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Fig. 1. Overview of EStatiG. (a) We built haptic gloves that provide passive force feedback to multiple phalanges of the finger
coupled with vibration motors at the fingertip. We applied force sensors to release actuation upon the force limit. (b) Based
on the different shapes of the objects, forces are rendered to each phalanx accordingly upon grasping. (c) EStatiG supports
enhanced object perception in VR for immersive experiences.

Haptic gloves have enabled the immersive and realistic sense of interacting with objects in virtual reality (VR) by providing
coordinated haptic sensation with visual information. However, previous approaches mainly focused on providing feedback
on the fingertips or distal phalanges, with minimal attention paid to the other phalanges. We propose EStatiG, a haptic
glove that delivers force feedback over all finger regions from the fingertip to the proximal phalanges. Here, we enrich
the perception of object shape during grasping tasks in VR. To do this, we developed the double layer and multi-stacked
electrostatic clutches (ES clutches) to form an electrostatic brake (ES brake) for each phalanx. With the lightweight structure
(130 grams), we enabled high-resolution force feedback while maintaining wearability and usability. We validated the user
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perception performance when using the proposed device. Our results showed a significant improvement in the perception of
phalanx angle positions and the overall experience of realism and immersion when interacting with various object shapes in
VR.
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1 INTRODUCTION

Grasping allows us to perform tasks with objects by seamlessly utilizing the properties of objects, such as shape,
size, and stiffness. In Virtual Reality (VR), grasping perception is crucial in providing immersive and realistic
experiences that enhance the sense of presence and engagement [7, 10]. In this way, users could perform the
same level of manipulation tasks with virtual objects as they would in the physical world. To achieve this, a range
of haptic gloves have been developed to provide a realistic sensation of grasping when interacting with virtual
objects in various applications from teleoperation [68] to rehabilitation [14]. Some of these gloves offer both
vibrotactile and force feedback to produce a grasping sensation.

Haptic gloves recently focused more on delivering force feedback on the fingertip in the area of distal pha-
langes (DP) [30]. However, researchers often disregarded rendering forces on the intermediate phalanges (IP)
and proximal phalanges (PP) due to the hardware complexity and device footprint requirement from motors and
pneumatic systems. Attaching many components to the hand easily leads to discomfort during prolonged use and
limits natural hand movements. Moreover, it has not been explored whether rendering force feedback on multiple
phalanges enhances object perception for VR. Recent work employed a lightweight and a high power-to-size
ratio approach using Shape Memory Alloy (SMA) [43], but it lacks responsiveness to support dynamic force
feedback. Therefore, it is essential to develop lightweight hardware that renders force feedback for all phalanges.

Recent works have utilized the principle of ES clutch [17, 18], a type of clutch that employs electrical forces to
block movement, unlike traditional clutches that often rely on mechanisms like interlocking teeth or magnetic
forces. These clutches consist of two high-dielectric layers that create electrostatic adhesion when activated.
Then, these clutches act as a brake for the motion between the surfaces. With a given thin and light structure
with low power consumption, previous works used ES clutches for exoskeleton [73], haptic gloves [66, 78], and
sleeves [31]. However, previous approaches mainly focused on single-node force feedback, which is insufficient
to provide a full grasping sensation on the hand.

To promote a full grasping sensation, previous works extended the haptic interface with multi-finger [1]
and multi-point [40] force feedback with the hand. Moreover, various haptic rendering approaches have been
suggested to overcome the limitations of the hardware. For example, previous works highlighted coordinating
the visual content with the haptic feedback during grasping [6, 79]. Some researchers also explored the basic
haptic device requirement and perceptual thresholds for carrying out grasping sensations [37, 81]. However,
these rendering approaches mostly focused on the fingertips. Therefore, more works are needed to explore
the efficient way to utilize full areas within the finger for VR grasping. Furthermore, an understanding of the
basic performance of human perception of the object shape, particularly regarding haptic feedback on the finger
phalanx area, should be established.

In this work, we propose a wearable haptic feedback approach to deliver force feedback to each phalanx within
the finger. We employed PVDF (Polyvinylidene fluoride) instead of PVDF-HFP (Poly(vinylidene fluoride-co-
hexafluoropropylene)) used in the previous works [54, 72]. This allows higher flexibility, dielectric constant, and
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mechanical strength, which leads to a long activation cycle with a faster release time. In addition, we added linear
resonant actuators (LRA) as providing both tactile and kinesthetic feedback can enhance object realism [30]. We
carried out a study to investigate the human perception of localizing force at various phalanges. Based on the
results, we formed a haptic rendering method for multi-phalanx force feedback. Moreover, we conducted a user
study to evaluate our haptic glove performance for identifying phalanx angle positions and realism assessment
during grasping tasks. Our work showed a potential to enhance the performance and experience of a conventional
single-node force feedback-based haptic feedback approach.
Our contributions are as follows:

e A novel design of multi-phalanx electrostatic brake to enrich the object perception of virtual objects;

o A formation of the haptic rendering conditions and algorithm to operate multi-phalanx electrostatic brake
effectively and efficiently;

o Analysis of technical evaluations and user studies to explore the impact of force rendering on the object
perception experiences; and

e Example applications demonstrating the enhanced haptic experiences with the proposed multi-phalanx
electrostatic brake.

2 RELATED WORK

2.1 Haptic interface for shape rendering on hands in VR

Prior works proposed various haptic feedback approaches to render the shape of VR objects. Here, researchers
focused on simulating the skin sensation by creating a sense of touch/contact through skin stretching, compressing,
vibrating, and poking [11, 23, 69]. These works employed a mobile haptic feedback platform operated with small
motors and a linkage mechanism to stimulate the fingertip. Moreover, other works employed linear resonant
actuators (LRAs) [51] and pneumatic pin arrays [59, 71] to enhance cutaneous sensation with vibration and
physical displacement with wearable form factor. Although these methods supported numerous sensations of
VR objects’ shape and texture [34], they cannot align the grasping sensation with VR contexts due to a lack of
kinesthetic feedback.

Force feedback or kinesthetic feedback devices have been suggested to restrict or move the hand (or fingers) to
render shape during grasping [70]. Early kinesthetic haptic feedback devices were primarily stationary form factors
that required a large physical footprint but supported a full 6-DOF control with 3-DOF force feedback [19, 60, 64].
For force feedback rendering research, these devices have been used to generate realistic and high-fidelity haptic
feedback with 3D objects [15]. With the advancement of hardware components, researchers started to adopt the
force feedback to smaller form factors while meeting minimal force feedback requirements.

