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Abstract. Using (and developing) haptic devices in virtual reality ap-
plications is currently impeded by the lack of flexible haptic rendering
software frameworks that support haptic devices with varying numbers
of interaction points. The existing open-source framework Chai3D sup-
ports primarily haptic devices with single contact points.

Game engines are capable of rendering complex scenes, but typically
operate at frame rates much lower than 1000 Hz, the update rate required
for haptic rendering loops.

We present an Unreal Engine-based extension of the UnrealHaptics frame-
work that generalizes the prior single-contact device layer to peripherals
with multiple contact points (multi-contact). The work preserves the es-
tablished high-frequency haptic loop and adapts the framework to Unreal
Engine 5 through a generalized device interface and component-based
design. The resulting system supports heterogeneous haptic peripherals
by exchanging per-contact pose data and six degrees-of-freedom force
vectors.

We propose a multi-contact performance benchmark and use it to vali-
date our software architecture with two novel haptic peripherals with dif-
ferent numbers of contact points. Also, we propose a novel measurement
method for software and hardware latencies, using audio; to quantify the
effective visuo-haptic synchronicity of any software-hardware system.
We show that our implementation enables fast, efficient, synchronous
visuo-haptic rendering, with the haptic loop achieving a 1000 Hz update
rate. Also, we demonstrate that our novel measurement method is ca-
pable of revealing the bottlenecks (here hardware) of the overall system
performance. We also make our framework openly available, aiming at
accelerating the development and adoption of haptic interfaces for virtual
reality applications.
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1 Introduction

In the last decade, the adoption of virtual reality (VR) was accelerated mainly
because of improvements and the wider availability of head-mounted displays
(HMDs). In addition, we have seen the widespread adoption of 3D game engines,
such as Unity and Unreal, as platform-independent, high-fidelity 3D visual ren-
dering engines. The progress in visual rendering technology has reinvigorated
interest in haptic interfaces to enhance interaction in virtual reality [16], which
is predominantly audio-visual. In contrast to visual display technologies, haptic
devices have been adopted only in small niche applications. One reason for this
disparity is the high inherent technological complexity required for creating di-
rect physical interactions with the simulated environment. Satisfactory haptic
user experiences require many haptic stimuli while minimizing negative effects
on usability, e.g., by encumbering the user with heavy interfaces. Another road-
block that slows the development of haptic interfaces is the lack of open software
frameworks for haptic rendering in high-fidelity, audiovisual contexts, such as
games or medical VR simulators.

Haptic rendering software, driving devices directly, is usually constrained to
one specific type of device only, requiring haptic rendering re-implementation
for each novel haptic interface. Therefore, haptic rendering frameworks should
accommodate the variability of haptic interfaces.

Validation of haptic interfaces is another critical consideration, particularly in
terms of user experience. Approaches using simplistic visual contexts or focusing
solely on the haptic modality can be problematic, as they may fail to represent
typical high-fidelity, multimodal VR use cases. It has been demonstrated that
the congruence between visual and haptic modes greatly influences the plausi-
bility of the VR experience [I3]. Instead of aiming to achieve physically accurate
haptic reproduction, focusing on the user experience has the potential to uncover
potential simplifications for haptic interfaces or haptic rendering [18]. Previous
validation studies conducted for haptic interfaces usually rely on custom render-
ing implementations that impede cross-device user experience comparisons that
would be beneficial for identifying optimal haptic interface properties. In sum,
these challenges impede the rapid development and, therefore, the adoption of
haptic interfaces for VR.

1.1 Problem Statement

Haptic force feedback rendering of single interaction points is sufficient for tool-
based interactions mediated by haptic interfaces with pen-shaped end-effectors
such as the Phantom Touch or Force Dimension omega.6. However, particu-
larly for VR Interactions involving HMDs, glove-like haptic interfaces would be
preferable. Such interfaces require simultaneous haptic rendering for multiple
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interaction points. At the same time, the number of interaction points should be
variable to support heterogeneous hardware interfaces, e.g., two or five points
for different grasping interactions. Cross-device compatibility must be ensured
with an open framework to facilitate device integration.

