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ABSTRACT 

While robotic systems allow users to maintain accuracy in high-precision environments, 
achieving intuitive control is challenging without real-time feedback. Haptic feedback, which 
communicates otherwise unfelt sensations through vibrations, is widely used in consumer 
technologies such as video games and smartphones. However, in contexts where knowing the 
precise force applied by the robot is critical—such as medical procedures or hazardous 
environments—haptic cues alone may provide insufficient resolution, increasing user workload. 
Visual feedback, by contrast, is more commonly used and offers greater versatility and precision. 

This study compared the impact of visual feedback (a color-changing LED light strip) and haptic 
feedback (vibrations in a controller) on user performance in a “fragile object” manipulation task. 
Nine participants completed the task under four feedback conditions: no feedback, visual 
feedback, haptic feedback, and combined visual-haptic feedback. Subjective ratings showed that 
most participants preferred modalities that included visual cues, citing lower perceived workload 
and clearer force awareness. However, despite some participants reporting minimal benefit from 
haptics, performance metrics revealed that for others, haptic feedback meaningfully supported 
task success. 

These findings suggest that while simple visual indicators, such as green-yellow-orange-red light 
strips, provide accessible and interpretable force feedback, the integration of haptic cues can 
enhance performance by offering complementary real-time force information. Future designs 
may benefit from refining both modalities to balance intuitiveness, resolution, and user comfort, 
especially in applications requiring precise force modulation. 
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Chapter 1 

Introduction 
 

1.1 Project Background and Motivation 

Human-operated robotic systems rely heavily on effective feedback to enable precise and 
intuitive manipulation. These systems play a vital role in medical robotics (e.g., robotic-assisted 
surgery), hazardous environment operations, and assistive technologies for individuals with 
disabilities. However, one of the key challenges in human-operated robotic systems is providing 
users with precise and intuitive control over robotic grippers. Ensuring accurate force application 
while reducing operator cognitive load is essential for improving performance and usability. 

Research in interactive robotics has explored various feedback modalities to enhance operator 
control, most commonly visual feedback. Since the mid-1990s, haptic interfaces have also been 
extensively investigated to provide tactile sensations to users [1]. While effective, these solutions 
are often complex and may not be ideal for all applications. This study explores a simpler 
alternative: using a visual light strip that changes color (green to red) based on the force applied 
by a robotic gripper.  

1.2 Thesis Outline 

This IRB approved human subjects research study addresses two primary research questions: 

●​ RQ1: How do different feedback modalities (none, visual, haptic, both) affect user 
performance and perception during a fragile object manipulation task with a hand-held 
robotic system? 

●​ RQ2: How does controller design influence ease of use and operator cognitive load? 

This study provides a direct comparison across feedback types and examines the combined 
effects of feedback modality and controller ergonomics on user performance. The findings aim to 
inform the development of intuitive, low-complexity feedback systems for robotic manipulation 
and support the design of tools that incorporate visual and/or haptic feedback—providing a 
foundation for future usability studies. 

​
​
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Chapter 2 

Related Works 
 

2.1 Haptic Feedback 

Haptic feedback has been shown to enhance precision in robotic manipulation, though it remains 
less developed than visual feedback systems. For example, the da Vinci robotic platform reports 
a 43% reduction in applied force when using Force Feedback, thereby reducing the risk of tissue 
damage [2]. In mitral valve repair, the addition of direct force feedback significantly reduces 
both applied force and tissue trauma [3]. A teleoperated suturing study similarly found that 
haptic feedback improves precision and task completion time [4], suggesting that, with 
appropriate system architecture, haptic modalities can enhance surgical performance. 

While force-based haptic feedback increases user awareness of applied forces, it also introduces 
challenges related to system stability and transparency [5], [6]. Haptic feedback is particularly 
effective for signaling discrete events, such as force threshold crossings, but is less suited for 
conveying continuous, finely graded information. This limitation stems from human perception: 
the just noticeable difference (JND) for vibration intensity is approximately 20–40%, meaning 
that subtle changes often go unnoticed [7]. Without a one-to-one mapping between vibration 
intensity and physical force, haptic feedback tends to communicate relative rather than absolute 
values. Unless users are well-calibrated to a system’s vibration profile, the information conveyed 
may remain coarse and imprecise. 

2.2 Visual Feedback 

Visual feedback plays a central role in robotic systems, leveraging modalities such as 3D vision, 
augmented imaging, stiffness maps, and dynamic vector overlays to convey system states [5]. 
Like haptic feedback, visual feedback has been shown to reduce force variability and suture 
breakage, especially among novice users [3], [8]. The concept of “visual haptics,” introduced by 
Patel et al. [5] and more broadly referred to as sensory substitution [8], [9], describes how visual 
cues can effectively communicate force-related information. Supporting this, a survey by Hagen 
et al. found that users across a range of skill levels reported perceiving haptic sensations purely 
through visual feedback during teleoperated procedures [10]. Notably, among the 2,350 
procedures analyzed—none involving actual haptic feedback—only one minor complication was 
reported. 
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Dr. Maria Ramos Gonzalez, a postdoctoral researcher with MIT’s Interactive Robotics Group, 
has explored GelSight technology as a visual proxy for force feedback in teleoperated systems 
[11]. GelSight provides high-resolution visualizations of surface deformation and contact 
geometry, particularly on textured surfaces. However, while it captures contact area well, it does 
not provide a direct measurement of force. 

