailoring effective haptic interfaces. 

6.2.1 Test Bench for User Study. The test bench comprised of 8 coin vibrators, a relay (SPDT 5- 
volt), a 5-volt supply (9-volt battery through a linear voltage regulator), and a LED, all were driven 

by general-purpose n-channel MOSFETs and an Arduino Uno connected to a laptop through the 
serial port. The LED turned on for 1650 ms in all 80 events. Given that clicking a mouse happens 
one finger at a time, one vibration source was activated per event, as shown in Figure 6 . The LED 

lit up 750ms before and after a 150ms haptic feedback period. The click sound was produced by 

the relay that was energized at the beginning of the haptic feedback period and turned off at the 
end (Figure 5 ). 

The vibration motors were positioned on the index and middle fingers at four specific locations: 
(1) Ventral Middle Phalanx (hereafter referred to as Ventral), (2) Ventral Distal Phalanx (or Finger- 
tip), (3) Dorsal Middle Phalanx (hereafter referred to as Dorsal), and (4) Dorsal Distal Phalanx (or 
Nail). The vibration intensity was controlled as pulse trains powering the coin vibrators. The test 
bench sent one of the five electrical signals at a time to one of the eight motors (four on the index 

finger and the other four on the middle finger). The five electrical signals were: “intensity 0” (or 
no vibration), “intensity 1” (duty cycle (d.c.): 10%, period: 50 ms, freq:20 Hz, cycles: 3), “intensity 

2” (d.c.: 33%, period: 15 ms, freq: 66.67 Hz cycles: 10), “intensity 3” (d.c.: 50%, period: 20 ms, freq: 
50 Hz, cycles: 7), and “intensity 4” (d.c.: 100%, period: 150 ms, freq: 6.67 Hz, cycles: 1). Notably, the 
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Fig. 6. Test bench for the user study. On the left is a participant wearing the 8 vibration motors where only 
one is activated per event; On the right are the parts of the test bench to achieve the implementation of the 
complete factorial design with, 3 experimental variables for the 80 randomized and automatized experimental 
states. 

duty cycles represent the on-state duration of the coin motors; in other words, the on-state was a 
fraction of the corresponding full period. 

6.2.2 Participants. We recruited participants who had prior experience using a computer 
mouse in order to evaluate the vibration feedback. Ten participants (3 females, age range 18–36) 
were recruited by sending e-mails to department mailing lists. Participants were asked to complete 
a pre-study questionnaire that included demographic questions and information about how fre- 
quently they use a computer mouse and what they use as their primary input method for working 

with the computer. Eight participants selected the computer mouse (either built-in or external) as 
their primary input device other than the keyboard, while the other two selected the touchpad. 
Filling out the questionnaire took less than five minutes. 

6.2.3 Experimental Trials. We conducted the study in-person at our lab. Participants provided 

informed consent prior to beginning the study. The study protocol was reviewed and approved 

by the UCSB Human Subjects Committee. Each participant took 20 minutes on average to com- 
plete the study. Before beginning the study, we attached eight coin vibrators to the participant’s 
dominant hand (4 on the index finger and 4 on the middle finger), as shown in Figure 6 . Each coin 

motor was fitted as a ring-like wearable interface. 
Participants were asked to look at the green LED on the test bench (Figure 6 ) in order to evaluate 

each event. Every time the LED turned on and off, it indicated that an event had taken place. After 
the event, we asked the participants to identify which motor vibrated and to indicate how strong 

the vibration felt on a 5-point Likert scale (1 = not at all, 5 = very strong). Participants identified 

motor location by pointing at the motor (Figure 4 ). This process was integral to understanding how 

users differentiate haptic feedback, guiding the development of more nuanced haptic systems. On 

each event, the test bench sent a signal, corresponding to one of the five intensities and to one of 
the 8 vibration motors. Half of the events produced a click sound similar to those produced by a 
computer mouse, while the other half did not. The participant answered one question regarding 

the click sounds after all 80 events. 