Researchers started to develop diverse haptic interfaces for shape rendering with compact and portable form
factors including handhelds and wearables. Prior works suggested handheld controllers with integrating pin-based
display for 2.5D shape rendering [80], a spinning wheel to render textures [76], combining mechanical brake and
voice coil actuators for simulating weight and grasping [13], and expandable rings for grasping [25]. Although
these devices were ungrounded, they still required users to hold or be in contact with a controller which prevents
natural hand interactions.

To this end, wearable form factors like gloves or wristbands have been suggested to support realistic haptic
feedback sensation while allowing natural hand interactions [16, 46, 62]. By directly applying haptic feedback to
one’s hand, these devices enable realistic and immersive user experience with VR objects. In general, wearable
haptic were equipped with actuators and force feedback mechanisms distributed across the fingers [8], palm [35],
and wrists [48] to promote natural grasping and manipulating sensation in VR. In our work, we further extend the
capability of the wearable haptic interface to promote grasping sensation with a novel kinesthetic force feedback.
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2.2 Whole-Hand Haptic Feedback with Wearables

The hand has been highlighted as a main body part to apply diverse forms of wearable haptic feedback to promote
enhanced object perception [67] and task performance [22, 39, 74]. For object perception, previous works included
kinesthetic haptic feedback as a main feedback method [75] since force is an essential element for the human to
acquire shape perception [55]. Kinesthetic feedback generally comprises active and passive actuations. Here, the
active force feedback provides active motion and resistance force, while the passive approach only offers resistance
force like braking. Although haptic gloves with active actuations using cable-driven [27, 56], tendon-driven [3],
pneumatic pump [16], shape memory alloy [43] and twisted-string actuator (TSA) [33] supported realistic force
rendering, they exhibit significant drawbacks due to the required power consumption, hardware complexity, and
large footprint.

Hence, recent works have focused on implementing compact and highly efficient passive force feedback by
supporting only braking forces. Passive force feedback has advantages over the active approach in terms of fewer
hardware requirements and a better energy efficiency. Previous works utilized magnetorheological (MR) fluid [4,
77], cable-locking [28, 45], pneumatic jamming [12], eddy-current [20], pawl & ratchet [44], and electrostatic
adhesion [30] to resist motion from body parts utilizing various mechanisms. Still, these works support kinesthetic
feedback in a single-node fashion. For example, braking force was transferred to either DP, IP, or PP for haptic
gloves [52]. Our work aligns with ongoing passive kinesthetic force feedback, where we mainly utilize a braking
mechanism for efficient operation. Then, we also enable multi-phalanx force feedback in each fingertip and further
propose how to render passive force feedback to multi-phalanx configuration to enhance object perception.

2.3 Electrostatic Clutch/Brake Applications in HCI

ES clutch has been suggested with the advantages of enabling passive force feedback in thin layers and lightweight
form factors while maintaining performance reliability [18]. Previous works applied various operating mechanisms
and designs to employ electrostatic adhesion in wearable form factors. These include clutch with simple moving
strips [29], rubber-spring [17], stretchable textile with moving strip [31], liquid-metal surface [47], all-fabric
type [53], and spring-attached pulley [78]. These approaches achieved seamless integration with wearables,
enhanced user comfort, and created high-force density.

With these advantages, HCI researchers have started to employ and utilize ES clutches/brakes for interaction
purposes. Researchers initially utilized electrostatic adhesion to improve the grasping performance in VR [30, 72].
Here, the authors successfully demonstrated the improvement of grasping performance by minimizing finger-
object generation using a clutch along with vibration. Subsequent work expanded the scope of applying ES brake
to whole-body garments level [73]. Moreover, the electrostatic adhesion used in the ES brake was also utilized
to stimulate variable friction of surfaces for enhanced interactions [2, 42]. In this work, we further expand the
capability of the electrostatic braking mechanism by minimizing the footprint while maintaining the amount of
force feedback with a multi-layer configuration as well as rapid release time upon deactivation of electrostatic
adhesion.

3 ESTATIG OPERATING PRINCIPLE

In this section, we explain the working principle of EStatiG and the basic performance of force rendered by the
proposed configuration. An ES clutch forms a braking mechanism that utilizes the friction between two or more
components generated by electrostatic adhesion. Here, the ES clutch mainly consists of (1) conductive layers,
where one is fixed, and the other layer is attached to the sliding components, and 2) dielectric layer (PVDF), a
thin insulating layer that separates the electrodes. An electrostatic attraction occurs between the conductive
layers if a relatively high voltage is applied (>200 V).
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Fig. 2. Operating principle of ES clutch used in EStatiG. (a) Top and bottom strips freely slide over the middle strip when
there is no difference of electrical potential (0 V). (b) When the high voltage (>200 V) is applied, electrostatic adhesion occurs
to lock between layers. (c) We built EStatiG with multiple ES brakes to provide force feedback to each phalanx.

As shown in Figure 2, we form a brake that provides passive force feedback by engaging or disengaging the
clutch module via electrostatic adhesion. To engage, we simply apply voltage to create jamming between layers
to resist the motion of the sliding mechanism (Figure 2b). On the contrary, we apply 0 V for disengaging layers
to slide over each other freely (Figure 2a). Recent haptic gloves [30, 31] have adopted the same approach, but
they focused on rendering force feedback on a single phalanx of a finger which is not sufficient for full object
perception upon grasp. Also, these works utilized a single side of electrodes to create braking force, which would
require a large area to install the braking module.

In this work, we propose a double-layer structure for our ES clutch to maximize the overlap area, leading to
higher force per unit area efficiency. Our module consists of 3 flexible strips that do not interfere with finger
movement. The top and bottom strips work as conductive layers. They are electrically connected and fixed on
the back of the hand. The middle strip consists of conductive materials on top and bottom and a thin dielectric
layer coated on top of both surfaces. The middle strip from each module is connected to the designated phalanx
to transfer the force when braking occurs. The top and bottom strips face toward the dielectric layer of the
middle strip and create the electric charges on the surface by imposing the voltage through electrodes. Once
enough charges are accumulated, electrostatic adhesion occurs and locks the sliding movement of the middle
strip connected to each phalanx. Eventually, the movement of the finger is blocked by the braking force exerted
upon activation. On the other hand, the phalanx freely slides upon deactivation when applying 0 V.

The theoretical background of the braking mechanism is described below.

Ffriction = ﬂFattractian (1)
F & AV? @
attraction = 2d?
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Fig. 3. Friction force measured for applied voltage between 100 V and 1000 V. The initial overlap area was 10cm? and the
pulling speed was around 0.5 mm/s.