This study implements a color-coded LED strip to visually indicate applied force. Similar 
green-yellow-red visual systems have been shown to reduce force variability and error rates in 
surgical robotics, particularly among untrained users [5]. Given the human eye’s ability to 
distinguish hundreds of thousands of hues [12], color-based visual cues can provide continuous, 
fine-grained feedback with greater resolution than vibratory signals. Unlike haptic feedback, 
which typically conveys relative force, visual indicators can be precisely mapped to absolute 
force values, offering an intuitive and accessible approach to real-time force monitoring. 

2.3 Combined Modalities 

Researchers have explored the effects of combining visual and haptic feedback, with mixed 
findings. Tholey et al. found that simultaneous visual and force feedback significantly improved 
tissue characterization accuracy compared to either modality alone, particularly for 
inexperienced users [13]. However, more recent studies suggest the benefits may not always be 
additive. In a mitral valve annuloplasty task, Currie et al. reported that combining visual and 
direct force feedback did not further reduce applied force beyond what was achieved with either 
modality independently [3]. They hypothesized that users tend to rely on their preferred feedback 
channel and rarely attend to both simultaneously. This highlights a key challenge in multimodal 
system design: even when multiple feedback channels are available, cognitive load or perceptual 
prioritization may prevent users from integrating them effectively. These conflicting results 
suggest that the effectiveness of multimodal feedback depends on task complexity, user 
experience, and how well the modalities are integrated. 

2.4 Nonverbal Cues in Human-Robot Interaction 

While extensive research has focused on visual and haptic feedback, fewer studies have 
examined the role of nonverbal cues—such as facial expressions, gaze, and body language—in 
enhancing human-robot interaction. Recent findings show that eye gaze and hand gestures can 
facilitate turn-taking in human-robot collaboration [14], while head nods and other gestures 
provide real-time feedback to the speaker [15]. Additionally, facial cues such as gaze direction, 
vocal pitch, and lip movements have been shown to signal attentional states, helping to 
distinguish between engagement and cognitive challenge in knowledge workers [16]. Integrating 
these nonverbal signals into teleoperated systems may lead to more adaptive and intuitive 
interfaces. Such cues allow robots to be taught and guided by non-expert users, improving 
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accessibility and effectiveness across a wide range of applications by enhancing communication 
and collaboration [15]. 

At MIT, postdoctoral researcher Dr. Dimosthenis Kontogiorgos is investigating multimodal AI 
technologies for collaborative interactive robots. This study was conducted with guidance from 
Dr. Kontogiorgos and enables the analysis of facial expressions during the hand-held robot task 
by capturing video recordings of participants' faces. While analysis of this data was beyond the 
scope of the current work, the recordings may support future investigations into correlations 
between facial expressions and user states such as difficulty, engagement, or perceived workload, 
with the broader aim of informing more adaptive feedback mechanisms in shared autonomy 
systems. 
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Chapter 3 

Materials & Methods 
 

3.1 Demographics 

We recruited 10 participants; however, only nine completed the study due to electrical damage to 
the gripper-controller system during testing. Of the final sample, seven participants identified as 
female (M = 20.43, SD = 1.13) and two identified as male (M = 21.00, SD = 0), with an overall 
average age of 20.56 years (SD = 1.01). All participants were university students with normal or 
corrected-to-normal vision and no history of upper limb differences, motor impairments, or 
neurological conditions affecting movement or sensation. Individuals with color blindness were 
excluded due to the use of color-coded visual feedback. Six participants reported rarely or never 
playing video games, and eight reported no or only slight familiarity with robots. Participants 
were required to travel to MIT Building 31 for testing and could not be current students or lab 
members under the study investigators. Informed consent was obtained from all participants and 
a $20 gift card was offered as compensation. 

 
3.2 System Design​
 
This study builds upon Gonzalez’s work on a teleoperated robotic system. In the original system, 
users controlled the robotic gripper by adjusting a sliding potentiometer embedded in a 
3D-printed hand-held controller. The controller is internally equipped with haptic motors and the 
degree of vibration is informed by depth readings from GelSight mini sensors attached to the 
gripper. Real time GelSight videos showing the contact depth of manipulated objects were shown 
to users on a large screen during some of the testing scenarios. However, teleoperation was not 
necessary for the scope of this thesis study. The experiment was adapted for a hand-held system 
with the controller directly attached to the robotic gripper (Fig. 1). The effects of haptic versus 
visual feedback on user performance in a robotic system can be investigated without requiring 
teleoperation. 