6.2.4 Motor Location Test with the Co-designer. We conducted the same test with Taheri as 
with the 10 participants. Taheri reported her feedback evaluation on vibration motor locations by 

speaking out aloud the number of the motor, according to the finger drawing shown in Figure 4 , 
instead of pointing it out with the other hand due to her inability to do so. Needing to remember 
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Fig. 7. 10 participants group average of the perceived intensity plotted against actual intensities for the 8 
motors, with click sound and without. 800 data points referring to vibration intensity (80 per participant). 

Fig. 8. Perceived intensity values of the 80 experimental events by Taheri, the co-designer plotted against 
the actual vibration intensities provided during the experimental trial. 

motor numbers and her locations on the fingers likely imposed some cognitive load on Taheri that 
the other participants did not experience. Evaluating the ability to identify specific motor locations 
on the fingers was essential to assess the precision of haptic perception by Taheri, a key factor in 

designing an effective MouseClicker for her. 

7 RESULTS 

The results of the experimental split-plot design are presented in a 3-variable plot, illustrating 

the motor position, the actual and perceived intensity of vibration, and the click sound. Figure 7 
shows the average outcomes from 10 participants. Meanwhile, Figure 8 presents the results of 
the study with Taheri which align with the findings from other participants. The results for the 
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group as depicted in Figure 7 show a smooth surface resembling an inclined plane. This suggests 
that the participants were able to perceive the vibration intensity values which were consistent 
with the actual experimental settings in all motor positions. It is noteworthy that these results 
were rearranged from the experimental events that were originally randomized, eliminating the 
possibility for participants to learn or compare successive intensity values. The surface plot for 
Taheri shows greater variability, as averages tend to smooth out. 

This visual representation also shows that the effect of the click sound was null or minimal, as 
there was no clear pattern related to the presence or absence of the click sound. Therefore, we 
focused our evaluation and analysis on the other two experimental variables—motor position and 

vibration intensity, disregarding the click sound variable. We found an indicator of orthogonality 

in the experimental results between location and intensity, given that they varied independently; 
that is, the accuracy of localizing the vibration varied from person to person, while the accuracy 

of classifying the vibration intensity was consistent across all participants. 

7.1 Experimental Results of the User Study: Haptic Feedback 

Overall, the experimental results for the vibration intensity showed high consistency across all 
participants. 

7.1.1 Duration of the Haptic Feedback. In line with our aim at producing a haptic experience 
that represents pressing a mouse button, we determined that the duration of the vibration should 

be similar to the duration of a mouse button being pressed. Therefore, we asked participants to click 

on a computer mouse five times, while we measured the duration of each click using an oscillo- 
scope (Siglent SDS-1204X-E) connected to the mouse. The group’s average duration of clicking was 
128 ms with a range of 74 ms to 202 ms. Given that our haptic feedback duration was 150 ms long, 
it falls within this observed range. Consequently, the vibrotactile stimuli that we used during our 
evaluation can be considered a fair and reasonable representation of clicking a computer mouse. 

7.1.2 Click Sound. The group average accuracy for localizing motors for the events with and 

without click sound was 98%. Thus, we considered the effect of the click sound to be very weak, and 

proceeded to use this experimental variable to test the participant’s self-accuracy by comparing 

the 40 events with the click sound with their corresponding 40 events without the click sound. 
The results of this test are shown in Table 3 . 

The effect of click sound was assessed after the completion of all 80 events. Participants were 
asked if they had heard any click sounds during the experiment. Among them, 9 of 10 confirmed 

hearing the sounds, with varied interpretations: (a) they did not recognize the sound until it was 
mentioned by the researcher, (b) they acknowledged hearing it but associated it with the normal 
operation of the test bench and said the sound was always there, presumably the sound was a 
consistent feature, or (c) they heard it intermittently and attributed it to the functionality of the 
motors. Only one participant reported hearing the click sound in some of the events; nevertheless, 
their accuracy was not impacted by it. 