Equation 1 shows the calculation of a total friction force (Ffriction), and p denotes the friction coefficient.
Equation 2 is derived from Coulomb’s law where ¢, is the permittivity of vacuum, which has a value of about
8.854 X 10712 F/m, ¢, refers the relative permittivity (dielectric constant) of the dielectric film between the
electrode, A denotes the overlap area between middle strip and other strips, d is the distance between a middle
strip to either top or bottom strip (dielectric film thickness), and V' is the potential difference between top-middle
and bottom-middle strips. Friction force (Fat¢raction) refers to the force that blocks the movement of each phalanx.

We fabricated our ES clutch module with PVDF film (f-phase uniaxial orientation, PolyK) with a dielectric
constant of 12 and an overlap area of 10 cm?. Due to the presence of space charges [18, 50] that accumulate over
time with the dielectric region and lower the attraction force, AC is preferred over DC as the switching of polarity
can prevent the accumulation of space charges.

E CcVv? AV?
po E_ IOV _ fa (3)
t 2 2d

Equation 3 shows the power required (P) to operate the ES brake where E is the energy to charge the clutch per
time (t), f is the frequency, C is a variable capacitor formed by our layer structure, and V is the applied voltage
between strips. To minimize the space charge and power consumption, we choose the switching frequency to be
10 Hz since the lower frequency is not fast enough to mitigate space charge. From equation 3, the required power
and current can be calculated under 350 VAC with 10 Hz bipolar square wave, and the dielectric film’s properties
are k = 12, d = 10 ym, and area = 10 cm?. The power consumption for each brake activation is 6.507 mW. While
the single LRA has voltage and current consumption of 0.3 VAC and 12.4 mA, respectively.

The relationship between braking force at different voltage levels under the overlap area of 10 cm* with a
dielectric thickness of 10 ym is shown in Figure 3. When ES clutch is inactivated, the free sliding friction force is
maintained to be less than 0.5 N. We observed clear adhesion force appears at 200 V and increased proportionally
to the increased voltage. Even though our system deploys high voltage, there is no direct contact between the
user and the electricity. Moreover, our operating voltage (350 V) falls within the safe range of 300 V to 500 V,
where the risk of dielectric breakdown of human skin is minimal [26]. As the current is the primary factor in
electrical hazards, our system limits the current to less than 100 pA. This value is well within the safe range for
human interaction, which is less than 1 mA [38].
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4 SYSTEM OVERVIEW

Building a robust electrostatic haptic glove system presents several challenges. First, the material choice for
creating actuation is critical, as its properties directly affect the quantity of force feedback. Here, we focused
on selecting the material to ensure a balance between the quantity of generated force, durability, and release
time (upon deactivation). Then, we maintained wearability by minimizing glove weight and designing mounting
structures to avoid finger motion interference. Lastly, we developed a self-contained system containing a high-
voltage power supply from the battery as well as a high-voltage power controller to handle up to eight ES
brakes.

4.1 Fabrication of Multi-Phalanx ES Brake

Dielectric Material Selection The dielectric material is a core element that determines the performance of
the ES brake. The dielectric constant and the thickness of the dielectric material are directly proportional to
the electroadhesion force amplitude and required power consumption as shown in Equation 2 & 3. However,
we cannot just rely on a thin dielectric layer due to durability and safety concerns. In terms of durability, the
dielectric layer would be worn out with frequent activation of the ES brake and lead to short circuit damage. For
safety, selected dielectric material should withstand the breakdown upon imposed voltage.

Early ES clutch work [17] used high dielectric material like a fluoropolymer embedded with barium titanate (Lux-
print, Dupont) for ES clutches. Due to its brittle characteristics, however, Luxprint is not appropriate for the
prototype requiring high flexibility. Although other work suggested using Kapton and PET tape [30] with
ductility and high mechanical strength, dielectric constants are relatively low. To this end, researchers started
to employ vinylidene fluoride-based polymers such as PVDF-HFP (k=10, E=1500 MPa) [72], and P(VDF-TrFE-
CTFE) (k=40~50, E=150 MPa) since they showed high flexibility and a relatively high dielectric constant. Recent
works used P(VDF-TrFE-CTFE) as it showed the highest dielectric constant with the lowest Young’s modulus [29].
However, the softness of P(VDF-TrFE-CTFE) led to stickiness and a prolonged release time after deactivation.
While PVDF (k=12, E=>2000 MPa) has not been reported for use as ES clutch, the recent research [41] suggests
that PVDF has appropriate electrostatic properties for ES clutch including high energy storage density, voltage
breakdown, and Young’s modulus. To select the appropriate dielectric material, with the similar setup in Figure 3,
we fabricated the ES clutches from PVDF and P(VDF-TrFE-CTFE). Then, their release times were determined by
loading both clutches with a 10 N force for 1 min and removing the load to 0 N before deactivating them. For the
PVDF-based ES clutch, the release time came out as 55 ms. On the other hand, the P(VDF-TrFE-CTFE)-based ES
clutch remained attached and required external force to separate them. Therefore, in this work, we selected PVDF
as our dielectric material, which exhibits the balanced properties between mechanical strength and dielectric
constant to support high force density while minimizing the release time.

ES Brake Structure The proposed ES clutch for activating a single phalanx consists of top & bottom strips
with aluminum electrodes and one sliding strip in the middle. Figure 4 illustrates the ES brake components. For

ES brake components

Aluminum Electrode  m—— ﬁ 5 ?HI . Total braking area (10cn? , Double layer)
(Top & Bottom Strips) oo )

Sliding Strip _

7 Aluminum Foil = Conductive Adhesive Fabric M Carbon Adhesive (ARCare 90366)

Fig. 4. A single ES brake includes two aluminum electrode strips and a sliding strip to form an overlap area of 10 cm?.
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Fig. 5. The cross-section ES brake structure and components. The ES brakes are connected to all phalanges with the 3D-
printed phalanx lockers.

top & bottom strips, we layered 100 pym thick conductive fabric (ID-NRAO01, DImaterials) with 15 ym aluminum
foil using 33 pm thick double-sided carbon adhesive (ARCare 90366, Adhesive Research). With this adhesive
layer, we reduced the surface roughness and filled holes of the woven structure within the conductive fabric to
increase the capacitance as suggested in [29]. Then, we laser-cut a T-shape pattern to fit into the actuator holder.
We made these strips with the size of 5 cm length and 1 cm width, which formed an overlap area of 10 cm? when
configured as a double layer. Our overall ES brake comprises 8 ES clutch connected to phalanges (3 phalanges for
index and middle fingers and 2 phalanges for thumb). We made holes in the T-shape pattern to secure the top &
bottom strips while maintaining electrical connections through the steel bolt.