In Gonzalez’s original setup, two GelSight minis were attached to the gripper to provide both 
visual and haptic feedback. This arrangement helped ensure that the forces applied by the gripper 
remained symmetrical, which is critical for stable grasping. Additionally, the deformable gel 
pads of the minis increased the contact area with the object, enhancing friction and improving 
grip stability. In this thesis study, the GelSights are used purely for haptic feedback. Although 
both sides of the gripper still have GelSights attached, only the depth data from the right-side 
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GelSight is used to determine the haptic feedback signal. Averaging the readings from both 
sensors was considered but deemed unnecessary, as any non-negligible depth readings should be 
equivalent on both sides under normal conditions. Depth data are transmitted through a Python 
script to an Adafruit DRV2605 haptic motor controller via serial communication [17].  

The gripper – which requires a 12V external power source – and hand-held controller are 
connected to an OpenRB-150 Dynamixel controller, which operates the actuator system driving 
the gripper [18]. Being connected to the same controller also allows the data from the sliding 
potentiometer to directly change the gripper position (i.e., no serial communication necessary). 

In this study, the visual feedback system consists of a 10-LED Adafruit light strip, mounted 
along the side of the gripper for optimal user visibility [19]. The LEDs are divided into four 
green (safe), three yellow (warning), two orange (danger), and one red (fail) indicators, 
providing intuitive visual cues. The light strip is connected to an Arduino Nano, which is also 
wired to a SingleTact force sensing resistor (FSR) [20], [21]. The FSR is affixed to the “fragile 
object”—a 3D-printed component that participants must manipulate without exceeding a 
predefined failure threshold of 6.07 N on one side of the object (or 12.14 N total across both 
sides). The 6.07 N threshold was determined experimentally based on the amount of force 
needed to securely lift the fragile object without slippage. The force readings from the FSR 
directly control the LED light strip, indicating whether the applied force exceeds the maximum 
threshold. 

The depth readings from the GelSight company’s depth-mapping neural network are used to 
generate haptic feedback, while the force sensor is used for the visual feedback. Both feedback 
systems contribute unique information: if haptic feedback is triggered without corresponding 
light activation, it suggests that the applied force is localized and not fully pressing on the 
SingleTact sensor. Similarly, if the GelSight image does not show the force sensor outline, it 
indicates that the gripper finger was not centered over the sensor. Thus, combining the two 
feedback modalities provides additional insight into the force distribution across the object.  
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Figure 1: System setup in MIT Building 31. The left image depicts the view of the 
camera used to record participant non-verbal cues. The right image depicts the participant 
picking up the “fragile object” with the hand-held robotic gripper. In this instance, the 
participant is currently over the force threshold, as seen by the fully-lit LED strip. 

3.3 SingleTact FSR Characterization 

To evaluate how the 4.5 N SingleTact FSR’s digital output corresponds to applied force, a 
characterization experiment was conducted. Known weights up to 1000 g were placed on a 
0.175 in² platform centered directly over the FSR’s 0.274 in² sensing area, ensuring full contact 
and equal force distribution. The resulting digital output, which ranges from 255-1023 [21], was 
plotted against the applied masses and fitted with a linear equation (Fig. 2). The masses were 
then converted to force values and scaled to the FSR’s active sensing area, resulting in the 
following linear relationship: 

                 ​ ​ ​     ​ ​     (1) 𝐹 = 𝑆−365.71
63.81

where F is the force in newtons and S is the SingleTact digital output. A linear model 
(R² = 0.9596) was chosen to support extrapolation beyond the mid-range of tested forces. 
Similarly, the SingleTact manual defines the relationship between digital output and applied load 
as [21]: 

 ​  (2) 𝐿𝑜𝑎𝑑 (𝑁) =  𝐷𝑖𝑔𝑖𝑡𝑎𝑙 𝑂𝑢𝑡𝑝𝑢𝑡 (𝐶𝑜𝑢𝑛𝑡𝑠) − 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑂𝑢𝑡𝑝𝑢𝑡 (𝐶𝑜𝑢𝑛𝑡𝑠)
512 (𝐶𝑜𝑢𝑛𝑡𝑠) * 𝑆𝑒𝑛𝑠𝑜𝑟 𝑅𝑎𝑡𝑖𝑛𝑔 (𝑁)

Given a baseline output of 255 and a 4.5 N sensor rating, the forces calculated using Eq. (2) are 
consistent with those from the experimental model in Eq. (1), confirming that the 
characterization aligns with expected sensor behavior [21]. 
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Figure 2: Characterization of the SingleTact FSR yielded the best-fit equation: ​
S = 0.63M + 365.71, where S is the SingleTact digital output and M is the applied load in 
grams. The coefficient of determination is R² =0.9596. 

3.4 Light Mapping 

While the SingleTact sensor’s digital output ranges from 255 to 1023 [21], the force sensor is 
highly sensitive to touch; thus, a minimum value of 520 was chosen as the threshold for the 
beginning of the green light zone. Pilot trials with the hand-held robotic gripper showed that FSR 
values below 820 (4.55 ± 0.45 N) were rarely achieved when lifting the “fragile object.” As a 
result, the maximum force threshold was set at 972 (6.07 ± 0.51 N), beyond which the entire 
LED strip lights up, reaching the red zone. These FSR readings from 520 to 1023 are linearly 
mapped to a scale from 0 to 10, enabling straightforward assignment to the corresponding LED 
color zones in the Arduino code. Lights 0–3 correspond to green, 4–6 to yellow, 7-8 to orange, 
and 9 to red (Appendix A). Due to byte-size limitations, all SingleTact sensor’s digital outputs 
were divided by four in the code (see Appendix G). Due to byte-size limitations, all SingleTact 
digital outputs were divided by four in the code (see Appendix G). 
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3.5 Haptic Mapping 

