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Abstract—Haptic cues delivered via wearable devices have
great potential to enhance a user’s experience by transmit-
ting task information and touch sensations in domains such
as virtual reality, teleoperation, and prosthetics. Much is still
unknown on how haptic perception, and consequently optimal
haptic cue design, varies between individuals. In this work we
present three contributions. First, we propose a new metric,
the Allowable Stimulus Range (ASR), as a way to capture
subject-specific magnitudes for a given cue, using the method
of adjustments and the staircase method. Second, we present a
modular, grounded, 2-DOF, haptic testbed designed to conduct
psychophysical experiments in multiple control schemes and with
rapidly-interchangeable haptic interfaces. Third, we demonstrate
an application of the testbed and our ASR metric, together
with just noticeable differences (JND) measurements, to compare
perception of haptic cues delivered via position or force control
schemes. Our findings show that users demonstrate higher
perceptual resolution in the position-control case, though survey
results suggest that force-controlled haptic cues are more com-
fortable. The results of this work outline a framework to define
perceptible and comfortable cue magnitudes for an individual,
providing the groundwork to understand haptic variability, and
compare the effectiveness of different types of haptic cues.

Index Terms—tactile perception, haptic feedback, wearable
devices, psychophysics, discrimination, detection, skin stretch,
indentation, normal cues, tangential cues, position control, force
control

I. INTRODUCTION

Wearable haptic devices are becoming increasingly common
as we seek new means of transferring information between
people and technology. While vibration is a ubiquitous cuta-
neous haptic cue, devices that convey normal and shear forces
are increasingly common, since these modalities are well-
suited to convey continuous rather than discrete information
to users. Some example applications requiring continuous in-
formation that integrates haptic feedback via normal and shear
forces include an amputee regaining a sense of touch [1], [2],
enabling a robot operator to complete distant dexterous tasks
[3], or adding realism when navigating a virtual environment
[4]. In each scenario, the purpose of the haptic feedback is
to provide the user with time-varying position or force cues
that map to the actions of the user as they interact with the
environment. Even in cases where the feedback is inadvertent
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Fig. 1. A cutaneous haptic cue testbed for quantifying the Allowable Stimulus
Range (ASR). A) The testbed end effector can apply normal indentation and
shear stretch cues to the arm in either position- or force-control modes. B) We
seek to quantify the range of allowable cue amplitudes, from just detectable
to comfort limits, below pain thresholds in both normal and shear directions.
C) The Allowable Stimulus Range (ASR) is unique to an individual, and
is defined by the absolute threshold (minimum) to the comfort threshold
(maximum). The Just Noticeable Difference is contained with the ASR. D)
The testbed can be configured to apply cues to different upper limb locations.

and uncomfortable, it is a desirable asset [5]. It is important
to understand how the user’s tactile acuity, or sharpness in
sensing the stimuli [6], might impact the effectiveness of the
wearable haptic system to support these tasks.

To demonstrate the effectiveness of a wearable haptic de-
vice, we must consider not only the mechanical capabilities
of the device but also the user’s tactile acuity. Researchers
typically report the results of experiments covering at least
one of three performance assessment categories: quantifying
or characterizing the mechanical specifications of the device,
assessing a user’s ability to perceive a haptic cue generated
by the device, or determining the user’s rating of the physical
experience provided by the device and cue. Characterization
tests quantify achievable haptic cue magnitudes and repeatabil-
ity of cue generation [7]–[9]. Haptic perception experimental
studies aim to evaluate human perception of the cues gener-
ated by wearable haptic devices, with subjects responding to
prompts that are intended to quantify what they feel, either
by measuring the accuracy of cue identification or, through
psychophysical experiments, measuring the detection of cues
or the discriminability of cues that vary in one or more
features [10]–[15]. Qualitative assessments address ergonomic,
affective, and illusionary feedback and ratings, i.e. the degree
to which the haptic cue has the desired effect, if it is pleasant,
or if the cue feels continuous [8], [11], [16], [17].

These types of assessments are typically administered in-
dependently, emphasizing the capabilities of the device or
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the user’s perception of the cues and separately assessing the
user’s comfort in one of two ways. The first is through surveys
and verbal feedback after the experiment takes place [18]–
[22]. The second is to run pilot experiments to determine
cue ranges deemed safe to be unilaterally applied to all
users [8], [16], [22]–[25]. This technique is not necessarily
effective since pilots use a smaller number of subjects, with
one study highlighting that some participants even feared the
discomfort from the device [26]. There are a few device
studies that incorporate assessments of both user perception
and comfort. Several previous studies personalize the haptic
cues to be within perceptible and comfortable ranges for the
users; however, the ranges are not reported, as the studies focus
on discrimination accuracy for various haptic cues [27]–[29].
One study reports comfort thresholds for individual subjects,
showing the maximum comfortable squeeze force on the wrist
[30]. While haptic devices typically rely on the stimulation of
mechanoreceptors in the skin, at some magnitude any stimulus
may also induce responses from nociceptors, which reflect pain
[31]. To avoid this scenario, an upper bound for a stimulus
should be determined to be integrated into our definition of
the haptic cue design space for an individual. We expect this
design space, which defines the range of parameters that are
appropriate for a given user, to be unique for each haptic
modality (e.g. normal indentation and shear skin stretch).

A. Background

In this paper, we focus on the perception of two modalities
of cutaneous haptic cues that are typically rendered with
wearable haptic devices, namely skin stretch and normal in-
dentation (Fig. 1b). Depending on the mechanism of actuation,
cues are rendered to the skin using either position or force
control techniques.

1) Haptic Modalities: Skin stretch describes the production
of shear forces on the skin, and skin stretch haptic devices are
designed to create tangential forces as the primary mode of
haptic feedback to the user. The actuation design for wearable
skin stretch devices can vary, most commonly with rockers
rotating on the arm [9], [13], [32]–[34], lateral pulls on pads
adhered to the skin [16], [17], [35], [36], or by laterally moving
an indentor [7], [14], [15], [26], [37]. Other examples include
bands that twist the arm or pull back and forth [22], [38].