For the middle strip (sliding strip), we used 400 ym thermoplastic polyurethane (TPU) with a width of 1.4 cm.
The strip’s length is covered from the actuator holder to the designated phalanx, which maintains a consistent
overlap area regardless of the bending of the phalanges. We made two holes at the end of this strip to assemble
with the phalanx locker. On top of the TPU base, we attached 110 ym thick double-sided adhesive tape (468MP,
3M) and laser-cut conductive fabric with a width of 1.2 cm. We left a 0.1 cm gap from the edge to prevent an
unexpected short circuit. Then, we placed the 10 ym thick PVDF film using carbon adhesive with a width of
1.4 cm to cover the conductive fabric fully. We carefully processed this fabrication to prevent any wrinkles or air
bubbles that deteriorate the performance and lifetime. Lastly, we connected wires at the tip of each strip and
wrapped them with insulation tape.

Proof-of-concept Haptic Glove As illustrated in Figure 6, our proof-of-concept haptic glove consists of 3
actuator holders. We put these holders onto the glove using Velcro. We also attached the Velcro wrist strap to the
actuator holder to fix the glove on the hand. We configured the ES brake by stacking ES clutches in the order
of DP, IP, and PP (Figure 5) to transfer blocking force to each phalanx individually. We 3D printed the phalanx
lockers using polylactic acid (PLA), which connects to the sliding strip. Here, we formed clutch passages inside
the PP and IP phalanx lockers to allow sliding DP and IP strips. These passages also prevent potential buckling of
the strips during finger bending. For IP and PP, we wrapped phalanx lockers with fabric straps clipped with a
TPU force conveyor. Since the fabric can be stretchable, the force might not be well transferred to the phalange.
Thus, we use the TPU force conveyor to add rigidity around the contact point to maintain the force perception.
In terms of DP, the phalanx locker covers the whole fingertip to transfer the tactile sensation with added linear
resonant actuators (VG1040003D, Vybronics). We mainly focused on supporting the thumb, index, and middle
fingers as increasing the number of fingers does not improve the perception of the virtual objects’ shape [34, 61].
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Fig. 6. Overview of EStatiG prototype and components.

We added the force sensor (RA18-DIY, Maveldex) to the fingertip to prevent engaging braking force over the
system limit. We intended to measure the force applied to the fingertip when the ES brake activates. In this
way, the system can detect the instance when a user is releasing the object or applying grasping force that
could exceed the maximum braking force (>10N). We wired force sensors with laser-cut stretchable conductive
fabric (Technik-tex P130, Shieldex) using heat adhesive (Bemis) as shown in Figure 6.

4.2 Hardware Implementation

We designed a customized control circuit as shown in Figure 7. We used a Teensy 4.0 microcontroller (600MHz
ARM Cortex-M7) and connected digital pins to high voltage reed relays (131-1-A-3/1D, Pickering Electronics)
to regulate the ES brakes’ on/off state. Then, we employed a multiplexer (TCA9548A, Texas Instruments) with
a motor driver (DA7280, Renesas Electronics) to actuate multiple LRAs. The overall dimension of the control
circuit came out as 45 cm X 50 cm, which is small enough to be mounted on the arm. To make a battery-powered
portable high voltage supply (>200 V), we referred and modified [49] to further create bipolar square wave signals
from 6 VDC. Here, we added two additional optocouplers and MOSFETs to form an H-bridge and drove the
extra MOSFET with the inverse signal from the output of the original MOSFET. The total weight of our gloves
comes out as 180 grams (130 grams for the gloves and 50 grams for the control circuit). The ES brake weighs only
10 grams per phalanx.

5 TECHNICAL EVALUATION

We carried out technical evaluations to confirm the performance of our ES brake. Here, we explored the durability
by testing the activation cycle and force feedback capability by measuring the force transferred to each phalanx.

5.1 Fatigue Life

For this evaluation, we repeatedly activated the ES brake and applied the load until the electrodes slipped from
each other when reached the maximum braking force. In this manner, we measured the realistic fatigue life of
the proposed ES brake. We used the same setup to measure the friction force (Figure 3), where we connected the
sliding strip to the push-pull gauge (ZTA-200N, Imada) while another electrode was fixed to its base.

For testing, we used a 10 ym thick PVDF with an operating voltage of 350 VAC at 10 Hz and an overlapped area
of 10 cm?, identical to the implementation conditions. This setup supports an average braking force of 12.28 N.
During 500 trials, we observed a force range of 10.8 N~13.7 N, with no significant decrease in braking force.
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Fig. 7. Multi-phalanx ES brake circuit diagram. We employed ES brakes and LRAs to create force and tactile sensation. Our
control circuit and portable high-voltage supply enabled force feedback sensation on multiple phalanges.

5.2 Force Feedback Validation

Since our ultimate goal is to provide braking force to each phalanx for grasp, it is critical to assess how much force
is actually transferred to each phalanx with our prototype. To measure the reaction force acting on the phalanx,
we installed the calibrated force sensor (RA18-DIY) for testing purposes. We also added two force sensors to
the Velcro wrist strap to measure the anchoring force, which is the force exerted to fix the wrist strap from
moving during grasping. This force was determined by how much we wrap the strap around the wrist. We then
examined the relationship between the maximum anchoring force and the transferred force. For the evaluation,
we activated the braking force of 12 N for each phalanx and instructed users to perform full grasp, to obtain the
maximum transferred forces. A total of 12 participants were recruited (6 women and 6 men; Mean=27 years old,
SD = 3.8). Each of them performed 72 trials (8 locations X 3 anchoring forces x 3 set). Throughout the experiment,
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Fig. 8. The ES brake transferred force to each phalanx for 3 different wrist anchoring forces (1.5 N, 3 N, and 5 N). ES brake
provided a maximum of 12 N (350 VAC with 10 Hz and an overlap area of 10 cm?.)
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the brake occasionally slipped when the measured force exceeded 11 N. When this happened, we recorded the
last measured force before the slip as the maximum transferred force.

Figure 8 illustrates the results of our evaluation. On average, we observed the force transfer rates of 95%, 80%,
and 70% on DP, IP, and PP for index and middle fingers when anchored on the wrist with 1.5 N. With the increase
in wrist anchoring force from 1.5 N to 5 N, we saw a high increase in force transfer rates (more than 90% on
average). The DP exhibited a high force transfer rate because the phalanx locker covers the whole fingertip with
the rigid body. On the other side, IP and PP showed less force transfer since the force was transferred through
flexible TPU conveyors. For the thumb, PP has a significantly lower force transfer rate. We assume this is due to
the anchoring point of the thumb’s PP being located around the Carpometacarpal joint (CMC), which naturally
moves along the motion of the thumb’s PP. Apart from the force transfer efficiency validation, we also evaluated
how multi-phalanx improved the angle position perception performance in User Study 1.

