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Design of a haptic device for
presenting pressure and skin
stretching stimuli to the palm
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This paper discusses the design of a two-degree-of-freedom (2-DOF) pseudo-
force presentation device for a palm. The device was designed to present
pressure stimulation to a palm to invoke a pseudo-force sensation. In
addition, the stimulator can rotate to invoke a pseudo-torque sensation
through tangential skin stretch in the proximal/distal direction. Whereas the
previous devices used for pseudo-force presentation on a palm utilized voice
coil motors (VCM) to generate pressure, the developed device uses a DC gear
motor, cam, and lever, which comprise a series elastic actuator (SEA). Although
the mechanism’s response is slower than the VCM-based device's, it can realize
lower power consumption when generating constant force. The paper discusses
the design requirement to provide sufficient pseudo-force sensation. Then, a
prototype device was evaluated, which satisfied the requirements regarding size,
weight, force, and stroke. The device was utilized in a human-subject experiment
to investigate the effect of tangential skin stretch along the proximal/distal
direction on a palm. The results showed that the stimulation can invoke the
feeling of rotation, or pseudo-torque sensation.

KEYWORDS

pseudo-haptics, pseudo-force, pseudo-torque, normal pressure, skin stretch, device
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1 Introduction

Metaverse, a multi-user environment that merges physical reality and digital virtuality,
is attracting attention and increasing demand for immersive virtual reality (VR)
(Mystakidis, 2022). In VR, the presentation of force perception enhances the sense of
presence and intuition and improves the efficiency of operation (Stone, 2001; Hayward
etal., 2004). Combining force perception with visual and auditory perception using a head-
mounted display (HMD) for immersive VR is particularly effective (Ramsamy et al., 2006;
Cooper et al., 2018; Martin et al., 2022). Applications combining force presentation and VR
have been investigated in various fields, such as teleoperation (Artigas et al., 2016; Moya
et al,, 2021; Gong et al., 2022), virtual training (Gibo et al., 2014; Escobar-Castillejos et al.,
2016), remote simulated surgery (Abdi et al., 2020; Rassi and Rassi, 2020; Patel et al., 2022),
and entertainment (Lopes et al., 2018; Shim et al., 2020; Wei et al., 2020).

However, force feedback devices are generally large and must be grounded (fixed to a
rigid support such as a tabletop), which restricts their portability and operability (Silva et al.,
2009; Arata et al., 2011). Pseudo-force presentation has attracted attention as a means to
solve this problem. Pseudo-force presentation is a method to create an illusion of force by
using non-force stimuli, such as visual or tactile stimuli (Collins and Kapralos, 2019; Ujitoko
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Three different tactile stimuli that can be presented to the palm

and the pseudo force/torque perception induced by each stimulus
Green arrows indicate tangential radial/ulnar skin stretch stimulus,
blue arrows indicate tangential proximal/distal skin stretch

stimulus, and red arrows indicate normal pressure stimulus. Tangential
skin stretch stimuli would invoke the feeling of torque, while normal
pressure stimuli provide the feeling of translational force.

and Ban, 2021). If appropriately designed, vision or tactile sensation
can invoke force sensation, even though physical force does not
exist. Here, “tactile sensation” refers to those perceived on the
surface of a skin, whereas “force sensation” refers to perception
from muscles and tendons. When people touch an object, they
simultaneously obtain and integrate visual, tactile, and force
information to perceive its properties (Culham and Valyear,
2006; Whitaker et al., 2008). Even if the force information is not
provided, simultaneously presenting visual and/or tactile
information can invoke force sensation, which is the pseudo-
force sensation. Generally, a device presenting a pseudo-force
sensation is easier to control than a force display that exerts real
force. Also, while force displays need to be grounded, pseudo-force
devices do not require grounding, which makes them portable.
Previous studies on pseudo-force perception primarily focused
on visual stimuli (Ujitoko and Ban, 2021). However, the amount of
force sensation invoked by visual stimuli is limited. To obtain a
larger pseudo-force effect, tactile stimuli have attracted attentions
(Amemiya et al., 2008; Hachisu et al., 2011; Schorr and Okamura,
2017). Most of the studies using tactile stimuli have targeted the
fingertip, where mechano-receptors are known to distribute densely.
In those studies, researchers have studied tangential stimulation,
known as “skin stretch,” and pressure stimulation in the normal
direction (Prattichizzo et al., 2010; Schorr and Okamura, 2017).
In VR and teleoperation systems, grip-type controllers are
commonly used. In those controllers, a palm is always in contact
with the controller, and thus, a palm seems the most suitable target
area for skin stimulation, rather than a fingertip. Even in daily life,
people often grasp and manipulate objects using their palms,
highlighting the importance of a palm as the target area for skin
stimulation. Nevertheless, while many studies of pseudo-force have
been conducted on fingertips, studies on palms remain limited.
The skin of a palm can be stimulated in three directions: two
tangential directions, which are radial/ulnar direction and proximal/
distal direction, and the direction normal to the skin surface, as shown
in Figure 1. Several studies have been conducted to prove that pseudo-
force sensation can be invoked by normal pressure (Asada et al., 2016;
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Nakamura et al, 2018; Sakaniwa et al., 2021; Yoshimoto and
Yamamoto, 2021; Kojima et al, 2022; 2023). Asada et al. (2016)
developed a grip-type device that can provide normal pressure
stimulation to a palm and compared the induced pseudo-force
sensation with physical force applied to the grip. Yoshimoto and
Yamamoto (2021) proved that pseudo-force can be perceived even
when the pressure stimulus is presented passively. Kojima et al. (2022)
confirmed that a narrower stimulator is more effective and causes fewer
individual differences in pseudo-force perception. For tangential
stimulation, previous studies have shown that stimulation along the
radial/ulnar direction can invoke torque sensation (Guinan et al., 2014;
Guzererler et al, 2016). However, research on tangential stimulation
along the proximal/distal direction is lacking.