Indentation describes a force applied to the arm, normal
to the skin surface, in a discrete location [7], [8], [10], [11],
[26], [26], [39]–[42]. It is also possible to apply normal forces
radially around the entire arm at once, typically referred to as
squeeze [12], [30], [43]–[45], though for this paper we are
specifically interested in discrete, localized indentation.

2) Control Schemes: Position control is the most com-
mon control scheme used to generate haptic cues, due to
the widespread use of low-cost, compact, low-power, and
lightweight servo motors in wearables. When servos are not
practical, miniature DC motors and encoders for position sens-
ing are a common alternative [9], [13]–[16], [26], [32], [36],
[37], [39], [43], [45]–[47]. When haptic cues are delivered in a
position control scheme, the forces applied to the skin are the
result of the causal relationship between skin displacement and

force. The relationship between the commanded displacement
of the device on the skin and the haptic experience of the user
is often described in the context of the corresponding force,
but without direct force measurements.

There is some evidence that the use of position control
to generate repeatable haptic cues, though convenient due to
widely available hardware components that facilitate position
control, could be contributing to the heterogeneity of haptic
experiences by users. The nonlinearity of skin properties
is a known phenomenon that can lead to irregular force
responses to similar skin displacements. To address this,
some researchers have developed mappings [23], [42], [48].
Mappings are a nonlinear conversion between the information
that the designer is trying to convey to the user and the haptic
cue parameters that are used to generate the cue perceived by
the user. For example, if skin stretch is being used to indicate
the closure of a robotic gripper, a designer might choose a
sigmoid mapping, where one degree of closure from an open
gripper would result in more skin stretch from the device than
one degree of closure when the gripper is almost closed.

A force control approach to regulating the delivery of haptic
cues would serve as an alternative to such mappings. In this
scenario, a target force would be applied to the skin regardless
of the linearity of the skin’s material properties, or of an
individual’s physiology. Among the wearable haptic devices
that we surveyed for this paper, only five feature closed-loop
force control [19], [25], [30], [49], [50]. This is not surprising,
since closed-loop force control requires the integration of force
sensors, which are typically more expensive than position
sensors. We hypothesize that cues that are delivered with the
interaction forces being controlled (rather than the degree of
skin deflection being controlled) may provide a means for
ensuring consistent perception of haptic cues across subjects
who may exhibit different tactile perception acuity. In this
paper, we present results for experiments conducted in both
position and force control modes to test this hypothesis. To
date, detailed analyses of the perception of cues generated
via force control as compared to those generated via position
control has not been presented in the literature.

B. Contributions
In this work, we present three main contributions. First,

we define the allowable stimulus range (ASR) and present
a method for its determination. The ASR provides a holistic
picture of a user’s tactile acuity for a given haptic cue, and our
results define ASR for four cues using a series of psychophys-
ical tests (two modalities, normal skin indentation and skin
stretch, and two control schemes, position and force control).
Position control has been the typical method for precise haptic
cue delivery, though force control is also of interest for display
of haptic cues. Second, in order to complete these assessments,
we introduce a new haptic test bed for precise delivery of
tangential skin stretch and normal indentation cues to the arm
that can be delivered via closed-loop position or force control
operation modes. Third, the characteristics of the ASR under
the two control schemes are compared in order to determine
what benefit, if any, exists in using one control scheme over
another to deliver cutaneous haptic cues to the arm.
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II. ALLOWABLE STIMULUS RANGE

We present a new measure of an individual user’s hap-
tic acuity, the allowable stimulus range (ASR), which is
determined based on the results of standard psychophysical
assessments. The ASR describes the range of detectable and
comfortable values for any sensory parameter for a given
individual, and is reported in the same units as the stimulus.
The ASR is unique to each individual, and provides haptic
device designers with a clear picture of the tactile acuity of
an individual for perceiving haptic cues. Two thresholds are
measured to characterize an individual’s ASR and the haptic
perceptual resolution that can be achieved with a haptic device.
The ASR is bounded by the absolute threshold at the low end,
and the maximum comfort threshold at the high end. These are
defined as the minimum detectable cue and the maximum cue
strength that is comfortably perceived, respectively (Fig. 1c).
The ASR provides the span of allowable cue magnitudes for
an individual, and complements the measure for perceptual
resolution, the just noticeable difference (JND) threshold,
indicating how much a cue needs to change to be differentiated
from a given reference value [51].

The ASR provides a clear picture of an individual’s tactile
acuity. If they have a narrow ASR and a large JND, then there
may be a limited number of cues that can be generated by
the utilized haptic device that the individual would be able to
reliably differentiate. As such, that particular haptic cue may
only be suitable for notifications or other binary or state in-
formation. For applications requiring the transmission of more
detailed information encoded as haptic cues, we would desire
that subjects show wide ASRs and small JNDs, indicating they
can reliably detect small changes in the stimulus, providing a
larger number of distinguishable cues for transmission of more
detailed and nuanced information to the user.

We expect that by quantifying the ASR for different haptic
modalities and control modes, we will demonstrate the extent
to which a particular cue type and implementation may result
in generalized haptic experiences for a range of users. The
results also allow us to compare the JND for normal inden-
tation and skin stretch under both position and force control
modes, normalized by their respective ASRs, to ascertain any
advantage in using one control mode over the other.

III. HARDWARE DESIGN

A high-fidelity haptic test bed was designed to deliver
precisely controlled skin stretch and indentation haptic cues
to the arm. The test bed features high resolution position and
force sensors that are needed for precise closed-loop control of
haptic cue delivery, as well as to facilitate quantitative analyses
of a wide range of outcome metrics related to haptic cue
delivery and human perception (Fig. 1d).

A grounded test bed, rather than a wearable system, was
chosen to ensure accurate delivery and sensing of cues.
Grounded devices are set on a static, grounded plane, such
as a table or floor, with reference planes independent of the
participant’s movements, whereas wearable devices are those
mounted on the body. Though the ultimate motivation for the
studies presented in this paper is to inform the design of salient

haptic cues that can be delivered via wearable devices, it is
common for devices to have a grounded counterpart or test bed
equivalent that allows for isolation of the cue when testing cue
characteristics and human perception [20], [46], [48], [52]. A
grounded test bed provides an opportunity to further isolate
the cue behavior from sources of noise associated with straps
and other attachment points of wearables and allow for the
integration of more precise actuators and sensing equipment
than is achievable in a wearable form factor.