6 HAPTIC RENDERING WITH ESTATIG

Previously, the force feedback on phalanges has been suggested [3]. However, users’ capability to distinguish
the applied forces at different phalanges and how users perceive the blocking forces at multiple phalanges have
not been fully explored. To address this gap, we carried out an exploratory study to find out two key aspects of
human force perception on the finger: (1) the accuracy of force localization across different phalanges and (2) the
perceived force patterns when blocking forces presented at multiple phalanges. We utilized the findings from the
study to form ES brake actuation conditions to provide effective and efficient force feedback.

6.1 Exploratory Study

Our exploratory study had two main sessions. In the first session, users identified the perceived location of the
braking force during the grasp. Our prototype activated an ES brake on a single phalanx location. The possible
phalanx locations included the Distal Phalanx (DP), Intermediate Phalanx (IP), and Proximal Phalanx (PP) of
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Fig. 9. The result of an exploratory study on force localization perception accuracy with EStatiG. (a) Identification accuracy
when a single braking point was applied at a single phalanx, (b) Perceived force feedback location distribution (in percentage)
when multiple braking points were applied at multiple phalanges.
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the index, middle, and thumb, as shown in Figure 9a. Then, participants identified the perceived location of the
phalanx. Users carried out a total of 24 trials (8 locations X 3 set).

In the second session, we conducted a study to investigate how users perceived the force across the finger
segments for different combinations of multi-phalanx force feedback. We had a total of 14 different combinations
of multi-phalanx force feedback patterns shown in Figure 9b. We configured DP dominant tasks and IP dominant
tasks where we supported constant braking force to DP or IP while activating braking force in various patterns.
Moreover, we had cases with braking force activated on all phalanges for each finger. Participants carried out a
total of 42 trials (14 patterns X 3 set). The entire study lasted about 40 minutes.

We recruited 16 participants (9 women and 7 men; Mean=26 years old, SD=4.1) and asked them to wear our
haptic glove on their dominant hand. They were fully instructed about our user study and consented before the
study. We operated the device at 350 VAC at 10 Hz, creating a maximum of 12 N braking force. Before conducting
the test, we activated all phalanges individually to familiarize participants with the sensation of force from our
device. During the study, we blindfolded participants to remove the bias caused by the visual information from
the sliding strip movement. Then, we asked participants to bend their hands slowly and verbally answer which
phalanx was being blocked.

Results and Discussions In the first session, the participants showed an overall perception accuracy of 74% in
detecting the location of the phalanx with applied braking force (Figure 9a). We observed that the DP of the index
and middle showed the highest accuracy within a finger, as expected, with DP’s high sensitivity [36]. The braking
force at IP had the lowest accuracy in the index and middle because participants often misinterpreted sensation
on IP as that on PP. We assume this was due to the hierarchical finger bone structure, where we observed that
blocking IP made PP hard to move as well.

The effect of hierarchical bone structure of also showed in the second session, as our investigation found
that common confusions occurs when providing braking force for the adjacent phalanx. For examples, by only
providing a force on DP created a sensation on DP as well as DP&IP, and giving forces DP&IP could felt like all
phalanges were blocked. In the case of thumb, 71.7% of participants reported the sensation of the force feedback on
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Fig. 10. Designated haptic rendering patterns for applying ES brake(s) (blue dots) to stimulate various force feedback
patterns (red dots).
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DP&PP regardless of applied braking force patterns. From these results, we drew interchangeable force feedback
patterns as illustrated in Figure 9b. Our study unveiled that we could activate fewer ES brakes to elicit a similar
sensation compared to activating whole intended phalanges.

6.2 Haptic Rendering Algorithm

To formulate power-efficient rendering while maintaining performance, we employed a study-informed approach
for haptic rendering. Rather than activating every phalanx in contact with a virtual object, we leveraged insights
from the exploratory study. If the perceived percentage of certain patterns was higher or within a 5% difference
compared to the perceived percentage of the actual actuated phalanges, could indicate that actuating only those
specific phalanges was sufficient to render the desired force feedback sensation. As a result, we identified a
minimal set of ES brakes to activate while maintaining similar perceived force patterns for the user (Figure 10).
The blue dots in Figure 10 represent the efficient rendering pattern, which can effectively render the red dot
patterns in the same column. Here is an example of how we utilized perceived force patterns to render power
grasp where the PP collides with the object first, followed by the IP, and the DP. Initially, the ES brake of the PP
is activated (as the PP represents only itself). When the IP makes contact with the object, the ES brake of the
PP is deactivated, and the ES brake of the IP is activated (with the IP representing IP&PP). Finally, once the DP
contacts the object that completes the grasp, the ES brake of the DP is activated (with the DP&IP representing all
phalanges). A similar mechanism is observed in the thumb. The ES brake of the thumb’s PP is activated upon its
collision with the object and is subsequently deactivated when the thumb’s DP contacts the object. At this point,
the ES brake of the thumb’s DP is activated, with the DP representing the DP&PP for the thumb. We then further
evaluated the effectiveness of our adaptive rendering algorithm in the User Study 2.

Figure 11 illustrates our overall haptic rendering pipeline. We rendered the haptic feedback based on the
collision detection between the virtual objects and the phalanges during the grasping interactions. We obtained
hand-tracking data from the motion capture gloves module (Quantum Gloves, Manus Meta), which was mounted
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Fig. 11. Haptic rendering pipeline of EStatiG. We employed haptic rendering patterns from the exploratory study to support
force feedback on multiple phalanges for the index, middle, and thumb.

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 8, No. 3, Article 131. Publication date: September 2024.



131:14 « Vanichvoranun and Lee et al.

on top of our prototype. Whenever the virtual phalanges were in contact or out of contact, the changes in the
status of that phalanx were sent to the MCU. Based on the haptic rendering patterns set in Figure 11, our system
determined activation of ES brakes accordingly (Actuation states update in Figure 11).

For the tactile feedback, the LRAs vibrated when the DP state changed from inactive to active state to simulate
the sensation of touching the objects’ surface. Using the force sensor attached to each fingertip, we could check
the physical status of the applied force to the user. Based on the force measurement, the virtual object was either
snapped or released from the hand. We also monitored the force measurement to prevent damaging the ES brake
by disengaging the brake when the applied force almost reached the maximum braking force (>10 N).

7 USER STUDY

In the user study, we investigated both the objective and subjective performance of EStatiG compared to the
conventional single-phalanx force feedback approach. For the objective assessment, we evaluated users’ accuracy
in identifying different finger phalanx-angle positions. In the subjective study, we explored users’ experiences
during interaction with primitive object shapes using our approach versus the baseline. Through these studies,
we verified the effectiveness of the proposed multi-phalanx ES brake for shape perception and gained valuable
insights into the user experience with our approach.