The haptic feedback is mapped from GelSight raw depth data to a/b/c/d categories of increasing 
vibration level, which correspond with the green/yellow/orange/red categories of the FSR. The 
GelSight raw depth data was correlated to the SingleTact digital output with the following 
equation:  

         ​ ​ ​ ​     (3) 𝑦 =  0. 024𝑥 − 0. 5608
 

where y is the raw GelSight data and x is the SingleTact digital output. This was acquired from 
the linear best fit of SingleTact and GelSight data points from five random trials. The intensity 
ramped up as follows: z - no vibration, a - 30%, b - 60%, c - 80%, and d - 100% (Appendix A) 
[17]. 
 
3.6 Controller Ergonomics 

To facilitate the transition from a teleoperated robot to a hand-held system, adapters were created 
to attach the gripper directly to the controller, allowing users to manipulate the gripper physically 
while using the controller’s slider to open and close the grip. Both vertical and horizontal 
controller orientations were designed with ergonomics as a primary consideration. 

The design aimed to minimize wrist and finger strain, enabling users to operate the sliding 
potentiometer smoothly while maintaining a stable grip. Key considerations included grip 
comfort, slider accessibility, and overall balance to accommodate a range of hand sizes. While 
both adapters allowed for one-handed control, the weight of the entire assembly often 
necessitated a two-handed operation. Pilot testing revealed that the horizontal adapter required 
using the sliding potentiometer with the index finger, causing more fatigue, and did not allow for 
two-handed support. In contrast, the vertical adapter allowed for more natural thumb control of 
the slider and provided sufficient space for a second hand to assist with stabilization (Fig. 3). As 
a result, only the vertical adapter was utilized during the experiments, held in the upright 
position. 

 

 

 

 

 

22 
 

Exploring Visual and Haptic Feedback Systems on User Performance with a Hand-Held Robot



 

 

 

      

Figure 3: After several design iterations, the above adapter configurations were 3D 
printed. The adapter displayed in the top row allows for horizontal orientation of the 
controller, while the adapter displayed in the bottom row allows for vertical orientation of 
the controller. In the horizontal configuration, the sliding potentiometer is best operated 
by the index finger; in the vertical configuration, the thumb provides optimal control of 
the slider for maximum comfort. The base of each adapter is designed to fit directly onto 
a pre-existing circular mounting plate on the gripper. The vertical adapter posed an 
additional design challenge, as it needed to accommodate an electrical plug passing 
through the bottom, resulting in its rectangular cut and side slot. 
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Chapter 4 

Experimental Procedure 
 

4.1 Study Objectives 

The goal of this experiment is to understand how visual feedback compares to haptic feedback in 
communicating force information when handling a fragile object. Specifically, the study aims to 
evaluate how different feedback modalities affect user performance, perceived force awareness, 
and ease of control when manipulating delicate objects with a hand-held robotic gripper. 

4.2 Experimental Conditions 

Participants completed the fragile object manipulation task under four experimental conditions: 
(1) no feedback, (2) visual feedback, (3) haptic feedback, and (4) combined visual and haptic 
feedback. In the visual feedback condition, a light strip transitioned from green to yellow to 
orange based on the applied force, with the final red LED indicating that the force threshold had 
been exceeded. In the haptic feedback condition, motors embedded in the controller varied their 
vibration intensity in response to the applied force. The combined feedback condition provided 
both visual and haptic feedback simultaneously. In the no feedback and haptic-only conditions, 
the final LED still illuminated red if the force threshold was exceeded to ensure a consistent 
failure indication across all conditions. To control for learning effects, a Balanced Latin Square 
design was used to randomize the order of feedback conditions for each participant [22]. The 
study initially aimed to recruit 12 participants, divided into three cohorts of four; however, only 
nine participants completed the study. Each participant completed one trial per condition, 
resulting in four trials per individual. 

4.3 System Overview 

The experimental system consisted of a desktop computer used for data logging, paired with two 
cameras to capture video footage throughout the user study (Fig. 4). One Logitech webcam was 
positioned overhead to record the full workspace, while another was aimed at the participant’s 
face to capture facial expressions for potential analysis of nonverbal cues. The primary device 
operated by participants was a hand-held robotic gripper, as detailed in Section 3.2 System 
Design. All sensor data, including force readings and GelSight-derived depth measurements, 
were logged in real time using a Python script and saved in CSV format for post-processing. 
Surface contact videos from the GelSight minis were also recorded. 
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Figure 4: Experimental setup. The task involved moving the orange “fragile object” from 
one white platform to the other. The Arduino Nano was housed in the pink control box. 
Participants interfaced with the desktop computer to start and stop the experiment. One 
camera was positioned directly on the computer to capture the participants’ faces. 