The mechanical subsystem of the experimental test bed for
skin stretch and indentation cues consists of several compo-
nents. The haptic module is actuated by a 2 degree of freedom
(DOF) control unit used to control displacement of the end-
effector in two directions, one normal to the surface of the
skin, and one tangential to the skin’s surface (Fig. 1a). The
hemispherical end-effector is the component in contact with
the skin. The test bed features a fully adjustable arm rest
to achieve a comfortable and natural resting position for the
participant during experimentation. Other subsystems include
the electrical control unit and the user interface.

A. Mechanical Subsystem

1) Haptic Module Design: A capstan transmission design
is employed in the haptic module to achieve smooth linear
motion without backlash. A threaded spool is mounted on
the motor shaft with the cable wound around it such that, as
the motor spins, the spool progresses along the cable length.
The DOF for normal and shear motion are actuated with two
motors mounted to the carriage of 80 mm Nippon SEBS 7WB
linear rails (Fig. 2). The linear rails for the two DOFs are
mounted perpendicularly on a square base. The module is
fixed to the arm rest at the carriage controlling the normal
direction, and the shear carriage holds the end-effector of the
haptic interface.

The linear rails provide a 48.8 mm (1.92 in) stroke for
each DOF, which is more than sufficient for the normal and
shear displacements evaluated in this paper. The haptic module
is actuated with two Maxon DCX14L 12V motors with a
GPX14 LZ 35:1 gearbox. The motor provides up to 200 mNm
of nominal torque, or 47.4 N of lateral force, well able to
provide the loads elicited in previous work of 10 N [45], [53].
Position sensing with an ENX10 EASY encoder provides 1024
counts per motor revolution, in combination with the gearbox
resulting in a final sensing resolution of 35,840 counts per
output shaft revolution. The spool consists of an adapted 3/8
- 16 threaded rod, with a pitch diameter of 8.84 mm (0.348
in) attached to the motor shaft with a set screw.

2) Haptic Interface End-Effector: The haptic interface end-
effector is the component in direct contact with the skin,
producing the haptic cue. The end-effector consists of a 28mm
diameter plastic hemisphere 3D printed with Prusa PLA fila-
ment, screwed onto a permanently attached intermediate disk
of the same material with a threaded rod for easy installation. It
is attached at the center plane to an ATI Nano-17 6-axis force-
torque sensor to measure the skin-interface force interactions
(Fig. 2). The force sensor resolution is 1/320 N for forces
in each xyz direction and 1/64 mNm for torques about each
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Fig. 2. The two actuation modules consist of A) two independent linear
capstans mounted perpendicularly on a square base to create normal (green)
and shear (blue) haptic cues. B) The linear capstan assembly includes a linear
capstan and a force-torque sensor with a silicone interface.

Fig. 3. The modular and adjustable arm rest can be used to test the forearm
or upper arm in an extended or relaxed posture. The forearm can be tested
on the volar or dorsal side.

xyz axis, as reported by the manufacturer. The end-effector
diameter and material is chosen to be comparable to previous
works and to be similar to other wearable haptic interfaces
[23], [53]. The surface of the haptic interface end-effector
is coated with a 1 mm layer of Ecoflex 00-50 silicone to
increase traction of the haptic interface. A custom mold, also
3D printed, was made to hold the end-effector in the mold to
create the silicone layer, which was then adhered to the end-
effector using Loctite 401 adhesive and Loctite SF770 primer.
The material and manufacturing choices for this test bed also
allow for complex end-effector designs and rapid prototyping,
providing the ability to test many shapes and sizes.

The haptic assembly is mounted to the linear carriage for
shear displacements with a custom bracket leaving 48.6 mm
(1.91 in) of clearance between the end-effector surface and the
bottom of the haptic module to ensure the haptic interface and
the arm rests are the only points of contact with the arm.

3) Arm Rest Design: The haptic module is grounded to a
custom arm rest, designed to be fully adjustable to accom-
modate a relaxed posture for the subject (Fig. 1d). The use
of 1-inch t-slotted framing results in sturdy construction and

flexible configurations for applying haptic cues to different
areas of the arm. The base bar is mounted to a mechanical
breadboard, which is attached to the forearm bar with two
locking hinges allowing for a comfortable shoulder abduction
angle. The height of the forearm bar is adjustable through the
experiment table, an Uplift V2 commercial standing desk.

The upper arm rest has two DOFs, to adjust the height and
the shoulder flexion angle, and attaches to the forearm bar by
a locking 1-inch, flanged bearing carriage. On the forearm and
upper-arm bars are two Profile Designs Ergo Injected arm rests
The dimensions of the arm rest are designed to accommodate
arm sizes up to the ninetieth percentile in men and down to
the tenth percentile in women [54].

The arm rest is designed to allow multiple testing configu-
rations (Fig. 3). The haptic module can be mounted for testing
on either the forearm or upper arm. Testing can be done on the
dorsal or volar side of the forearm through the choice of two
handle options, a 1.4 in (35.56 mm) ball to rest the hand on
for testing the dorsal side or a 2 in (50.8 mm) trough to place
the hand in palm-side up for testing the volar side. For each
of the three configurations, the user can be positioned with the
arm relaxed, as described above, or the upper-arm assembly
can be removed and the table height increased so that the
arm is fully extended. There are other possible configurations
available, for example by adjusting the orientation of the bar
for the haptic module, demonstrating the advantages of the
modular and easily customizeable design.

B. Motor Driver Electronics Subsystem
The motors that actuate the end-effector are controlled using

an Escon Module 24/2 Servo Controller mounted to a custom
designed circuit-board and a Power Electronics 18V MB120
medical grade power supply. The DAQ interface is a Quanser
Q8-USB, handling the force-torque sensor, encoder, and motor
controller outputs and the motor command input.

C. User Input Interface Subsystem
An Xbox adaptive controller was selected as the interface

for acquiring user responses during psychophysical experi-
ments. The adaptive controller features two large buttons and
arrow buttons to capture user responses to prompts displayed
on a screen during experimentation.