7.1 User Study 1: Phalanx-Angle Position Perception

In User Study 1, we carried out a within-subject study to determine the perceivable angle resolution. We
quantitatively measured the performance of multi-phalanx force feedback by validating how many levels of
bending could be perceived. The tasks required participants to bend their hands around different joints, which
mimicked grasping objects with various shapes and angles. In addition, we compared our multi-phalanx approach
with the single-phalanx method and hypothesized that the multi-phalanx force feedback approach would enhance
the user’s ability to perceive and distinguish various angles of finger bending more accurately. We believed multi-
phalanx force feedback has the potential to offer more detailed information about the position and movement of
the fingers. An increased number of sensory inputs might improve the user’s ability to discern different angles.

Study Setup We recruited 17 participants (7 women and 10 men; Mean=26 years old, SD=4.43). All participants
were right-handed and did not have a problem with wearing the prototype. The overall study took about 2 hours.
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» Condition « Condition : All-Phalanges Activation
: DP-Only Activation VS All-Phalanges Activation with PP always fixed
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Fig. 12. Finger phalanx-angle positions perception test study setup. (a) Bending all phalanges together for 5 different
stages (including 2, 4, 6, 8, and 10 levels) and (b) bending DP&IP together, while PP was fixed for 4 different stages (including
2, 4, 6, and 8 levels). Both (a) and (b) contained ‘No activation’ condition for each stage.
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We equipped participants with a headphone playing white noise and blindfolds to prevent bias from auditory or
visual cues.

In this study, participants carried out two tasks including all-phalanges bending task (Task 1) and DP&IP
phalanges bending task (Task 2) as shown in Figure 12. For Task 1, we asked participants to bend the whole
phalanges of the index and middle finger around the metacarpophalangeal (MCP) joints. For Task 2, we instructed
participants to bend their DP and IP phalanges around the proximal interphalangeal (PIP) joints while the PP
were fixed by keeping them activated. The wrist position was fixed as a pivot point in the virtual scene. Our
system activated the ES brake to provide force feedback when the position of the phalanges reached a certain
degree of angle, which was randomized and counterbalanced for the trials.

Task 1 consisted of five stages with different angular resolutions. We divided 90 degrees into 2, 4, 6, 8, and 10
levels for each stage, and the degrees between each level were 90°, 30°, 18°, 11.3°, and 10°, respectively. Task 2
covered four stages where we divided 90 degrees into 2, 4, 6, and 8 levels. We also included the ‘No Activation’
case in every stage for both tasks where no force feedback was provided to fingers. Therefore, the number of
answer options in each stage were 3, 5,7, 9, and 11 in Task 1 and 3, 5, 7, and 9 in Task 2 accordingly. We did not
conduct a study on DP bending with the fixation of IP and PP because the flexion and extension movement range
was limited below 40° [58] which was insufficient to provide meaningful angle divisions for the force feedback.

For Task 1, we provided two activation conditions including DP-only (DPA) and all-phalanges activations (APA)
and compared the results. In Task 2, we only conducted all-phalanges activation conditions. All stages were
repeated twice except the first stage discriminating 2 levels, where we repeated 3 times to get a sufficient number
of data. Figure 12 illustrates the overall design of our User Study 1.

Study Procedure We ran a walkthrough session where participants went through all conditions to get
acquainted with the system and reference cues. Participants verbally responded at which level they felt the
blocking force. If they didn’t feel any resisting force, they answered it as ‘No Activation’. After repeating the
same stage twice (3 times for the first stage), we moved on to the next stage. Between Task 1 and 2, we offered a
10-minute break. We carried out a total of 197 trials (73 trials for Task 1 with stage repetitions X 2 activation
conditions, 51 trials for Task 2 with stage repetitions) and collected 3349 (197 trials X 17 participants) responses.

Results In Task 1, we averaged accuracy rates across all levels within each stage, thereby obtaining the
accuracy rate for each stage. Furthermore, we compared the accuracy rate of the same stages between two
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Fig. 13. The average identification accuracy of the phalanx-angle positions perception test. (a) The comparison of identification
accuracy between all-phalanges activation (APA) and DP-only activation (DPA) conditions when all phalanges were bending
together and (b) the identification accuracy of all-phalanges activation condition when bending DP and IP while PP was
fixed. The error bars represent standard errors.
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activation conditions: DPA and APA, as shown in Figure 13a. For more details on the result, please refer to
Appendix B.

Overall, results showed that DPA had a steeper decline in accuracy as the number of levels increased. On the
contrary, APA maintained a relatively high accuracy where it showed >90% accuracy for identifying 5 different
levels of bending angles. Still, we observed a significant drop in both conditions when the number of levels
increased to 7 or above. Therefore, we confirmed that our device can support clear sensation of angle resolution
of 18° for most users and showed superior performance compared to DPA. For Task 2, we found out that our
device can support rendering the angle resolution of 30° when bending around the PIP joint, which was lower
than bending around the MCP joint.

In this study, we confirmed that our approach of utilizing all phalanges for force feedback superseded existing
DP-only force feedback. As we expected, stabilizing the position of a finger appropriately using the APA condition
contributed toward better performance.

7.2 User Study 2: Object Perception Experience

In Study 2, we evaluated the overall experience of using EStatiG while grasping virtual objects with primitive
shapes. We compared the subjective ratings of three ES brake activation strategies, including DP-only (baseline),
all-phalanges, and all-phalanges with our haptic rendering pipeline from Figure 11. According to User Study
1, the all-phalanges activation condition could help users perceive high-resolution angles compared to the DP-
only activation condition. In addition, during the exploratory study, we discovered that our haptic rendering
algorithm could cover the sensation of all-phalanges activation while activating fewer phalanges. Therefore,
we hypothesized that all-phalanges adaptive activation with our rendering approach (ADA) and all-phalanges
activation (APA) conditions would provide a better user experience than DP-only activation (DPA) condition,
while ADA has no significant difference from APA. We also obtained qualitative user feedback to address the
limitations for future development.
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Study Setup We carried out a within-subject design experiment where all participants explored identical
objects for 3 different conditions. The participants were the same group from User Study 1, except for one
participant who withdrew due to personal reasons. The overall study took about 30 minutes. In this study, we
guided participants to watch the monitor displaying VR scenes where their virtual hands interacted with virtual
objects. We also offered 3D-printed physical objects that had the same geometry as testing virtual objects, so
users could refer to these objects as the ground truth.

We provided 4 objects with various shapes such as sphere, quadrangular prism, triangular prism, and cylinder.
For this test, we fixed the virtual hand position and let users only perform grasping actions. This allowed
participants to focus solely on the grasping motion. Figure 14 illustrates the overall sequence of Study 2.