​
4.4 Task Protocol 

At the start of each session, participants were introduced to the experiment and informed of its 
purpose: to investigate how different feedback modalities affect user performance during a 
fragile object manipulation task. The functionality of the light strip and the haptic motors 
embedded within the controller was explained. Participants were also informed about the 
presence and purpose of the two cameras, including their use for capturing both task execution 
and potential nonverbal cues such as facial expressions. Participants were then given two 
minutes to interact freely with the gripper system and familiarize themselves with the fragile 
object. During this practice period, the system was configured to provide both visual and haptic 
feedback, allowing participants to explore the tactile and visual cues associated with force 
application. Participants were reminded that applying excessive force could “break” the object, 
which would be indicated by the activation of the red light on the LED strip. 

Participants were then asked to complete the manipulation task under the four distinct feedback 
conditions in a randomized order. In each condition, they used the hand-held gripper to pick up 
the fragile object from a designated starting platform, lift it, and place it onto a target platform. 
The task was to be completed within three minutes, but they were instructed to prioritize control 
and precision over speed throughout the task. To begin, they were instructed to lift the gripper 
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once the GelSight had calibrated and the phrase “Ok to touch me now!” was printed in the 
Python terminal. Upon completing the task in each condition, participants were instructed to stop 
the script by pressing Ctrl + C on the computer. If the three minutes ran out, the script would stop 
on its own. To prevent auditory cues from influencing performance, participants wore 
headphones playing white noise. 

4.5 Data Logging and Collection 

Multiple types of objective data were recorded during each trial. SingleTact digital output values 
and the corresponding number of illuminated LEDs were transmitted from the FSR to a 
computer via serial communication and logged in a CSV file. In parallel, raw depth data from the 
GelSight sensors and their associated zone classifications were captured independently within 
the same script (Appendix G). Although participants were not shown the GelSight images in real 
time, the recorded footage supports post hoc analysis of grasp patterns—particularly to verify 
whether the GelSight sensor was properly centered over the force sensor.  

4.6 Post-Task Surveys 

Subjective data were collected through brief surveys administered after each trial and again at the 
conclusion of the study. Following each condition, participants completed the National 
Aeronautics and Space Administration Task Load Index (NASA-TLX) to assess perceived 
cognitive load and task performance [23]. Upon completing all trials, participants filled out a 
System Usability Scale (SUS) survey, a Post-Study System Usability Questionnaire (PSSUQ), as 
well as a final survey designed to gather qualitative feedback regarding their overall experience 
[24]. The final survey specifically addressed perceptions of comfort, ergonomics, and 
intuitiveness, and asked participants to rank the four feedback modalities in order of preference. 
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Chapter 5 

Results 
 

5.1 Feedback Preferences and Reliance 

Participants consistently preferred feedback conditions that included visual cues. Six out of nine 
participants ranked the no feedback condition as their least preferred, while none ranked it as 
their first choice. Visual feedback alone (LED strip only) was ranked as the top choice by six 
participants. An additional two participants selected visual plus haptic feedback as their top 
choice, meaning that eight out of nine participants preferred a feedback modality that included 
visual cues. 

When asked to rate how much they relied on each feedback modality (1 = not at all, 5 = always), 
participants reported a mean reliance on the LED strip of 4.7 ± 0.5, compared to 2.7 ± 1.5 for the 
haptic feedback. This indicates a significantly stronger user preference for visual feedback when 
available. 

5.2 National Aeronautics and Space Administration Task Load Index 
(NASA-TLX) 

The NASA-TLX is a widely used subjective workload assessment tool developed by the Human 
Performance Group at NASA Ames Research Center (Appendix D) [23]. It measures six 
predefined categories—Mental Demand, Physical Demand, Temporal Demand, Performance, 
Effort, and Frustration. In this study, participants did not provide weightings for the individual 
dimensions; therefore, results are reported as Raw TLX scores. Prior research has demonstrated 
that Raw TLX scores exhibit a high degree of correlation with weighted NASA-TLX scores, 
while offering a simpler and more time-efficient alternative [25]. In the present study, Raw TLX 
scores indicated that visual feedback was associated with the lowest perceived workload, while 
haptic feedback resulted in the highest (Fig. 5). 

27 
 

Exploring Visual and Haptic Feedback Systems on User Performance with a Hand-Held Robot



 

 

Figure 5: Mean Raw TLX scores (1–20 scale) across feedback conditions. Participants 
rated each subscale from 1 (very low) to 20 (very high), with the exception of the 
Performance category, which was scored from 1 (perfect) to 20 (failure). Lower values 
indicate lower perceived workload. 

5.3 System Usability Scale (SUS) 

The 10-question SUS survey was developed by John Brooke in 1986 to evaluate the perceived 
usability of a product, service, or system (Appendix E) [24]. Each item is rated on a 1–5 scale, 
where 1 corresponds to "strongly disagree" and 5 to "strongly agree." The scoring method adjusts 
responses to account for alternating positive and negative phrasing. The adjusted scores are 
summed and normalized to a scale out of 100. For the hand-held robotic system, the SUS score 
was calculated to be 68.33, aligning closely with the benchmark average of 68 derived from 
nearly 500 user studies [26]. This suggests that the system’s usability was perceived as average. 