7.1.3 Position of the Vibration Motors. A confusion matrix shows the actual motor positions 
(rows of the matrix) and the perceived motor positions (columns of the matrix). In the matrix, an 

entry on row x and column y indicates the total number of times that the vibration of a motor at 
position x was perceived at position y. Ideally, each entry on the matrix diagonal should be 8, and 

the rest should be zero, implying that each vibration motor position was correctly perceived. The 
average of all the confusion matrices for each participant is visualized as a heatmap in Figure 9 :Left. 
According to the averaged heatmap, motors on nails were detected more frequently. This suggests 
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Table 3. Given the Split-Plot Experimental Design, we Compare Each Participant’s 
Self-Consistency 

Participants Self-Consistency 

Participant Motor Position Vibration Intensity 

P1 68% 78% 

P2 78% 58% 

P3 80% 68% 

P4 63% 75% 

P5 60% 73% 

P6 63% 78% 

P7 65% 48% 

P8 55% 68% 

P9 83% 73% 

P10 93% 78% 

Taheri 70% 58% 

Grand Averages 70% 69% 

Results show that participants gave the same evaluation when encountering the same event again on aver- 
age 70% of the time referring to the motor position and 69% in relation to the vibration intensity. 

Fig. 9. A confusion matrix with the actual motor positions as rows and perceived motor positions as columns 
were built for each participant. In the matrix, each entry reflects the number of times the vibration in a motor 
position corresponding to the row was perceived at the motor position in the corresponding column. Left: 
heatmap visualization derived from taking the average of the matrices for all participants. Right: heatmap 
visualization of Taheri’s confusion matrix. 

that vibration on the fingers has a higher likelihood of being perceived as coming from the motors 
on the nails. Figure 9 :Right shows the heatmap obtained from Taheri’s feedback. The results were 
slightly different for Taheri, with the motors on the ventral side of both fingers being selected more 
frequently than the others. Subsequently, the motors on nails were the second most perceived. 

We found these results to be particularly interesting, as we had initially anticipated that the 
fingertips would be the most commonly perceived motor location due to its high concentration of 
mechanoreceptors. However, our findings indicate that despite the sensitivity of the fingertip, it 
was the nail that was often misinterpreted as vibrating. 

In two of the trials in Taheri’s study, even though the correct motor position was identified, it 
was attributed to the wrong finger. We believe that this discrepancy may have been due to the 
need to provide feedback by motor number rather than directly pointing at the motor. 

The experimental results for user accuracy of each motor position are shown in Table 4 . The 
results have two aspects, first, as a group where the averages per finger zone show that the most 
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Table 4. The Results of the User Accuracy for Each Motor Position [MP] from the 
10 Participants and Taheri 

Participants’ Accuracy per Finger (%) 
IF Zone MP P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Taheri Avg/MP 

Ventral 1 13 7 75 25 50 38 50 38 50 88 75 52 
Tip 2 13 100 25 25 38 38 13 63 63 100 50 48 
Dorsal 3 63 75 75 13 88 13 0 0 50 75 75 48 
Nail 4 38 50 63 88 75 50 63 38 63 75 75 61 

Finger Avg 31 75 59 38 63 34 31 34 56 84 69 52 

MF Zone MP P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Taheri Avg/MP 

Ventral 5 0 100 25 0 38 13 88 50 63 75 75 48 
Tip 6 13 100 0 0 75 50 0 63 0 100 63 42 
Dorsal 7 75 75 50 0 25 13 0 38 75 75 25 41 
Nail 8 63 75 50 75 88 63 75 63 75 63 75 69 

Finger Avg 38 88 31 19 56 34 41 53 53 78 59 50 

The top table is for the index finger [IF] and the bottom one is for the middle finger [MF]. The most accurate zone per 
participant is shown in bold numbers, as are the group averages. Individual sensitivity data on perception location can 
provide a starting point for designing haptic feedback devices such as gloves. 