One challenge of this extended framework is ensuring that the introduction
of multiple contact points (CP) does not compromise rendering performance.
Furthermore, the effective synchronicity between visual and haptic cues mediated
by such a framework has not been quantified. To validate a device-independent
haptic framework, it is essential to evaluate both software-level performance for
haptic rendering and hardware-level latency, as both are critical to the overall
user experience.

1.2 Contributions

This work implements and evaluates a Unreal Engine 5-based extension of the
UnrealHaptics framework that generalizes device support from single-contact to
multi-contact peripherals while preserving the established multi-threaded ren-
dering model. Our main contributions are:

— A Unreal Engine-based, device-agnostic API that generalizes the prior Unre-
alHaptics device layer to peripherals with variable numbers of contact points.

— A Unreal Engine-native integration workflow based on components and col-
lision channels, replacing the earlier manual scene setup and collision-pair
registration.

— A novel measurement method is introduced and applied that enables the
simultaneous assessment of software and hardware latency sources, essential
for validating the perceived synchronicity between the rendered visual and
haptic cues.

— Impact on performance: We investigate how adding multiple contact points
affects the rendering performance of the extended framework through bench-
marking.

— Implementation and integration of two novel glove-based haptic interfaces —
KinesCeT]I (2-CP kinesthetic feedback) and FingerTac (3-CP vibrotactile
feedback) — to demonstrate the architecture’s flexibility.

The combination of these contributions enables scalable, low-latency haptic in-
teraction for diverse VR applications. The source code is publicly available at:
cgvr.cs.uni-bremen.de/research /unrealhaptics

2 Related Work

Haptic rendering requires algorithms that can compute interaction forces at hap-
tic rates. A notable example addressing this challenge is the VoxMap PointShell
algorithm (VPS), which uses volumetric haptic rendering to deliver high-fidelity
feedback [I5]. Recent advancements, such as optimized sphere trees and dis-
tance fields, have improved its efficiency, enabling its application in complex,
multi-object simulations [20].
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However, implementing these advanced algorithms within commercial game
engines presents integration challenges, yet game engines also offer major ben-
efits for rapidly building 3D environments. This is particularly attractive for
haptic applications, and has led to multiple projects integrating haptics into
such engines [IT7IT4I10].

These efforts often focus on highly specialized, one-off solutions that are
difficult to adapt for broader use in other applications. Recently, telemetry-based
haptic rendering applications (i.e., car racing games) have emerged. This allows
third-party client software to read specific game data in memory that can be
utilized for different feedback. Currently, this approach lacks an open telemetry
standard and is also limited by the game physics update rate [14].

More pragmatic projects integrated force-feedback inside Unity [2I8] or Un-
real [I9]. The authors [2] developed a haptic plugin and wrapper for Unity and
open-sourced it [3]. It relies on force rendering algorithms of the Chai3D [7] li-
brary and, therefore, is limited to 3-DOF force feedback. Although the Chai3D
APIT allows the transfer of torques and grip forces to the device. Similarly, [8]
proposed a plugin architecture for haptic rendering in Unity. They use Unity’s
physics engine for force feedback calculation, and the haptic thread is decoupled
from Unity’s physics thread to ensure high-frequency feedback. Unfortunately,
there is no detailed explanation of measures to prevent artifacts caused by the
mismatch in update rates between the haptic feedback loop and Unity’s physics
calculations (typically 50 Hz).