D. Controller Design
The normal and shear cues provided to the skin are realized

through control of the two actuation modules in either a
position control or force control mode. In the position control
case, the end-effector is commanded to displace a prescribed
amount. In the force control case, the interaction force (either
normal or shear) is prescribed. The same controllers are used
for each independently controlled actuation module.

1) Position Control: Position control is implemented using
a standard proportional-derivative (PD) controller

τ = kp(xd − x) + kd(ẋd − ẋ) (1)

where x and ẋ represent the measured position and velocity,
and xd and ẋd represent the desired position and velocity. We
used a kp value of 500e-6 kN and a kd value of 10e-6 kNs.
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2) Force Control: The force controller implementation is
similar to that of the position-based PD controller. In this case,
the proportional term of the controller is dependent on the
difference between the measured force and the desired force.
For the derivative term, instead of computing the derivative
of force error, we use the difference between the desired and
measured velocity of the end-effector. A similar approach was
implemented in the force control of Tasbi, a wearable haptic
device for the wrist [30]. This approach was used for the
test bed force control implementation because a traditional
PD type force controller was not able to be tuned to a stable
configuration for the required bandwidth using the force time-
derivative. With the motors active, the force measurements
became very noisy. This could be exacerbated by the position
of the force sensor at the end of the long cantilever (Fig. 2).

The force and velocity error terms are computed either
along the x or z axes depending on the DOF being controlled.
These error terms are multiplied by the gains to calculate the
commanded motor torque, τ , specifically kp, 4000e-6 m, and
kd, 150e-6 kNs, calculated as

τ = kp(fd − f) + kd(ẋd − ẋ) (2)

where f and fd represent the measured and desired force
values ẋ and ẋd represent the current and desired linear
velocity values of the end effector.

IV. METHODS

We conducted a series of experiments using our haptic test
bed to define the Allowable Stimulus Range (ASR) and just
noticeable difference in cue amplitude for two types of haptic
cues (normal indentation and shear skin stretch) under two
different control schemes (force and position control). The
ASR upper and lower bounds for both position and force were
defined for each subject using a position control scheme and
are reported in units of displacement or force depending on
the scheme. We also determined the JNDs for each cue type
under both position and force control schemes.

A. Participants

Sixteen able-bodied subjects (age 23.3±3.3 years, 6 female,
1 left handed) completed the experiment. The participants did
not claim any physical or cognitive impairment that could
interfere with their ability to follow the instructions of the
study, nor any pathology that could affect tactile sensation or
muscular activity of the forearm. The methods and procedures
described in this paper were carried out in accordance with the
recommendations of the Institutional Review Board of Rice
University (IRB-FY2019-49) with written informed consent
obtained from all participants.

B. Experimental Conditions

We conducted three psychophysical experiment types dis-
tributed over three, one-hour sessions. In Session 1, the
maximum thresholds were measured to define the maximum
comfort value of displacement of the end-effector against
the skin, and the minimum thresholds were found. Both

Fig. 4. The user is seated in front of a monitor with their right arm in the test
bed, adjusted according to their comfort. Headphones playing pink noise mask
any audible noise from the test bed’s motors. The user interface sits either on
the table in front of them or on their lap, according to their preference.

sets of thresholds were determined using the test bed in a
position control scheme. Sessions 2 and 3 consisted of JND
assessments in order to find the normal and shear thresholds
under both position and force control schemes. The order of
presentation of control scheme was randomized, such that a
single control scheme was used within a session. Within a
session, JNDs were determined for both normal indentation
and shear cues. The resulting four conditions were position-
normal, position-shear, force-normal, and force-shear.

C. Experimental Set-Up

The test bed was placed on an adjustable height table to
the right of the subject. The subject was seated in a chair in
front of a desk with a monitor (Fig. 4). The monitor provides
experimental protocol information and prompts, and the user
provides their responses through the user interface, kept on
the desk in front of them or on their lap. The user interface
has two buttons corresponding to two blocks on the screen,
lighting up with the associated stimuli actuation during a trial.
The participant can also use a set of arrow keys for the manual
cue adjustments necessary in some experiments.

During experimentation, the arm rest and haptic interface
were visually occluded with a re-purposed face shield, with
paper attached to the inside, worn on the side of the head
to block visual feedback from the device. The subject wore
headphones playing pink noise to mask any audible noise from
the test bed that might influence their responses during the
outlined psychophysical assessments.

The zero position (origin) of the end-effector within the
workspace was found using a calibration procedure before
each task (ASR or JND) was completed. To ensure good
contact between the spherical end-effector and the skin, the
origin was defined when the normal force read 0.5 N.

D. Maximum Comfort Threshold Protocol

Each participant will have a unique comfort threshold for the
maximum displacement and force values that can be tolerated
in the normal and shear directions. In this study, the method of
adjustments was used to identify these upper limits. Though
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less robust than other psychophysical tests, the participant’s
control of cue magnitudes in the method of adjustments
protocol is well-suited to this experiment. Alternative psy-
chophysical tests determine a threshold by delivering cues both
greater than and less than the threshold magnitude, necessarily
resulting in multiple cues uncomfortable to the participant.
Since the method of adjustments allows the participant to
regulate the cues, they are protected from experiencing cues
beyond their comfort range.

First the normal direction was tested with a random initial
displacement between 3.0 and 4.5 mm (position control), a
range determined in pilot testing. From this initial value, the
subject could adjust the cue to be larger or smaller until they
reached what they deemed as their comfort limit. The comfort
level was described to the subjects as the point where, “if this
happened briefly, once in a while, it would be fine. More than
this is not okay.” After the subject confirmed their setting, the
cue was then released to complete the trial. This process was
repeated for a total of four trials.

The procedure was then repeated for cues in the shear
direction. For these trials, the normal force was fixed at 70%
of the maximum normal force value determined from the
previous trials. This value of normal force was selected to be
toward the upper end of the range to ensure a salient sensation
with limited slip, while still preserving participant comfort
over multiple trials.

E. Minimum Absolute Threshold Protocol
The staircase method was used to determine the absolute

detection thresholds for cues that are provided in both the
position-control and force-control modes of the test bed. These
values are the smallest detectable cues that the user can
perceive. The staircase method was used due to its time
efficiency and due to our interest in finding the threshold
without having to determine the full psychometric function
[51], [55]. This threshold is unique to each participant, and was
determined through a series of psychophysical comparisons
between a zero stimulus to some comparison value, which was
increased or decreased depending on the user’s response. The
initial comparison value was a random value between 10%
and 15% of the corresponding maximum comfort threshold.