5.4 Post-Study System Usability Questionnaire (PSSUQ) 

The PSSUQ is a 19-question survey used to evaluate user satisfaction with system usability [27]. 
Each item is rated on a 1–7 scale, where 1 corresponds to "strongly disagree" and 7 to "strongly 
agree." By averaging the responses to relevant questions, the following scores were collected: 
Overall Satisfaction, System Usefulness, Information Quality, and Interface Quality (Fig. 6). 
Results suggest that participants generally found the system user-friendly and informative. 
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Figure 6: Mean PSSUQ scores (1–7 scale) across feedback conditions. Participants rated 
each subscale from 1 (strongly disagree) to 20 (strongly agree). Higher scores indicate 
greater satisfaction and better usability. 

5.5 Representative Trial Data 

A representative GelSight force trace and corresponding FSR trace from a randomly selected 
participant are shown in Fig. 7. These traces illustrate that participant preferences did not always 
align with objective performance. In the visual-only trial, the participant ranked this modality as 
their top choice despite going over the "fragile" force threshold. Additionally, participants 
occasionally made operational errors; for example, in the haptic-only trial, the force threshold 
was exceeded (entering the red zone), nevertheless the participant ended the trial without 
successfully transferring the “fragile object” to its final platform without exceeding the “fragile” 
force threshold. 
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Figure 7: Force application traces from four representative trials under different feedback 
conditions for a randomly selected participant. GelSight raw depth data were scaled to 
SingleTact digital outputs using Eq. 3, then both signals were normalized such that values 
from 255 to 1023 correspond to a range of 0–6.58 N. Blue lines represent 
GelSight-estimated force; orange lines represent SingleTact-measured force. The 
background shading reflects LED color zones. Trial A (no feedback) and Trial D (visual 
+ haptic) show multiple failures, where the applied force exceeds the threshold and enters 
the red zone. SingleTact values beyond 6.58 N are capped due to sensor limitations. Trial 
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C (visual) includes a single failure, while Trial B (haptic) illustrates an unperceived 
failure—no further attempt was made after briefly exceeding the force threshold. 

5.6 Qualitative Feedback 
 
While most users found the gripper intuitive to operate, several noted that the weight and 
awkward positioning of the device led to fatigue, with self-reported estimates of tolerable 
continuous use ranging from 2 to 30 minutes. A common concern was the fixed vertical 
orientation of the controller-gripper assembly, with some users expressing a preference for a 
horizontal configuration. When asked, “How much did you feel the robot gripper was your 
hand?” (1 = not at all, 5 = always), participants rated an average of 1.89 ± 1.29, indicating a 
limited sense of embodiment. Feedback on the slider potentiometer was mixed: while many 
found it intuitive, several participants noted confusion with the directionality (i.e., pushing up to 
tighten the grip, and down to release). 
 
 

 

32 
 

Exploring Visual and Haptic Feedback Systems on User Performance with a Hand-Held Robot



 

Chapter 6 

Discussion 
 

6.1 Participant Preferences and Perceived Workload 

The results of this study demonstrate a clear advantage of visual feedback—alone or combined 
with haptic feedback—in supporting users during fragile object manipulation. The majority of 
participants preferred feedback modalities that included visual cues, with eight out of nine 
ranking either visual-only or visual plus haptic feedback as their top choice. These subjective 
preferences align with the Raw TLX data, which showed lower perceived workload under the 
visual feedback condition. 

However, performance metrics also revealed complexities. Despite participants favoring visual 
feedback, some trials—such as the visual-only Trial C shown in Fig. 7—demonstrated that 
subjective preference did not always align with objective task success. In some cases, this 
discrepancy may be partly explained by sensor misalignment: if the GelSight sensor was not 
centered over the force sensor, users might not receive accurate visual feedback, leading to false 
perceptions of success (Fig. 8). 

 

Figure 8: GelSight mini 3D visualization of (left) partial SingleTact FSR contact and 
(right) full SingleTact FSR contact. 

Additionally, while haptic-only feedback was rated higher in perceived workload, it also yielded 
high performance scores in the Raw TLX survey, suggesting that even though users found it 
more demanding, it could still promote task success. This underscores the value of multi-modal 
feedback: while visual cues reduce perceived cognitive load, the tactile engagement of haptics 
may still enhance performance. 
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6.2 Qualitative Usability and Ergonomic Considerations 
 
The qualitative feedback provided valuable insights into the usability and ergonomics of the 
hand-held system. The limited sense of embodiment suggests that the system did not feel like a 
natural extension of the user’s body, potentially due to the vertical orientation and physical 
disconnect between user input and gripper movement. Reports of fatigue within short usage 
windows (as low as 2 minutes) highlight the ergonomic limitations of the current design, 
particularly in prolonged or high-precision tasks. The confusion around potentiometer 
directionality further underscores the importance of aligning control input with user intuition. 
These insights point to clear opportunities for improving controller ergonomics and intuitive 
mapping in future iterations. 
 