Foundational work by Berkelman and Hollis established 6-DOF haptic in-
teraction through intermediate representations for multi-contact scenarios [6].
Barbagli et al. extended this with multi-contact rendering frameworks solving
force-closure equations [4l5], while Hirose et al. pioneered device abstraction
layers predating contemporary game engine integrations [I1]. Additional signif-
icant approaches for rigid-body haptic simulation include contact volume-based
methods [9] and multi-rate dynamic frameworks [22]. Later, Wei et al. extended
Chai3D to support customized multi-point haptic devices by introducing a multi-
HIP wrapper and communication layer for intra- and inter-device communi-
cation [24]. Their approach demonstrated real-time parallel collision detection
and force rendering, including a 3-HIP membrane demo at 1000 Hz. However,
it remained within the Chai3D device-module architecture and did not address
engine-native integration into Unreal Engine, or visuo-haptic synchronicity eval-
uation in a modern VR rendering stack.

On the other hand, UnrealHaptics [19] introduced a plugin architecture
that relies on Chai3D for device support and also demonstrated 6-DOF force
computation that allows rendering at haptic rates. This was done by integrat-
ing the collision detection library CollDet [28] and utilizing the Inner Sphere
Trees [26] data structure. This sphere bounding volume hierarchy allows render-
ing at haptic rates (1kHz). In addition, the usage of two devices was demon-
strated (Haption Virtuose and Cyberglove). However, the Cyberglove grasping
was achieved by substantial customization on their device plugin API part since
their wrapper (based on Chai3D) only allows one contact point. Similarly, re-
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cent work [27] demonstrated multi-contact with fingertips using the open-source
haptic software library Springhead [10]. In contrast, our device abstraction (Sec-
tion corresponds roughly to Springhead’s [10] real-device and virtual-device
layers combined into a single haptics-based interface. Unlike the Springhead
port/channel leasing model, we represent multi-contact devices explicitly as one
device instance with multiple contact points and batched state exchange.

3 Description of the Architecture

Within this section, we first recap the UnrealHaptics framework [I9] (Sec-
tions . Then we present our extension of this framework in Section and
Section 3.3

3.1 Recap and Limitations of UNREALHAPTICS

General architecture. We build upon the UnrealHaptics[19] architecture, i.e.,
by extending it to support multiple contact points (MC). UnrealHaptics [19]
is a modular plugin system that integrates advanced haptic and interaction ca-
pabilities into modern game engines like Unreal Engine. The system is struc-
tured around three core plugins: Devio , which provides an abstraction layer
for device communication; Collette, a plugin for high-performance collision
detection using external libraries; and ForceComp, which computes forces and
torques based on collision data. These plugins operate independently but com-
municate through a flexible, delegate-based event system, ensuring modularity
and adaptability. The architecture ensures stable force rendering at 1kHz. The
extended plugin architecture is shown in Fig.

Collision detection and force computation. The force computation in Unreal-
Haptics uses a penalty-based approach to calculate stable and continuous forces
and torques for haptic feedback. It relies on collision detection provided by the
Inner Sphere Trees [26] data structure to compute restitution forces based on the
overlap volume of colliding objects. A set of non-uniform and non-overlapping
spheres is required to approximate the rigid body’s volume. The overlap volume
is computed from the set of intersecting inner spheres. Forces are scaled with
empirically determined factors for stiffness and damping, ensuring smooth inter-
action. We set these parameters inside the ForceComp, which each rigid body
has.

Limitations motivating our work. Multiple simultaneous contact points were
demonstrated for natural grasping with a Cyberglove in [19], although no feed-
back was provided to the user. This prior implementation was not fully inte-
grated into the plugin architecture; it utilized only the collision detection module
(Collette Plugin) and was restricted to the Cyberglove device. Their maximum
number of intersecting spheres observed during testing was around 15,000, and
a maximum of 5 rigid bodies in contact while maintaining an update rate above
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Fig. 1. Overview of the extended plugin architecture. (Left) The plugin system fea-
tures three threads: the game thread for visual feedback, the haptic rendering thread
(device thread), and the collision detection thread (Collette). DevioMC handles device
communication, while ForceComp processes forces and torques. Collidable objects are
enabled by ColletteComponents and attached to the scene's entities (in Unreal Engine
called Actors). (Right) Key modi cations vs. prior[19] Imulti-contact device support
and component-based structure.