In each trial, the zero reference value and the comparison
were presented to the participant in a randomized order, asking
which is of greater magnitude. If the participant correctly
identified that the comparison was larger in magnitude, the
comparison value was decreased by a fixed increment of either
0.05 N (force) or 0.2 mm (position) in the next trial. If the
participant’s response was incorrect (selecting the zero refer-
ence stimulus as greater in magnitude), then the comparison
stimulus was increased by the same fixed increment.

Successive trials with the same directional change, either
increasing or decreasing the magnitude of the comparison cue,
are called a run. The change from an increasing to decreasing
run is referred to as a reversal. The trial was completed
after twelve reversals, indicating the transition points between
differentiating and not differentiating the comparison from the
reference stimulus. This process was repeated for five trials in
position control for both the normal and shear directions.

F. Mid-Range Just Noticeable Difference Protocol

In order to measure the perceptual resolution of a haptic
sensation, the just noticeable difference (JND), or difference
threshold, was used to quantify the required change of the
stimulus to be differentiated against the original, or reference
stimulus. The JND may vary across the full range of stimulus
values. Despite this, comparing the JND at one specific
stimulus magnitude across subjects will provide insight into
the variation of haptic perception resolution among them. The
Method of Constant Stimuli was used to quantify the JND, and
was chosen since the method produces an entire psychometric
curve, rather than just the JND threshold [51]. This allows
us to have a clearer picture, and enables comparisons of the
psychometric curve across subjects to determine the degree of
agreement.

The JND was assessed for both normal and shear move-
ments of the end effector, in both position control and force
control schemes. The reference stimulus was chosen as 70%
of the individual’s ASR for both position control conditions
and for the normal-force condition. The reference stimulus
was chosen as 50% of the ASR for the shear-force condition
to avoid instances of slipping between the end effector and the
skin which occurred at some points in early experimentation.
The choice of 70% is arbitrary, but was selected to be on the
upper end of the ASR to be easily discernible, but not so high
to exceed anyone’s comfort threshold. During the experiment,
the reference was compared against seven comparison values,
centered at the reference value. In this case they were spaced
at increments of 4% of the ASR for position or force, for the
corresponding control scheme.

For each trial the reference and comparison were presented
to the participant in a random order, pressing or stretching
the skin by the predefined amount. Users reported which
they perceived to be larger in magnitude, the first or second
stimulus. This was repeated for each comparison-reference
pair for a total of 20 trials per pair, for all seven pairs,
presented in a randomized order for a total of 140 trials
per normal/shear position/force condition. The four conditions
were presented in two experimental sessions, one for each
control mode (position or force). After each session, the
participants completed a survey.

G. Likert Survey

To assess the subjects’ perception of the cues, experiments,
and their performance, subjects were asked to rate statements
on a continuous scale from zero to ten, representing “Strongly
Disagree” to “Strongly Agree” (see Table III).

V. DATA ANALYSIS

A. Maximum Comfort Threshold

The maximum comfort thresholds for the normal and shear
DOFs in position control were determined by averaging the
user responses across the four repeated trials in each condition.
The maximum comfort thresholds to be used in force control
were defined as the mean forces at the corresponding position
thresholds in the normal and shear directions. The upper bound
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for any commanded cue to a participant was capped at 80%
of their maximum comfort threshold. Two upper bounds were
computed, namely the force upper bound and the position
upper bound.

B. Minimum Absolute Threshold Determination

The values of the last six reversals of each trial were
averaged to define the absolute threshold in each trial. The
force threshold was defined as the mean of the force values at
the reversal positions, and calculated in the same manner.

C. Mid-Range Just Noticeable Difference Determination

Each comparison value was compared against the reference
twenty times to ask which was larger, the proportion of correct
responses for each comparison is plotted against its value. The
points were fitted to a sigmoid function:

f(x) =
1

1 + e−x
(3)

Ideally the curve would be a step function, where the refer-
ence is identified as larger than any value lower than it and the
comparison as larger for any value higher than the reference,
though this is not the case in practical implementation as
the difference between the reference and comparison values
become closer in value. The sigmoid function is related to the
cumulative distribution function representing the probability
of choosing the comparison value as larger than the reference
value as it varies within the range where there is any confusion.
In a proper design, the reference is always identified as larger
than the smallest comparison and is never identified as larger
than the largest comparison. The proportion of comparing it
against itself should be 50%. The just noticeable difference
(JND) is then determined using the psychometric curve by
calculating half the difference between the points where the
comparison is chosen 25% of the time and 75% of the time:

JND =
x75 − x25

2
(4)

This defines the domain where the comparison can be
differentiated from the reference at least 75% of the time.
The JND is reported as a physical value, in either Newtons
or millimeters. We also report the JND as a percentage of the
ASR, which we define as the normalized JND. This allows us
to see how these values provide an estimate for the number
of distinct stimuli that can be detected within the ASR.

D. Statistical Analyses

T-tests were used to compare the relative number of distinct
stimuli that comprise the ASR between position and force
control, as determined by the normalized JND.

VI. RESULTS

The psychophysical testing provides mechanisms for deter-
mining the participants’ thresholds, either to tolerate (mea-
sured via the maximum threshold), to detect (measured via the
absolute threshold), or to differentiate (measured via the just

noticeable difference (JND) threshold), haptic cues applied to
the arm in the normal and shear directions, under both position
and force control modes of the test bed. Taken together,
these thresholds provide a picture of how haptic experiences
differ between people for various conditions and comprise our
proposed metric, the Allowable Stimulus Range (ASR).