Table 5. The Combined Average Accuracy for Motor Positions [MPs] Across the Finger Zone (F Zone) 

Participants’ Combined Accuracy per Zone (%) 
F Zone MPs P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Taheri Avg/MP 

Ventral 1, 5 6 88 50 13 44 25 69 44 56 81 75 50 
Tip 2, 6 13 100 13 13 56 44 6 63 31 100 56 45 
Dorsal 3, 7 69 75 63 6 56 13 0 19 63 75 50 44 
Nail 4, 8 50 63 56 81 81 56 69 50 69 69 75 65 

Avg 34 81 45 28 59 34 36 44 55 81 64 51 

The participants showed different patterns of accuracy. However, there was similarity between the most accurate zones 
of the index and middle fingers for each participant. These accuracies are indicated with bold numbers. 

convenient place to attach the vibration motor is directly on the nail, with 61% for the index fin- 
gernail and 69% for the middle fingernail. The second best is on the fingertip, with 52% for the 
index and 48% for the middle finger. Nevertheless, these “best” options are eclipsed by the fact that 
the average for all zones in both fingers is around 51% (shown in Table 5 ). If we compare these 
group averages with the per-participant averages, which is the second aspect of the results, we 
can see that for 9 out of the 10 participants, there is a zone of greater accuracy than the group 

average, ranging from 63% up to 100% with an average of 75% for the index and 77% for the middle 
finger. These results highlight the need for making personal haptic assessments in order to create 
the most efficient haptic interface for the target user. 

7.1.4 Intensity of the Vibration. Signal intensity was varied between 0% to 100% in each exper- 
imental trial. In most of the experimental trials, perceived intensity behaves similarly to the actual 
intensity and even mirrors it. This indicates that finger skin is sensitive to intensity variations 
regardless of where on the finger the vibration is applied. It also demonstrates that localizing the 
motor position on the finger has larger variability than determining the signal intensity of the vi- 
bration (Figure 7 ). That is to say, participants were consistently better at determining the vibration 

intensity than the vibration location. 
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Fig. 10. Visual illustration of actual motor positions [AA], perceived motor positions [PP], actual intensities 
[AI], perceived intensities [PI] showing P4’s data: the top 4 plots correspond to the index finger, and the 
bottom 4 plots are for the middle finger. 

Figure 10 illustrates P4’s perception of both vibration motor positions and intensities on both 

index and middle fingers. The results of this participant are presented because they are represen- 
tative, especially because all users selected the motors on the nails more frequently than on the 
other locations. 

In Figure 11 , we also present the results obtained from the pilot study with Taheri, the co- 
designer. As shown, the perceived intensities in both fingers are slightly more consistent with 

the actual intensities. As previously mentioned, however, Taheri’s perception of motor positions 
reveals that the ventral side and nails are both frequently selected as places where the vibration is 
felt. 

ACM Trans. Access. Comput., Vol. 17, No. 1, Article 5. Publication date: March 2024. 



MouseClicker 5:23 

Fig. 11. Visual illustration of actual motor positions [AA], perceived motor positions [PP], actual intensities 
[AI], perceived intensities [PI] obtained from a pilot study conducted with Taheri, the co-designer: the top 4 
plots correspond to the index finger, and the bottom 4 plots are for the middle finger. 

8 CO-DESIGNER’S REFLECTIONS ON THE FULL SYSTEM 

We designed our prototype iteratively in collaboration with Taheri, the co-designer through a 
series of tests and development iterations. Once the prototype was completed, the device was 
given to Taheri so that they could test it at home for an extended period of time and provide 
feedback on it. The device provided to Taheri offered all four types of feedback: 

(1) Vibrotactile haptic feedback on two fingers (index and middle) to create the sensation of 
clicking a mouse. The two coin vibration motors were attached to the index and middle 
fingers on the ventral side. 
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(2) Auditory feedback in the form of a click sound from the mouse itself. 
(3) Visual feedback from the mouse buttons being pressed down by the levers, and a LED 

bar-graph representing the force applied during the push. 
(4) On-screen functional feedback resulting from actions triggered by mouse clicks through 

facial expressions. 