550 Hz. This demonstrates that even higher- delity hand models can be main-
tained in real-time, which motivates and supports our current approach built on
this framework.

3.2 Overview of Our Changes: UnrealHaptics-MC

We have extended the previous Devio plugin to support devices with multiple
contacts (DevioMC, see Sec.[3.3). Additionally, we refactored the Collette
plugin to better align with the component-based architecture of most game en-
gines. For each rigid body, a ColletteComponent is added to enable custom colli-
sion detection between them. This component-based approach allows extending
scene entities without the issues that arise from inheritance. Also, we replaced
the previous manual collision-pair registration with Unreal Engine's native colli-
sion channels and response matrix (Ignore, Overlap, Block) for better integration
with Unreal Engine. To ensure the long-term sustainability of the framework,
we migrated the codebase from Unreal Engine 4.187[19] to Unreal Engine 5.3.

3.3 Device Abstraction and Multi-Contact Extension in Unreal
Engine 5

Based on the existing framework, the goal was to extend it to any device, inde-
pendent of the number of its contact points. We created a lightweight and vastly
more abstract class for the device interaction that replaces the direct connec-
tion via Chai3D and the dependency on it. By implementing the interface's basic
functionality for a device, we can connect it to UnrealHaptics-MC independently
of Chai3D and regardless of the device's number of contact points. We have also
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implemented this interface to support devices already supported by Chai3D.
However, the minimal APl now uni es the essential information needed by Un-
realHaptics to compute forces (see Fig. 2). Our interface clearly de nes what a
device must provide or implement to function successfully within UnrealHap-
tics namely, the position of contact points, which is required for performing
collision checks and, in the case of a contact, computing and sending penalty
forces to the device. The interface provides a function to retrieve the number of
contact points during initialization, enabling the system to handle devices with
any number of contact points. For the haptic rendering, the interface provides
four functions. The getPositions and getRotations functions retrieve the po-
sitions and rotations of all contact points and make them available to the Devio
plugin and the ForceComp plugin. After the current force and torque calculations
are nished for each contact point, the setForcesAndTorques function sends the
forces and torques to the device. Thus, the interface supports both force- and
torque-based haptic feedback. The torque vector can be left empty or set to
zero for devices that do not support torque input. Unlike physically accurate
multi-contact approaches that solve force-closure equations [4], our implementa-
tion treats multi-contact as simultaneous interactions across multiple prede ned
device contact points. Local interaction forces are computed independently at
each prede ned point and aggregated, rather than being obtained from a global
force-closure solver. This design prioritizes real-time performance while main-
taining perceptual plausibility for VR. The interface uses FVector to represent
positions, forces, and torques, whereas for rotation we use FMatrix, which are in-
ternal Unreal Engine types. To accommodate this new interface, we modi ed the
data ow of the previous architecture (including all plugins) to support multiple
positions and forces for a single device. Speci cally, we transitioned from single-
instance FVector variables to dynamic containers (std::vector<FVector>), en-
abling the system to handle arbitrary numbers of contact points while preserving
the original execution ow and thread synchronization mechanisms.