A. Psychophysical Thresholds

Threshold data are summarized in Table II, and the ASR and
JND values are visualized in Fig. 5 for each DOF-controller
combination. The bars represent the ASR, bounded by min-
imum and maximum values, and for clarity the minimum
values are also plotted in Fig. 6. The JND is visualized as
an error bar about its reference value, showing how much the
reference cue value would need to change to be perceived by
the participant as a different cue. The allowable position ranges
for normal indentation vary from the absolute thresholds,
ranging from 0.22 to 1.42 mm, to the maximum comfort
thresholds, between 13.59 to 32.13 mm. Similarly, the force
boundaries in normal indentation ranges vary from absolute
thresholds between 0.38 to 0.96 N to maximum comfort
thresholds in the 4.76 to 37.75 N range. Thresholds in the
shear direction of skin stretch also have a wide distribution,
ranging from 0.15 to 0.30 mm to between 13.9 and 45.92 mm
for absolute and comfort thresholds in position control, and
between -0.4 to 2.03 N and 1.82 to 24.84 N in force control.

In conceptualizing the JND as an increment to create a
distinct cue from the reference, it can also then be normalized
by the stimulus range in order to visualize what percentage
of the ASR this covers (Fig. 7). Each JND is defined about a
specific reference point, and it could vary for other possible
reference values over the ASR. For example, the JND could
be much larger before much stretch is applied, and it could
be smaller toward the upper limit of the range, where the
preload is significant. Regardless, if someone had a narrow
ASR, but a large JND, then they would only be able to perceive
differences between a small number of stimuli for that chosen
haptic cue interaction. For normal indentation, the normalized
JND ranges from 2-6% (3.5% ± 1.2) of the ASR for position
control and 4-14% (7.9% ± 3.5) for force control. These
ranges are significantly different (p < .001), showing as the
ranges are currently defined, force control is less sensitive that
position control. Under shear loading, the cues were applied at
different points in their respective ASR, with a 70% reference
for position control, and 50% for force control, so they aren’t
directly comparable. However, if the JND is assumed constant
across the range of motion and they are compared, there is no
statistical difference, with position JNDs ranging from 3-19%
(6.8% ± 4.9) and force JNDs from 4-9% (5.5% ± 2.3).

B. Likert Survey

A Likert survey was administered to measure participant
agreement with the statements listed in Table III using a
continuous scale from zero to ten, where zero is strongly
disagree, ten is strongly agree, and five is neutral. Overall
participants found position control significantly more intuitive
than force control, p = .03, d = 0.72. Though there are no
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TABLE I
NORMAL STIMULUS THRESHOLD METRICS

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16

Absolute Thresholds - ASR Lower Bound

Position [mm] 0.30 0.26 0.27 0.31 0.25 0.24 0.30 0.31 0.24 0.28 0.24 1.42 0.22 0.26 0.24 -
Force [N] 0.56 0.55 0.71 0.38 0.68 0.59 0.51 0.63 0.52 0.72 0.59 0.96 0.40 0.60 0.49 -

Comfort Thresholds - ASR Upper Bound

Position [mm] 23.08 17.42 18.01 24.10 13.59 13.47 25.40 14.68 19.71 15.82 16.37 19.84 24.83 32.13 28.39 29.78
Force [N] 25.12 10.08 11.78 18.78 4.89 10.99 23.00 5.38 15.94 7.15 4.76 10.81 22.12 35.40 37.75 32.51

Allowable Stimulus Range Size

Position [mm] 22.78 17.16 17.74 23.80 13.34 13.23 25.10 14.37 19.46 15.55 16.13 18.43 24.60 31.87 28.14 29.78
Force [N] 24.56 9.53 11.07 18.41 4.21 10.40 22.49 4.75 15.42 6.43 4.17 9.86 21.72 34.81 37.26 32.51

JND Thresholds

Position Ref. [mm] 16.26 12.16 12.66 17.07 9.48 9.55 17.75 10.24 13.73 11.02 11.30 - 17.33 22.41 19.85 20.77
% Range [-] 0.70 0.69 0.70 0.70 0.69 0.70 0.70 0.69 0.69 0.69 0.69 - 0.70 0.70 0.70 0.70
Increment [mm] 0.80 0.62 0.62 0.82 0.48 0.45 0.90 0.52 0.70 0.56 0.60 - 0.88 1.14 1.00 1.06
Position JND [mm] 0.66 0.42 0.76 0.65 0.80 0.24 1.06 0.80 0.80 0.50 0.55 - 1.00 0.80 0.65 1.02
Normalized JND [-] 0.03 0.02 0.04 0.03 0.06 0.02 0.04 0.06 0.04 0.03 0.03 - 0.04 0.02 0.02 0.03
Force Ref. [N] 17.50 7.10 - 13.11 3.62 7.78 16.00 3.85 11.13 5.12 - 7.71 15.38 24.60 26.18 22.61
% Range [-] 0.69 0.69 - 0.69 0.70 0.69 0.69 0.68 0.69 0.68 - 0.68 0.69 0.69 0.69 0.70
Increment [N] 0.90 0.35 - 0.67 0.16 0.37 0.83 0.17 0.56 0.23 - 0.36 0.80 1.27 1.37 1.17
Force JND [N] 0.94 0.45 - 1.37 0.59 0.74 2.29 0.59 1.74 0.47 - 1.24 0.99 1.58 1.40 2.27
Normalized JND [-] 0.04 0.05 - 0.07 0.14 0.07 0.10 0.12 0.11 0.07 - 0.13 0.05 0.05 0.04 0.07

TABLE II
SHEAR STIMULUS THRESHOLD METRICS

Questions S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16

Absolute Thresholds - ASR Lower Bound

Position [mm] 0.23 0.20 0.29 0.24 0.19 0.21 0.15 0.17 0.18 0.19 0.18 0.18 0.17 0.21 0.22 0.30
Force [N] -0.27 0.11 -0.12 -0.08 -0.20 -0.17 0.17 -0.01 0.15 0.04 -0.08 0.02 -0.40 0.69 2.03 0.65

Comfort Thresholds - ASR Upper Bound

Position [mm] 22.88 22.95 18.74 32.08 20.72 20.03 13.90 20.63 20.08 34.23 18.71 29.03 45.92 45.54 45.63 41.73
Force [N] 3.08 5.70 3.11 5.14 1.82 3.02 2.90 2.08 3.24 6.16 2.34 4.68 11.23 12.24 24.84 14.41

Allowable Stimulus Range Size

Position [mm] 22.66 22.76 18.45 31.84 20.54 19.82 13.75 20.46 19.91 34.04 18.53 28.85 45.75 45.32 45.41 41.43
Force [N] 3.35 5.60 3.24 5.22 2.01 3.18 2.73 2.09 3.08 6.12 2.42 4.66 11.63 11.55 22.81 13.76