We asked participants to provide subjective ratings for all conditions by answering 5 questions related to 5
haptic experience keywords [21, 57] (Realism: How realistic was the feeling of the object? , Comfort: How comfortable
was the interaction? , Immersion: How does haptic feedback increase your involvement in grasping? , Harmony: How
appropriate is the haptic feedback on where and when you felt it? , and Satisfaction: How do you like having haptic
feedback as part of your experience?). Participants rated using a 7-point Likert scale ranging from 1 to 7 through
the online form via tablet.

Study Procedure After participants received ground truth sensation of physical objects, we asked participants
to grasp the virtual object. We presented virtual objects in randomized order. For the presented object, all activation
conditions were given in a random order without disclosing condition information. We guided participants to
thoroughly explore each condition’s sensation until they felt confident enough to respond to the questionnaire.
We collected a total of 960 data points (4 objects X 3 haptic rendering conditions X 5 questions X 16 participants).
After the study, we had a brief interview session asking about the overall experience of interacting with virtual
objects with given force feedback conditions.

Results To assess the impact of haptic activation conditions on each keyword across different objects, we
employed the Wilcoxon signed-rank test for analysis, as depicted in Figure 15. Since we did not observe a
significant difference between ADA and APA conditions, we only compared it with the DPA condition. We
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Fig. 15. The object perception experience ratings for various haptic feedback conditions. Each bar graph refers to the
subjective rating from the participant under five criteria including realism, comfort, immersion, harmony, and satisfaction.
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observed a significant enhancement in the overall experiences with the quadrangular and triangular prism but a
relatively small enhancement in realism and satisfaction with the sphere and cylinder.

Significant differences were observed across various keywords. (i) For realism, distinctions were found between
DPA and APA conditions for the quadrangular prism (p = .026 < 0.05), triangular prism (p = .031 < 0.05), and
cylinder (p = .04 < 0.05), as well as between DPA and ADA conditions for the sphere (p = .021 < 0.05) and triangular
prism (p = .003 < 0.005). (ii) Comfort ratings displayed significant differences, particularly with the triangular
prism, between the DPA and both APA (p = .04 < 0.05) and ADA conditions (p = .026 < 0.05). We also found that
the subjective rating of comfort for the sphere with APA and ADA conditions was lower than with the DPA
condition. (iii) Immersion showed statistically significant distinctions between the DPA and APA conditions for
the quadrangular (p = .003 < 0.005) and triangular prism (p = .026 < 0.05), and between DPA and ADA conditions
for the triangular prism (p = .007 < 0.05). (iv) Harmony ratings exhibited significant differences between the DPA
and APA conditions with the quadrangular prism (p = .005 < 0.05), and between DPA and ADA conditions for
both quadrangular (p = .021 < 0.05) and triangular prisms (p = .005 < 0.05). (v) Lastly, satisfaction ratings differed
significantly between the DPA and APA conditions across all objects, including the sphere (p = .022 < 0.05),
quadrangular prism (p = .01 < 0.05), triangular prism (p = .032 < 0.05), and cylinder (p = .031 < 0.05), with additional
notable differences between the DPA condition and ADA condition for the triangular prism (p = .032 < 0.05).

Qualitative Feedback We received feedback from 5 participants that the quadrangular and triangular prisms
provided the most realistic sensation of grasping. This is probably because multi-phalanx sensations were
emphasized with these objects compared to rounded shapes. We also received a comment that the sensation of
manipulating the thumb was weaker than that of other fingers. We assumed that different ranges of movement
for the thumb were not notably different by objects. Lastly, two participants mentioned that as the wrist and
object positions were fixed, they could not fully manipulate the objects, including dragging or rotating, which led
them to rate low scores for immersion regardless of activation conditions.

8 APPLICATIONS

EStatiG delivers multi-phalanx haptic feedback to enhance the immersive experience of interacting with varied
virtual objects. Its lightweight structure and responsive haptic feedback, along with an efficient haptic rendering
algorithm, make it suitable for several applications. EStatiG can be utilized in both industrial and personal contexts.
We propose use cases for our device in industrial training, remote control, entertainment, and telepresence.
Industrial Training Nowadays, industries adopt VR training to reduce the cost and relax the time-space
restriction [5]. As the study suggests [24], with the presence of haptic feedback, task learnability has improved,
especially for complex assembly tasks. Since EStatiG enables haptic sensation on multilateral shapes, it is suitable
for VR training scenes that deal with industrial tools. By allowing users to feel like they are touching the
machinery, we can closely replicate the actual industrial environment to enable effective training,.
Teleoperation The current teleoperation systems utilize handheld controller devices or bare hands to control
the robot which can be difficult to precisely grasp or manipulate virtual objects. EStatiG can potentially contribute
to improving the performance of teleoperation. By accurately rendering the shape of the object, EstatiG allows
users to perceive the richer sensation of the size, shape, and texture of the objects, leading to better control over
grip strength and end effector placement. Moreover, relying less on visual cues and more on haptic sensation to
understand the object and adjusting the grasp accordingly can reduce the operators’ cognitive load [9].
Entertainment VR entertainment contents usually ask users to use controllers to manipulate the virtual
objects. However, conventional controllers simply pass through objects without any haptic sensation, which
reduces the immersion and gives a sense of artificiality. In particular, games that interact with organic shapes
like bouldering, where users touch and grab rocks with multi-edge geometry, require a haptic sensation on
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Fig. 16. Example use case scenarios showing (a),(b) industrial applications and (c),(d) personal applications.

intermediate phalanges (IP) and proximal phalanges (PP) as described in Figure 16 c. Using EStatiG, the detailed
haptic feedback from the phalanges can provide greater immersion in VR scenes.

Social Touch in VR In a VR scene, socially interacting with other characters is a crucial part of the experience.
Social touch is one way of nonverbal communication through physical contact. Experiencing social touch in
a VR scene can increase intimacy towards the character and enhance the social telepresence [32]. For users to
physically interact with the virtual characters, the device being used needs a haptic feedback functionality. As
EStatiG provides both tactile and force sensations in the hand, it is applicable for interacting with characters
similar to real-life situations.

9 DISCUSSION

After thoroughly examining our multi-phalanx haptic glove, we analyze the evaluation results in detail, high-
lighting performance improvements and issues encountered during the design and implementation process.
Following that, we provide guidelines for selecting haptic rendering methods and make recommendations based
on our findings to improve user experience with diverse object shapes. Finally, we propose future work directions,
including hardware enhancements and additional user study scenarios, to advance the applications of our haptic
glove.