4 Integration of Arbitrary Haptic Interfaces into the
Extended Framework

The development of versatile, adaptable haptic frameworks is crucial to un-
lock the full potential of immersive haptic technologies. Existing commercial
devices can only be controlled through plugins for their individual device. To
demonstrate the exibility and device-independence of our proposed framework,
we selected two distinct, inexpensive haptic interfaces: the KinesCeT], a force-
feedback device capable of delivering nuanced kinesthetic cues to the ngers, and
the FingerTac, a tactile device designed to provide high- delity tactile feedback

at the nger tips. This deliberate selection enables us to probe the framework's
ability to seamlessly integrate diverse haptic devices, thereby shedding light on
its versatility and potential for widespread adoption. We integrate these devices
by implementing the DevioMC interface methods (see Section 3.3). This involves
integrating the communication with the individual hardware. In this section, we
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Fig. 2. A new interface and one of three modi ed plugins (Devio, ForceComp, Collette).
Support for an arbitrary number of contact points is enabled by the use of std::vector

in the interface de nition. Any device can be used by implementing the new interface.
The interface will get the position and rotation of the contact points (CP) from the
device and provide them to the Devio plugin. When the Devio Plugin receives the
calculated forces from the ForceComp Plugin, the forces will be sent to the devices via
the Devio Interface.

provide an in-depth examination of the KinesCeTl and FingerTac devices.
Their individual sensors feed their output, e.g., to getPositions. The output
of setForces is rendered by the individual actuators.

4.1 KinesCeTl: A 2-CP Kinesthetic Hardware Interface

The KinesCeTl is a glove-type haptic interface providing kinesthetic feedback
for two haptic interaction points: the thumb and the index nger. Its 3D-printed
linkage-based exoskeleton is attached to the dorsal side of the hand and ngers,
allowing for adaptability to di erent hand sizes. The device is controlled by an
M5StickC module, based on an ESP32 microcontroller, which is connected to the
computer via a USB serial connection. In addition, motors require an external
5VDC power supply (Voltcraft SNG-1000-OC). The KinesCeTlI haptic feedback
peripheral is shown in Fig. 3.

Output: Force feedback rendering. For each nger, a linkage structure with a

tendon-pulley transmission system is attached, connecting the nger to the main

hub on the hand's dorsal, where the remote actuation module is placed. Feed-
back is applied through a ratchet-pawl mechanism powered by a Bluebird BMS-

101DMG servomotor. Finger motion rotates the ratchet accordingly, and when

feedback is required, the servomotor blocks its motion with the pawl, block-

ing the movement of the exoskeleton linkages and thus providing high-sti ness
kinesthetic feedback to the ngers.

Input: Position Tracking. Two position-related aspects are required: hand move-
ments (absolute position and angles) and nger bending. An Ultraleap Leap
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Fig. 3. The KinesCeTlI force feedback glove providing kinesthetic feedback to the
thumb and the index nger.

Motion tracker was used to track the motion of the hand. Fingers are measured
by the exoskeleton itself, which includes absolute magnetic encoders (AS5600)
on its main hub on the hand's dorsal, used for calibrating and measuring overall
nger bending for both the index and the thumb. This experiment uses a simple
anatomy model, approximating the whole nger as a rigid bar.

4.2 FingerTac: A 3-CP Tactile Hardware Interface

The FingerTac [12] is a glove-type augmented haptics interface that provides
tactile feedback at three interaction points: the thumb, index nger, and middle
nger, as shown in Fig. 4. It is controlled by an M5StickC ESP32 microcon-
troller and features linear resonant actuators (LRAS) in each nger module,
driven by DRV2605 tactile drivers. As an augmented haptics device, the Fin-
gerTac is designed for use not only in virtual reality (VR) applications but
also in augmented reality (AR), as it allows for interacting with and touching
of real objects. Notably, by choosing the FingerTac, we demonstrate that our
architecture can also support tactile devices, which may not require the same
high sampling rates as traditional force feedback devices, but still bene t from
the exibility and device-independence of our framework.

Output: Force feedback rendering. For the experiments, the FingerTac was
connected to the computer via a USB serial connection. The LRAs deliver short
vibration pulses to provide collision cues, serving as a perceptual substitute for
force feedback. This substitution highlights the device-speci ¢ mapping between
force and tactile feedback, which can be handled in the device rmware or device
driver. By using the FingerTac in our experiments, we demonstrate that our
architecture can accommodate di erent types or combinations of types of haptic
feedback, including tactile cues, and provide a exible framework for device-
speci ¢ rendering.