JND Thresholds

Position Ref. [mm] - 16.02 13.15 22.37 14.43 13.93 9.64 14.23 13.86 23.62 13.03 - 32.08 31.84 31.48 29.11
% Range [-] - 0.70 0.70 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 - 0.70 0.70 0.69 0.70
Increment [mm] - 0.81 0.65 1.14 0.74 0.72 0.50 0.76 0.74 1.26 0.67 - 1.63 1.61 1.68 1.48
Position JND [mm] - 0.66 0.96 2.00 1.49 0.70 2.16 1.47 3.82 1.01 1.45 - 1.36 1.54 1.89 2.81
Normalized JND - 0.03 0.05 0.06 0.07 0.04 0.16 0.07 0.19 0.03 0.08 - 0.03 0.03 0.04 0.07
Force Ref. [N] 1.42 2.76 1.52 2.41 0.92 1.45 - - 1.49 2.83 - - 5.17 6.25 - -
% Range [-] 0.51 0.47 0.51 0.48 0.55 0.51 - - 0.43 0.46 - - 0.48 0.48 - -
Increment [N] 0.11 0.20 0.11 0.19 0.06 0.11 - - 0.12 0.23 - - 0.41 0.40 - -
Force JND [N] 0.12 0.45 0.15 0.40 0.16 0.12 - - 0.28 0.20 - - 0.37 0.46 - -
Normalized JND 0.04 0.08 0.05 0.08 0.08 0.04 - - 0.09 0.03 - - 0.03 0.04 - -

other statistically significant effects, the effect sizes suggest
that under force control, the cues were more pleasant, although
they were perceived as more similar to each other. Beyond this,
the participants were well insulated from environmental noise.

VII. DISCUSSION

Three main contributions are presented in this paper: the
definition of the allowable stimulus range (ASR) and methods
for its determination, a new haptic test bed for tangential
skin stretch and normal indentation cues on the arm in either
closed-loop position or force control operation modes, and
a comparison of the ASR under the two control schemes to
determine if one control scheme is more advantageous.

A. Allowable Stimulus Range

In order to define a safe and effective cue region for
each individual, we define the ASR using results of standard

psychophysical experiments. We determined the minimum
stimuli that participants can detect, the maximum cue am-
plitude they could tolerate, as well as the amount that a cue
should change to be recognizable as different than a reference.
These are determined using the absolute, maximum comfort,
and just noticeable difference (JND) thresholds. The absolute
thresholds ranged considerably between participants, with the
highest participant threshold two to six times the lowest value
in each DOF-controller condition. This experience corrobo-
rates participant feedback from previous experiments, where
subjects given the same conditions reported varying degrees
of comfort and perceptibly [23]. The definition of the ASR
provides a means of defining the safe operating region of a
haptic cue. Each individual will have a unique ASR for each
cue type and each controller, able to be ascertained in fifteen
to twenty minutes, providing a method of customizing haptic
devices and cues to each user.
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Fig. 5. ASR and JND for each participant for each of the four controller-DOF conditions. ASR is illustrated with shaded bars, and spans from the absolute
threshold to the comfort threshold. The reference value for the JND is overlaid on each ASR, showing the JND at that reference as an error bar.

Fig. 6. Absolute detection thresholds for each loading condition and partic-
ipant are reported as displacements in mm for the position control scheme,
and as forces in N for the force control scheme.

There are opportunities for further exploration into the ASR
definition for frictional interfaces, specifically related to the
velocity of the cues. We know that cue application velocity
does not significantly impact the JND [18]; however, it may
influence the frictional contact between the end-effector and
the skin. For a few subjects, we observed negative absolute
thresholds in the shear-force condition. This result would be
expected under position control if there was slip at the contact
interface, because when the end effector returns to the origin, it
will stretch the skin the opposite way causing a negative force
reading. The absolute threshold experiments were conducted
under position control, and the force threshold is taken to
be the force reading at the position threshold. Similarly for
the JND experiments, the shear-force JND reference was

TABLE III
LIKERT RESPONSES: POSITION AND FORCE CONTROL

Questions Position Con-
trol
Mean (Std.)

Force
Control Mean
(Std.)

p-
value

Cohen’s
d

Clarity

Interacting with the device was intuitive 6.14 ( 2.75 ) 3.64 ( 2.85 ) 0.03 0.72
I was confused about how to interpret the device 5.53 ( 3.31 ) 6.78 ( 1.73 ) 0.24 0.36
It was easy to distinguish between haptic sensations 6.02 ( 2.83 ) 4.61 ( 2.53 ) 0.13 0.47
The haptic sensations displayed felt similar to one another 5.53 ( 3.03 ) 7.07 ( 2.03 ) 0.09 0.53
The cues became clearer over the course of the test 4.71 ( 2.32 ) 4.64 ( 3.12 ) 0.94 0.02
I had a had more difficulty feeling cues later in the test 5.07 ( 3.04 ) 6.45 ( 2.06 ) 0.30 0.31
I am confident in my responses during this test 5.95 ( 3.02 ) 5.73 ( 2.99 ) 0.88 0.05
I had difficulty responding in this test 5.75 ( 3.13 ) 4.95 ( 2.31 ) 0.36 0.27

Quality

The sensations from the system felt pleasant 4.02 ( 2.68 ) 6.34 ( 2.50 ) 0.07 0.58
The sensations from the system were unpleasant 6.94 ( 2.01 ) 4.68 ( 2.53 ) 0.06 0.62
I would have been happy to continue the experi-
ment for longer

5.01 ( 2.17 ) 4.65 ( 2.34 ) 0.70 0.11

At the end of the experiments I felt tired 6.02 ( 2.87 ) 6.16 ( 2.15 ) 0.86 0.05
I was comfortable when using this device 3.83 ( 2.68 ) 6.30 ( 2.48 ) 0.06 0.60
I found the device uncomfortable 4.52 ( 2.42 ) 6.58 ( 3.28 ) 0.11 0.50

Environment

I was well insulated from outside noise during this test 4.69 ( 2.19 ) 4.80 ( 2.62 ) 0.92 0.03
I was often distracted during this test 5.92 ( 2.48 ) 3.50 ( 3.03 ) 0.13 0.47

decreased from 75% to 50% of the ASR to avoid slip. The
reference value is then defined by the maximum comfort
threshold. The JND experiments were conducted at a fast
speed, whereas the maximum comfort threshold experiments
were participant controlled, at a much slower velocity as they
approached their maximum comfort threshold. The frictional
interface and its design requirements are certainly an important
topic of further research, and would not only be impacted by
cue actuation speed, but by other factors such as humidity,
perspiration, or the end effector material characteristics.