Prior to using MouseClicker, Taheri had to rely on assistance for tasks such as right-clicking or 
using keyboard and mouse simultaneously, particularly in 3D applications such as the Unity game 
engine, a commonly used tool for AR/VR development. 

Following a month of using the device, Taheri informed us that she has been able to perform 

her desired clicking actions whenever she needs without needing assistance. She stated: 

“Before, I had to ask my mom for help with doing right clicks, or when I wanted to 

work in Unity as an example, I needed to use keyboard and mouse simultaneously 

at times and that made me in need of someone to sit next to me the whole time 
because using virtual keyboard and continuously pressing mouse buttons were 
not possible. The situation could become frustrating at some points for me and 

for that person. The lack of a practical solution, therefore, restricted my ability to 

work with various applications, such as Unity. But with the MouseClicker, I feel 
more independent now and that is very comforting for me.”

Most importantly, Taheri noted that receiving vibrotactile feedback from the prototype similar 
to what one receives when they click on a physical mouse was something she wished to have but 
were unable to imagine how it would feel: 

“Even though I was aware in advance that I would experience the sensation of 
clicking, I was nonetheless surprised by it. It was a very exciting experience. Not 
only could I see the result of each clicking action on the screen, which was the 
functional feedback from the device, but also I was getting a sensation on my fin- 
gers’ skin as if I was pressing the buttons with my own fingers. It was wonderful.”

Taheri reported the device being more helpful for her with the feedback than without: 

“[T]he fact that I would be able to experience the actual clicking on a physical 
mouse that everyone else can use pretty easily is something I could not experi- 
ence with any available assistive devices or software. It gives me a sense of being 

included because not only I can use the same mouse for clicking as my other non- 
disabled peers use, but also I can feel on my fingers the same feeling that they 

experience while using the mouse.”

After several hours of usage on a daily basis, Taheri reported that the device remained comfort- 
able and effective for continuous operation. Specifically, Taheri highlighted that the lightweight 
vibration motors were easy to wear for long periods without causing discomfort, fatigue, or skin 

irritation. Taheri emphasized the importance of comfort for ATs intended for daily computer use 
and felt that MouseClicker successfully met this critical requirement. 

Additional feedback focused on Taheri’s desire to feel the scrollwheel and use the device for 
moving the mouse cursor which would allow it to be a standalone device. The current prototype 
primarily focuses on enabling users to click hands-free and receiving simulated haptic feedback on 

their fingers. To the best of our knowledge, such a system has not been explored before. However, 
we plan to expand the device capability in the near future. 
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Another comment made by Taheri focused on the use of a common mouse available on the 
market. They found repurposing a commonly used physical mouse to be a particularly useful idea 
and appreciated that our design allowed for easy and inexpensive modification of a mouse that 
they could use. They added: 

“One of the most intriguing features of this device is that by making a facial ex- 
pression I could see some actual physical action taking place in front of me.”

Using a facial expression to click a mouse button serves a practical purpose, but when that 
click was accompanied by a tangible sensation, it became a newfound ability for Taheri. She felt 
empowered to manipulate a physical object and control the complete cycle of action and feedback, 
a capability that was previously unattainable. While we could have integrated haptic feedback 

that corresponds to Taheri’s trackpad input, our current system not only gives Taheri physical 
agency, it also enables a degree of future-proofing of Taheri’s input capabilities, considering the 
progressive nature of SMA and Taheri’s anticipated loss of thumb control in the future. Controlling 

a physical object for input, having physical agency complemented by the freedom to choose the 
intensity and location of the haptic feedback, has provided Taheri with an immense sense of joy and 

independence, as evident from the quotes above. We firmly believe that our decoupled approach 

represents a small yet significant step toward supporting Taheri’s independence, which can be 
generalized to a broader audience with similar hand motor impairments. 