10 H. Meiyenhelter et al.

Fig. 4. The FingerTac feedback system provides vibrotactile collision feedback to
the ngers. In this setup, three modules were attached to the thumb, index nger, and
middle nger to deliver tactile interaction.

Input: Position tracking. To track the position of each nger, an Ultraleap Leap
Motion tracker was used.

5 Validation of Our Extended Software Framework

The evaluation of collision detection algorithms in complex scenes has been pre-
viously addressed by Weller et al. [25], who demonstrated the ability of the Inner
Sphere Tree algorithm to handle complex objects in 6-DOF real-time scenarios.
Previously, the performance of the utilized collision detection algorithm was
reported to be below 2ms with 16 contact points [19]. In that study, multi-
contact support was added through an ad-hoc customization for a single device,
primarily for performance evaluation purposes, rather than being systematically
integrated into and evaluated within the broader plugin architecture. Conse-
quently, its signi cance for assessing the overall architecture is limited compared
to our approach. The present study builds upon this foundation by implementing
and evaluating a Unreal Engine 5 extension of UnrealHaptics that generalizes
device support to multiple contact points and investigates the resulting perfor-
mance and synchronicity through a new measurement method that enables the
simultaneous assessment of software and hardware latency sources.

5.1 Performance Simulation of the Multi-Contact Point Extension

To assess the computational impact, we conducted a simulated worst-case sce-
nario with multiple colliding contact points.

Measurement Setup. To evaluate the performance of our architectural multi-

contact extension, we created a virtual device with 12 contact points arranged in
a grid and a reproducible motion path along the x-axis (see Fig. 5). This number
of contact points represents a typical two-handed interaction with dedicated
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feedback for each nger and the palm. The almost simultaneous pass through of
all contact points represents a worst case regarding performance requirements
in two ways. First, it is the total number of contact points (more data ow).
Second, the contact points are passing through the Armadillo, and thus represent
a worst-case scenario for collision detection (resulting in more bounding volume
hierarchy traversal). This setup was used to measure the average haptic rendering
frequency as the contact points passed through the stationary Armadillo object.

Simulation Results. The results are shown in (see Fig. 6). The upper graph
depicts a typical progression of collisions of the 12 contact points. The frame rate
of the haptic rendering loop is shown below. Even in the presence of multiple,
deep collisions, our multi-contact extension maintains a stable 1000 Hz update
rate, con rming its suitability for haptic rendering with multiple contact points.

Fig. 5. Non-movable Armadillo ob- Fig. 6. Haptic rendering frequency (blue) as a

ject with 12 moving contact points  grid of 12 contact points passes through the

(orange), used to benchmark the Armadillo object. The orange plot shows the

haptic rendering performance of the number of colliding contact points. A stable

UnrealHaptics-MC architecture. haptic rendering frequency of 1000 Hz is main-
tained throughout. Shaded region shows the
10th 90th percentile. System: Intel ® Core— i7-
12700K, 32 GB RAM.

5.2 Synchronicity of the Visuo-Haptic Rendering with Haptic
Interfaces

The central task of the visual-haptic rendering is to provide a coherent user
experience. Independent of the utilized haptic interfaces, it needs to mediate low-
latency haptic feedback that is perceived as synchronous to the visual feedback.
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The various latency sources in uencing the perceived synchronicity are shown
in Fig. 7.

Fig. 7. Various latency sources. It results from the haptic rendering itself and the haptic
and visual interfaces that contribute to overall visual haptic delay and thus perceived
synchronicity. Haptic rendering (green) intervals are measured with game engine time
stamps. Visual rendering (blue) timings are given by the hardware speci cation and the
game engine. Haptic rendering ( ) latencies are later inferred by constant sensor
latency (o set, red) and synchronization at measurement start between rendering and
sensor.