B. High-fidelity Test Bed

The psychophysical test bed presented in this paper is
designed for detailed studies of human perception of haptic
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Fig. 7. Normalized JNDs for each of the four controller-DOF conditions, as a percentage of the ASR to show the maximum number of discrete cues that
might be perceivable within a participant’s ASR, assuming that the JND is constant over the ASR.

stimuli, measuring the force-torque interactions between the
end-effector for both normal and shear displacements of the
skin. The material that comprises the interface between the
end-effector and the skin is comparable to materials used
in state of the art wearable haptic devices. The design is
modular, allowing for the end-effector to be replaced with
other materials or geometries as a given study requires. The
adjustable design of the arm rest can easily be fitted to people
of varying arm sizes, as well as testing perception of cues
applied to different locations and orientations on the arm.

The software developed to control the device is modular,
allowing for seamless transitions between control schemes,
both the position and force control represented here as well as
the ability to insert new controller options. The data acquisition
interface and code base also allow for easy access to key
measurement and control values and parameters.

Two controllers were developed for the experiments pre-
sented here, a classic PD position controller and an adapted PD
force controller, using velocity rather than a force derivative
term. These two controllers provide the opportunity to com-
pare control schemes when measuring the haptic perception
of skin stretch and indentation cues. The perceptual perfor-
mance of some subjects surpassed our expectations, with most
absolute thresholds on the same order of magnitude as the
measurement precision of the test bed, 0.25 mm. This was
unexpected, with subjects able to perceive much smaller cues
than we anticipated based on pilot testing. In future studies
this should be investigated and rectified in the test bed design.

C. Effect of Position vs. Force Control on Perception

Typically, wearable haptic devices employ a position control
scheme to realize the haptic cue, with large variability in
cue perception observed between individuals [23]. Noting the
differences in people’s physiological make-up of muscle and
fat, we hypothesized that these differences result in different
forces applied to the skin for the same displacement, and force
control would provide a haptic experience more adapted to
their physiology. We hypothesized the force domain would
result in more consistent psychophysical thresholds between
subjects. If the JNDs determined when cues are provided using

force control are normalized by the allowable stimulus range,
they range from 4 to 14% for normal indentation and 4 to
9% for skin stretch. For some users, this is a substantial
percentage of their allowable stimulus range. The results of
these experiments demonstrate the high tactile acuity in some
individuals and the limitations in the level of detail that exist
in haptic perception for skin stretch and indentation in others.

Using a force control scheme to provide haptic cues did
not result in more consistent perceptual thresholds across
participants compared to a position control scheme. Therefore,
it is not enough to ensure that the forces perceived by the user
during normal indentation and skin stretch are consistent in
order to achieve consistent haptic experiences. At least in using
either position or force controllers, some degree of adjustments
are necessary to optimize a device to a specific individual.
Further investigation into the unique participant physiology
and contact mechanics during the haptic cue interactions
will provide further insight into the extent that the physical
interactions impact haptic perception.

Normalization of JNDs, in addition to providing insight
into tactile acuity, allows us to compare acuity across control
schemes. In comparing the JNDs under two control schemes
for normal indentation, cues under position control have
smaller normalized JNDs compared to those under force
control, showing position control as more effective for creating
more distinct cues.

When comparing the two control schemes based on subject
impressions, the Likert surveys show position control is in
fact more intuitive than force control, again differing from our
hypothesis that force control would be a more effective haptic
control scheme. The effect sizes do imply however that the
cues conveyed via force control were felt as more comfortable
than those delivered with position control. Further investiga-
tion into the characteristics of the cue, such as smoothness and
magnitude of force and displacement, would be interesting to
assess in order to clarify this point.

VIII. CONCLUSION

In order to increase the salience and efficacy of wearable
haptic devices, it is becoming evident that the ranges and
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preferred magnitudes of haptic cues vary between users. This
work explores this topic in two ways, first by defining and
measuring the allowable stimulus range (ASR), defined for
each cue and unique user and bounded by the minimum
detectable cue size and the maximum comfortable magnitude.
The second avenue of investigation is by comparing the haptic
perception metrics under position and force control, with the
hypothesis that a force control method can provide the nec-
essary adjustments to user physiology. The third contribution
of this work is the presentation of a custom test bed that is
able to precisely provide normal indentation and skin stretch
haptic cues. The testbed developed to complete psychophysical
experiments and measure the ASR was designed to be a
flexible experimental platform. The software included two
controllers, position control and force control, as well as
three psychophysical tests, method of adjustments, method
of constant stimuli, and the staircase method. The hardware
provides fully instrumented indentation and shear haptic cues,
and features a modular armrest to adjust the hardware to be
comfortable to individual users at several orientations and
places on the arm. The three psychophysical assessments
demonstrate the wide variability in perceptible, comfortable,
and distinguishable thresholds between individuals, visualized
by the size and inclusive values in the ASR measurements.
The experiments show for the chosen cues in indentation
and skin stretch, position control is more intuitive and has
higher perceptual resolution, though effect sizes indicate force
control, while harder to distinguish, as more comfortable way
to receive haptic cues. The data confirm the large variability
in perceptual acuity between people, but also variability for
each person through changes in control scheme and DOF.
Since the same variability between ASRs and JNDs occur
in both control schemes, the change in controller is not
sufficient to accommodate preferences of users, and some time
to determine their ASR for that cue is necessary to provide a
comfortable and effective haptic cue range for each user. In
order to delve deeper into the mechanisms behind differences
in tactile acuity between individuals, we should consider the
variability in the physical make-up of those individuals, and
the changes in haptic interface with varying environmental
conditions, activity level, and device actuation speed.
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