Participants also commented on the system’s high sensitivity, noting that even slight changes in 
grip often triggered rapid increases in the measured force, making it easy to unintentionally 
exceed the failure threshold and activate the red warning light. This sensitivity occasionally 
made the task feel overly delicate or unforgiving. Additionally, the haptic motors themselves 
introduced small mechanical vibrations that could directly influence the FSR readings, which 
may have contributed to higher perceived difficulty and increased the likelihood of surpassing 
the force limit. 
 
Feedback on the usability of the haptic system was mixed. Some participants relied heavily on 
visual cues but later realized that haptic feedback had contributed more to task success than they 
initially perceived. Others found the vibrations indistinguishable at different intensities and 
suggested future iterations vary haptic patterns (such as introducing pauses or pulse counts) to 
improve clarity. Overall, despite concerns about weight, orientation, and sensitivity, participants 
reported that the system felt intuitive, responsive, and promising as a foundation for more 
advanced feedback designs. 
 
6.3 Limitations 

This study had several limitations. The sample size was small (n = 9), which limits statistical 
generalizability and may not capture the full range of user experiences. All participants were 
university students, with a majority identifying as female, which further narrows the 
representativeness of the sample. Technical limitations, including the lack of smoothness in the 
gripper actuation system and mechanical vibrations from the haptic motors affecting FSR 
readings, may have influenced the reliability of performance data. Additionally, the forces placed 
on the 4.5 N SingleTact FSR exceeded the valid working range of the sensor, potentially 
compromising measurement accuracy. Ergonomically, the device could only be held in one fixed 
orientation, which some users found uncomfortable. 
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6.4 Future Work 

Future studies should examine additional factors that may influence user performance and 
experience. Testing alternative ways to hold the device could improve comfort and control, 
especially for prolonged use. Future iterations may also benefit from more expressive haptic 
feedback patterns that mimic real-world tactile sensations. Adjusting the sensitivity of the LED 
thresholds could also improve user control and confidence. Extending the system to a 
teleoperated setup—where the gripper’s weight is no longer a limiting factor—could address 
fatigue concerns and mitigate the influence of motor-induced vibrations on force readings. 
Additionally, assessing the system’s usability across a more diverse population—including 
individuals with color blindness—would help ensure broader accessibility and inclusive design. 

Furthermore, while subjective preferences and perceived workload were captured in this study, 
future work should incorporate consistent, quantitative measures of task performance to better 
correlate user experience with objective outcomes. Failure rate could be calculated based on the 
number of times within a trial the applied force exceeded the preset threshold, resulting in a 
“broken” object; this information could be extracted from the CSV file. 

Finally, although this study focused on visual and haptic feedback, participants’ facial 
expressions and gestures were recorded for potential analysis of nonverbal cues. While time 
constraints prevented integration of these elements, the video recordings offer an opportunity to 
explore whether non-neutral expressions or gestures correlate with task performance. A future 
study could investigate the role of facial expression recognition in enhancing user experience, 
potentially enabling adaptive gripper responses based on detected emotional or cognitive states. 
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Chapter 7 

Conclusion 
This study aimed to evaluate how different feedback modalities—none, visual, haptic, and 
combined—affect user experience during fragile object manipulation using a hand-held robotic 
system. The findings indicate that visual feedback through a simple LED strip was highly 
effective in reducing perceived workload and improving usability. Haptic feedback, though more 
cognitively demanding, demonstrated potential for enhancing performance when properly 
integrated. 

The study’s insights may inform future design iterations, especially in refining ergonomic 
features and feedback mechanisms. Participant feedback emphasized the need for adjustable 
controller orientation, reduced device weight, and clearer mappings between user input and 
gripper response. Although the weight of the gripper posed a limitation in the hand-held testing 
context, this factor would be less significant in a teleoperated system—one of the ultimate 
applications of this research. Nonetheless, several ergonomic and feedback-related insights 
remain directly relevant for designing more intuitive and responsive teleoperation interfaces. 
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Appendix A: GelSight and SingleTact Correlation 
 

 
Figure 9: GelSight raw depth data and SingleTact digital output plotted against each 
other. The line of best fit is given by y = 0.024x – 0.5608, where y represents the 
GelSight raw depth data and x represents the SingleTact digital output. The coefficient of 
determination is R² =0.5584 This relationship was used to calibrate the GelSight data 
relative to the SingleTact measurements. 

 
Table 1: Correlation between SingleTact Digital Output and GelSight Raw Depth Range. 
The SingleTact FSR range serves as the primary driver, with corresponding GelSight 
values used to define feedback zones in code (Fig. 9). LED Color indicates the displayed 
color on the 10-LED strip located at the specified LED Position. GelSight Zone refers to 
the range classification used in code logic, while GelSight Intensity refers to the 
associated haptic motor intensity at each stage. 
 

SingleTact 
Digital 
Output 

LED 
Color LED # 

GelSight 
Raw Range 

GelSight 
Zone 

GelSight 
Intensity 

Force 
Range (N) 

255-520 none - ~0-2.61 z 0% 0-1.54 

520-720 green 0-3 2.61-3.78 a 30% 1.54-3.55 

720-872 yellow 4-6 3.78-4.51 b 60% 3.55-5.07 

872-972 orange 7-8 4.51-5.3 c 80% 5.07-6.07 

972-1023 red 9 5.3- d 100% 6.07-6.58 
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Appendix B: Pre-Screen Survey 
Participants were required to answer questions 1-7.  