The latency contribution of the collision detection depends on the scene com-
plexity and the number of contact points. While the performance of the collision
detection would support 12 contact points, the available hardware interfaces only
provided 2 or 3 contact points. The scene complexity was kept below 15,000 in-
tersection spheres for the validation.

Besides the timing of the stimuli, their properties, e.g., the correct force
magnitude provided by the rendering, in uence the user experiments. However,
this is predominantly dependent on the specic hardware interface, and the
capability of a similar single contact point rendering architecture was previously
demonstrated by UnrealHaptics [19]. Collision events provide perceptually
salient cues of the perceived synchronicity between the visual and haptic stimuli.
The total latencies for both haptic interfaces were measured after collision events
to evaluate the performance of the described architecture.

Latency Sources. For the haptic modality, the haptic rendering itself intro-
duces latency due to the processing of the collision detection and the force com-
putation. Subsequently, the control signal is communicated to the control hard-
ware and then to the actuators connected to it until the haptic stimulus begins.
The latency of the hardware and the software was measured separately.

The frame rate provided by the 3D engine was set to 120 frames per second,
i.e., a refresh time of approximately 8 ms. Thus, after a collision, the timing of
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the next visual refresh would vary with an expected average refresh time of 4 ms.
Additionally, the hardware utilized for visual rendering introduces some latency
as well. The utilized monitor, Samsung Syncmaster 2243, speci es a refresh time
of 5ms. The visual latency was treated as known and not measured again.

Combined Software and Hardware Latency Measurement via Audio
Interface. The haptic rendering architecture was run on an average computer
with an Intel ® Core— i5-11400F with 16 GB RAM and an NVIDIA GeForce—
RTX 3060 graphics card.

Measuring the e ective latency of haptic rending systems is challenging be-
cause it requires the integration of software and hardware measurements into a
synchronized measurement stream. Standard multi-channel oscilloscopes or ded-
icated data loggers are commonly used for hardware only measurements but lack
synchronization with the software. Instead of high precision measurements, VR
developers mainly need a practical method with a measurement error that is
small compared to users capabilities in resolving latency between audio-visual
stimuli.

The latency introduced by the haptic rendering was measured by logging
the system time. The system can be logged with a resolution of 1 ms in Unreal.
A timestamp was created before and after reading out the position tracking
of the haptic interface at the collision event onset. After the read-out of the
tracking, the haptic rendering loop calculates the collision for all the n haptic
contact points. Moreover, it calculates n force vectors resulting from the haptic
interaction points (for more details, see [19]). After its completion, another time
stamp was captured directly before communicating with the hardware interfaces.
This provided inferences about the performance of the rendering loop.

The subsequent onset of the haptic feedback stimuli could not be assessed
with system time stamps. An external physical measurement was conducted in
parallel to capture the haptic feedback's onset. However, this created the chal-
lenge of identifying a measurement system that allows synchronization with its
measurement signal to the system time stamps. The Audio Stream Input/Output
(ASIO) protocol is optimized for low-latency real-time applications with mini-
mal variance. It is supported by a wide range of audio interfaces that can be
connected to the computer. Thus, we selected an RME UCX audio interface.
MMF KS95C10 miniature acceleration sensors were attached to the actuators of
the haptic interfaces and connected to the audio interface's input. The real-time
audio synthesis software Pure Data was utilized to record the sensor data. At the
start of the audio interface measurement, the system time stamp was captured.

Since the audio interface and the recording software have an input latency, a
small o set is contained in the audio recording. To correct the remaining o set,

a loopback measurement was conducted parallel to the haptic measurements.
A sweep signal was generated and output, and directly fed into a second input
channel. The generated signal and the loopback signal (delayed by the output
and input latency of the audio interface) were recorded. The o set between the

generated signal and the loopback signal at the input was calculated via cross-
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