9.1 Evaluation Result Analysis

Several studies have implemented multi-phalanx haptic gloves [3, 40]. Nevertheless, these approaches typically re-
lied on conventional electric motors, resulting in bulky structures and high power consumption. To address these
limitations, we adopted the ES brake for its lightweight design (10 grams per brake) and low power consumption.
However, challenges arose in dielectric material selection and designing for fast engagement and disengagement.
Through multiple design iterations, we achieved a balance between critical aspects including wearability (light-
weight with comfort), force feedback capability (12 N braking force per phalanx), and manufacturability (low-cost
& in-house fabrication process).
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Our user experiments demonstrated significant improvements in phalanx-angle position perception and user
experience compared to a baseline with blocking force applied only to the DP. In User Study 1, while the all-
phalanges activation condition yielded better performance, the achieved angle resolution of 18° exceeded the
Just Noticeable Difference (JND) of the PIP and MCP joints (1.7°~2.7°) which are measured when the hand is in
contact with physical objects [63]. The difference in angle resolution between our results and the JND could be
attributed to the deformation of the soft fabric glove used as a base for component attachment for wearability,
instead of rigid structures. Despite efforts to tighten the Velcro strap on the wrist to prevent displacement during
finger flexion, achieving perfect fixation was unattainable and caused discomfort, leading to inevitable deviation
errors from the target point. User Study 2 revealed similar overall performance between our haptic rendering
pipeline (ADA, derived from the exploratory study) and the all-phalanges condition (APA, force applied to all
phalanges). For quadrangular prism, a strong and rigid force using APA condition was preferred, whereas for
objects with flat, tilted surfaces such as triangular prism which require similar rotation across all phalanges, ADA
method was favored. The impact of multi-phalanx activation was minimal for the sphere and cylinder.

9.2 Guideline for Haptic Rendering Selection

To understand these preferences and provide guidelines for various object shapes, we further analyzed the
interaction mechanism. (i) For objects that required angular representation between the PP and IP, activation of
these two phalanges accurately represented the angle and maintained a firm grasping sensation. This influenced
the overall preference for the APA condition over the ADA and DPA conditions. (ii) For objects with flat and
inclined surfaces, no sequential activation was required. Additionally, the exploratory study indicated that the
angular representation around the MCP joint by activating the PP could be substituted by activating the IP when
accompanied by DP activation. As a result, APA can be replaced by only activating essential phalanges determined
by ADA. (iii) For objects with curved surfaces, activation of both APA and ADA conditions may create a perception
of discrete angles between the phalanges, impairing the sensation of touching the continuous curvature. This
could explain the minimal difference in preference among all activation conditions. Yet, the initial touch sensation
with the PP might enhance the perception of grasping the object better than the DPA condition, accounting
for the slightly higher overall preference for the ADA condition compared to other activation conditions. We
propose guidelines for interpreting and generalizing our results based on these findings. The APA condition is
recommended to provide a better sensation of grasping for objects that need to render exact angles between
phalanges. The ADA condition is more efficient for an improved user experience for objects with flat, and sloped
surfaces. Lastly, for objects with curved surfaces, designers can choose either the DPA or the ADA method
based on the desired sensation. If the goal is to emphasize the smoothness of the curvature, the DPA method
is recommended. Conversely, if the focus is on enhancing the grasping process of the curved object, the ADA
condition is more suitable.

9.3 Future Work

We acknowledged that our studies mainly looked at four basic shapes that required users to make hand poses
at different angles, such as flat surfaces, right angles, and curve, by bending their fingers. To expand the scope
of our interaction methods, future research should focus on more complex shapes and settings. This includes
testing objects with complex geometries, such as irregular polyhedra or organic shapes, as well as objects that
combine different geometric features like concave and convex areas. Future studies with complex shapes would
help us better understand how well our current haptic feedback methods work with a wide range of objects and
would provide deeper insights into the strengths and limitations of our approach.

In addition to examining a broader set of shapes, it is important to include more dynamic interactions in our
study. We focused on isolating the grasping interaction by fixing participants’ hand positions and conducting a
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controlled environment study to investigate the user’s ability to securely grasp objects with the device. However,
realistic and immersive object interaction involves not only grasping but also object manipulation, including
object translation and rotation. Future iterations should explore user performance in these more interactive and
actively engaging tasks. The evaluation of the user experience during object manipulation with the device would
enable us to assess how effectively the device replicates the haptic sensation users have with real-world objects
in diverse contexts.

To enhance the feasibility of various grasping postures and objects, the hardware design may be revised
through certain modifications. Greater freedom in abduction and adduction movements can be achieved by using
a cable or tendon instead of a TPU strip to transmit the resisting force. However, additional springs might be
required to prevent buckling, which can add more free sliding friction to the system. The design also requires
improvement in transferring braking force to the thumb’s PP through a mechanism that resists unwanted CMC
joint movement. Apart from shape rendering, our haptic glove uses LRAs, but we have not experimented with
actuating LRA at different durations and amplitudes. This can improve the representation of texture and stiffness
of objects. [65] For hand tracking, the current system employs an external hand-tracking system. This adds
80 grams of weight and introduces potential inaccuracies since this tracking system was originally designed
for bare-hand usage. As mentioned in prior works [30, 31], developing self-sensing capabilities by tracking
capacitance changes in our three electrode pairs per phalanx can enable more robust hand tracking in the future.

10 CONCLUSION

In this work, we present EStatiG, a novel wearable haptic feedback system with multi-phalanx ES brakes. We
aimed to enhance object shape recognition during grasping in VR. We designed and fabricated EStatiG gloves.
Then, we conducted a user study to explore the feasibility of rendering force feedback on multiple phalanges
for enhancing object perception compared to single-phalanx feedback at the fingertips. Our results showed that
EStatiG’s multi-phalanx force rendering significantly increased realism, immersion, and user satisfaction during
interaction with various shapes. This effect was particularly noticeable for objects with intricate shapes, such as
triangular prisms and cubes, where multi-point feedback provided a more accurate representation of the object’s
edges and contours. We hope our work paves the way toward more realistic and immersive VR experiences.
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A EXPLORATORY STUDY: HAPTIC RENDERING ALGORITHM

Algorithm 1 illustrates the overall haptic rendering pipeline of our method.

Algorithm 1 Actuation states update

Require: Status of each phalange
Ensure: Actuation states of DP, IP, and PP
Set DP, IP, and PP to the current actuation states of DP, IP, and PP respectively > IP status of thumb is always
False
while True do
Set DP to DP status
if DP status is True then
Set PP to False
Set IP to IP status AND PP status > When DP state is True, PP is True only when its state and PP state
is True
else
Set IP to IP status
if IP status is False then
Set PP to PP status
end if
end if
end while
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B USER STUDY CONFUSION MATRIX

Figure 16~18 show confusion matrices from our User Study 1.
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