9 DISCUSSION 

In this study, we explored personalized vibrotactile feedback to effectively simulate mouse click 

sensations for individuals with severe motor impairments and quadriplegia. Through a participa- 
tory design approach with our co-designer, Taheri, who has severe motor impairments due to SMA, 
we developed and evaluated MouseClicker, which provides vibrotactile feedback on the index and 

middle fingers, corresponding to the hands-free clicking of a physical mouse. Our multi-part study 

analyzed parameters such as vibration intensity, location, and duration to quantify the tactile expe- 
rience of mouse clicks. By testing with 10 participants without hand motor impairments alongside 
Taheri, we aimed at drawing comparisons in haptic perception between those with and without 
motor impairments. A key objective was to assess whether the simulated vibrotactile feedback 

feels authentic and intuitive even when decoupled from the site of the clicking action, which is 
essential for non-collocated input modalities. 

The results of our study provide valuable insights into optimizing vibrotactile feedback parame- 
ters to effectively simulate mouse click sensation. A key finding was the considerable variability in 

localizing vibration motors on the fingers, contrasted by the consistent perception of the intensity 

of the vibration among the participants. This indicates that while intensity can be standardized, 
localization needs to be personalized in designing effective haptic feedback. Our use of vibration 

motors as haptic actuators is better suited for rapid-adapting mechanoreceptors in the skin, specif- 
ically Meissner corpuscles [Goldstein 1989 ]. Meissner corpuscles are sensitive to low-frequency 

vibrations, sensitive to a range of around 10–65 Hz [Oroszi et al. 2020 ]. In our study, the vibra- 
tion frequencies delivered by the coin motors fell within the range of 6 and 67 Hz, which aligns 
with the peak sensitivity of Meissner corpuscles. This explains why participants were able to re- 
liably detect and differentiate the intensity of vibrotactile stimulation in our experiments. In our 
study, we unexpectedly found that the nail bed was the most frequently perceived location. This 
was surprising, given that we know that fingertips are the most sensitive, considering their high 

density of mechanoreceptors [Deflorio et al. 2022 ]. Interestingly, fingertips emerged as the sec- 
ond most perceived location. Nevertheless, the intra-participant variability highlights the need for 
customization, as simply targeting sensitive areas does not guarantee consistent localization. The 
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confusion matrix heatmaps in Figure 7 visualize this variability, showing the locations perceived 

the most frequently by each participant. Accounting for this individual variability can optimize 
the wearing comfort and effectiveness of vibrotactile devices like our prototype. 

An interesting observation from the results of Taheri, the co-designer was the tendency to local- 
ize vibrations on the ventral side of the finger. This contrasts with the group trend of localization 

to the nails. The discrepancy highlights the value of working with end-users in AT development, 
to account for unique tactile perception capabilities in disability contexts. It also reinforces that 
localization requires personalization. 

Including participants without motor impairments allowed us to address the question, “Did se- 
vere hand motor impairment alter the tactile perception of Taheri?” Our user study showed that 
“it did not”; finger-sensitivity of Taheri aligns with the parameters observed in testing with par- 
ticipants without hand motor impairments, as demonstrated in Tables 3 and 4 . This emphasizes 
the importance of conducting comparative user studies between able-bodied users and AT users. 
In particular, such comparisons can contribute to advancing the collective knowledge of human 

factors and ergonomics for AT users, who are often underrepresented in the ergonomic literature. 
By acknowledging that our similarities outweigh our differences, experimentally, we can effec- 
tively pinpoint specific ergonomic characteristics of interest, thereby facilitating and expediting 

AT research to generate more comprehensive points of comparison. 
Our findings on vibration intensity help standardize that parameter for haptic mouse simu- 

lations. Across participants, perceived intensity reliably matched actual values and showed less 
variability than localization. This allows the intensity to be objectively mapped to the mouse click 

intensity. The 150 ms pulse aligns with the average duration of human clicks, making the simula- 
tion perceptually accurate. 