1) Today's date ___________________________ 

2) Are you between 18-99 years of age?   ( ) Yes   ( ) No 

3) Do you have any of the following: Normal vision / Corrected vision / Eye surgery   ( ) Yes   ( ) 
No 

4) What is your email address? ___________________________ 

5) Do you have any of the following impairments or conditions?   ( ) Yes   ( ) No 

Unilateral or bilateral upper extremity limb difference / amputation​
 History of motor impairment disorders​
 Spinal cord injury​
 Lost or damaged limb​
 Cerebral palsy​
 Muscular dystrophy​
 Multiple sclerosis​
 Spina bifida​
 Lou Gehrig’s disease​
 Arthritis​
 Color blindness Not Sure? Take the color blind test: https://www.colorblindnesstest.org/ 

6) Are you able to come to MIT building 31 to participate in the study?   ( ) Yes   ( ) No 

7) Are you a lab member or current student in a class of Julie Shah, PhD or Lynette Jones, PhD?          
( ) Yes   ( ) No 

8) If yes, please explain further:  ___________________________ 

9) Would you like us to contact you with other research opportunities? ( ) Yes   ( ) No 
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Appendix C: Experiment Pre-Questionnaire 
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Appendix D: NASA-TLX 
 
Participants rated each statement on a scale from very low to very high on a 1–20 scale. 
Participants were required to answer all questions.  

1.​ Mental Demand: how mentally demanding was the task? 
2.​ Physical Demand: how physically demanding was the task? 
3.​ Temporal Demand: how hurried or rushed was the pace of the task? 
4.​ Performance: how successful were you in accomplishing what you were asked to do? 

(1=PERFECT, 20=FAILURE) 
5.​ Effort: how hard did you have to work to accomplish your level of performance? 
6.​ Frustration: how insecure, discouraged, irritated, stressed, and annoyed were you? 
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Appendix E: Final Survey: Fragile Items 
 
Participants were required to answer all questions.  

 

 

System Usability Scale (SUS) Questionnaire 

Participants rated each statement on a scale from strongly disagree to strongly agree on a 1–5 
scale. Participants were required to answer all questions.  

1.​ I think that I would like to use this system frequently. 
2.​ I found the system unnecessarily complex. 
3.​ I thought the system was easy to use. 
4.​ I think that I would need the support of a technical person to be able to use this system. 
5.​ I found the various functions in this system were well integrated. 
6.​ I thought there was too much inconsistency in this system. 
7.​ I would imagine that most people would learn to use this system very quickly. 
8.​ I found the system very cumbersome to use. 
9.​ I felt very confident using the system. 
10.​I needed to learn a lot of things before I could get going with this system. 
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Post-Study System Usability Questionnaire (PSSUQ) 

Participants rated each statement on a scale from strongly disagree to strongly agree on a 1–7 
scale. Participants were required to answer all questions.  

1.​ Overall, I am satisfied with how easy it is to use this system. 
2.​ It was simple to use this system. 
3.​ I can effectively complete my work using this system. 
4.​ I am able to complete my work quickly using this system. 
5.​ I am able to efficiently complete my work using this system. 
6.​ I feel comfortable using this system. 
7.​ It was easy to learn to use this system. 
8.​ I believe I became productive quickly using this system. 
9.​ The system gives error messages that clearly tell me how to fix problems. 
10.​Whenever I make a mistake using the system, I recover easily and quickly. 
11.​The information (such as online help, on-screen messages, and other documentation) 

provided with this system is clear. 
12.​It is easy to find the information I needed. 
13.​The information provided for the system is easy to understand. 
14.​The information is effective in helping me complete the tasks and scenarios. 
15.​The organization of information on the system screens is clear. 
16.​The interface of this system is pleasant. 
17.​I like using the interface of this system. 
18.​This system has all the functions and capabilities I expect it to have. 
19.​Overall, I am satisfied with this system. 

 

PSSUQ scores were collected by averaging the results of relevant questions: 

Overall Satisfaction (OVERALL): 1-19 

System Usefulness (SYSUSE): 1-8 

Information Quality (INFOQUAL): 9-15 

Interface Quality (INTERQUAL): 16-18 
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Appendix F: Final Thoughts Survey 
 
Participants were required to answer questions 1-4.  
 

1.​ How comfortable was the system to use? How long do you think you could realistically 
use this  system before needing a break? Why? 

2.​ What are your thoughts on the ergonomics of the handheld controller?  
3.​ What aspects of the system felt intuitive or easy to use? Confusing or frustrating?  
4.​ Please rank the four feedback modalities in order of preference (list 1, 2, 3, 4 in blank)  

  
___  No Feedback  
  
___  Visual Feedback  
  
___  Haptic Feedback  
  
___  Visual and Haptic Feedback  
 

5.​ Do you have any final thoughts, suggestions, or feedback about the system or your 
experience? 
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Appendix G: GitHub Repository 
 
https://github.com/mariargmit/pandaHapticProj/tree/ruth_thesis  
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