An unexpected finding was the minimal effect of clicking sound on vibrotactile localization. We 
had anticipated an interaction between auditory and tactile cues. However, the clicking sound did 

not enhance vibration detection. This suggests that the vibrotactile sensation alone is sufficiently 

salient. Minimizing multimodal feedback channels can simplify the design of devices. 
This study underscores the importance of capturing vibration localization in addition to charac- 

terizing intensity for effective vibrotactile feedback in AT design. Through our quantitative anal- 
ysis, we establish guidelines for parameters such as intensity, location, and duration, which are 
crucial for simulating realistic experiences such as mouse clicks. Our work highlights the need to 

account for individual tactile perception abilities and variance in perceptual abilities, underscoring 

the role of participatory design with end-users. This approach not only facilitates an authentic hap- 
tic experience and optimized device ergonomics, but also aids in the development of customized 

vibrotactile systems, thereby creating accessible and empowering AT devices. 

10 LIMITATIONS AND FU T URE WORK 

To the best of our knowledge, our work presents a first-of-its-kind exploration of repurposing an 

existing input device to serve the needs of a user with motor impairments, especially in terms of 
enabling her to feel similar sensations from using the device as a user without those impairments. 
We focused on the haptic aspects of interacting with a common computer mouse and our system 

has a few limitations. First, given the mechatronic design, it will work only with a two-button 

mouse. Second, the facial expression-based input for triggering the mouse clicks may not be ideal 
for all users depending on their ability to control their facial muscles. While we provide an inter- 
face to customize the sensitivity of expression detection and mapping to clicks, it may still not be 
the ideal input trigger for other users with motor impairments who may require a different type 
of hands-free input mechanism (e.g., eye-gaze, BCI). Third, as is common with generated haptic 
feedback, the vibrotactile feedback is a limited proxy of the actual tactile feedback that a person 
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feels when using a mouse (e.g., smoothness of the plastic, temperature of the material, feel of the 
mouse grasp in the whole hand). Lastly, we acknowledge the limitation presented by the small 
sample size in our split-plot experiment, which is particularly relevant given the variability in 

human sensory functions. While our study design yielded detailed information sufficient for vali- 
dating our proof-of-concept, we recognize that a broader sample would enhance the robustness of 
our findings. Despite this, the data gathered provide meaningful insights, laying a foundation for 
future research that we anticipate will build upon and expand the generalizability of our results. 

There are several avenues for future work that stem from this first prototype. The most imme- 
diate one is the addition of scrolling ability and cursor movement to make it a stand-alone AT 

device. We encourage further exploration of using existing devices for accessibility as low-cost 
alternatives created with rapid prototyping methods to solve problems without the need and the 
potentially long wait for the release of consumer products that may solve similar problems for our 
target audience. 

11 CONCLUSION 

In this work, we presented the design, implementation, and evaluation of MouseClicker, a mecha- 
tronic prototype to demonstrate the potential of repurposing existing input devices to integrate 
haptic feedback for people with hand motor impairments. MouseClicker enables our co-designer, 
who has severe hand motor impairments, to experience the sensation of using a computer mouse 
as a physical object, beyond the functionality it provides. In our user study on evaluating the hap- 
tic feedback, we found that localizing the vibration motor position had more variability than the 
input signal intensity of the vibration. It was notable that for each participant, there was a spe- 
cific zone of greater perception on the index or middle fingers, implying the need for personalized 

haptic feedback design. With this work, we hope to encourage researchers and designers of AT de- 
vices to consider adding sensory feedback in addition to replicating functionality for people with 

hand-motor disabilities. 
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