In the previous studies on palm stimulation, presentation
devices provided stimulation in only one direction. Combinations
of tangential and normal stimuli would extend the application
scenarios of the pseudo-force devices. The development of such
devices is also useful for studying the properties of pseudo-force
perception, which are still not fully understood. With those in mind,
this paper aims to design a pseudo-force presentation device with a
stimulator’s two-degree-of-freedom (2-DOF) motions. Considering
the lack of and need for studies on proximal/distal tangential
stimulation, a combination of the normal and proximal/distal
directions is chosen.

The device in the previous studies used voice coil motors (VCM)
(Asada et al., 2016; Nakamura et al., 2018) to provide pressure
stimulation in the normal direction. VCMs allow easy force control
since their output force is directly proportional to the coil current.
However, since VCMs are used without reduction gears, large VCMs
need to be employed to provide stronger stimulations, resulting in a
large and heavy device structure. Also, as VCM is highly back-
drivable, it needs to keep a constant current flow during the
presentation of constant stimulation, which results in larger
power consumption and overheating of the device. These can be
fatal problems in developing the 2-DOF device since realizing 2-
DOF motions would require a much more complicated structure.

To overcome the problems, this work employs a series elastic
actuator (SEA) (Pratt and Williamson, 1995) as an alternative to
VCM. To avoid enlarging the grip’s size, force on the stimulator will
be transmitted using a cam and a lever from a DC gear motor located
in a remote place in the device. A spring will be connected to the tip
of the lever to allow force control. Then, the whole mechanism will
be rotated by another motor to realize 2-DOF motions. This paper
describes the design details and shows the effectiveness of tangential
stimulation along the proximal/distal direction.

The remainder of the paper is organized as follows. The next
section will present the device’s concept and discuss its
requirements. In Section 3, mechanical elements, such as motor,
cam, and lever, will be designed or selected to satisfy the
requirements. The prototype device will be presented in Section
4, and its performance will be experimentally verified. The device’s
performance will be compared to that of the previous device using a
VCM. The device will also be utilized in a human subject
of the
direction will be

experiment, in which the effectiveness tangential

stimulation along the proximal/distal
investigated. The results will show that the tangential stimulation
can invoke a pseudo-torque feeling. Finally, Section 5 provides the

conclusions.
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FIGURE 2

The target stimulation area on the palm, indicated by the orange

line. Although the left edge of the orange region is curved, it will
become almost straight when the palm grips a cylinder, resulting in a
rectangular region. Areas one through five indicate the areas

used in the experiments.

2 Concept and requirements for
the device

This study aims to develop a device that enables pseudo-force/
torque presentation in two directions while the user holds the device.
This section first presents the overall concept and discusses the
requirements.

2.1 The target stimulation area and the
overall device structure

Figure 2 shows the target area of the stimulation of this work.
Kojima et al. (2023) demonstrated that a normal pressure stimulus
produces a pseudo-force sensation over a broad area of the hand,
extending from the base of the thumb to the fingertips. Therefore,
the same area is targeted in this work.

To stimulate the above target area, this work proposes a device
structure shown in Figure 3A. The device’s external shape is a stepped
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cylinder, and a user is supposed to grip the smaller diameter part shown
in Figure 3B. The smaller part, referred to as the “gripping part”, is
equipped with a stimulator to pressurize the palm in contact. The larger
diameter part contains motors that rotate and extrude the stimulator.
For extrusion, the device utilizes the SEA mechanism. A DC gear motor
actuates a lever using a cam connected to its axis, and the force is
transmitted to the other side of the lever. Springs are installed on the
other end of the lever, and the springs push the stimulator. The springs
behave as the elastic elements required for SEA. The deformation of the
springs, which is proportional to the force output, is monitored using a
photo-interrupter, which functions as a simple displacement sensor.
The spring deformation is regulated by a feedback controller. Then,
another motor (an RC servo motor) rotates this whole mechanism to
realize tangential motions along the proximal/distal direction.

This structure has the following advantages compared to the
previous device using VCMs. First, with this structure, we can avoid
enlarging the grip size. The previous device arranged VCMs directly
beneath the stimulator to allow direct force control. Such a structure,
however, tends to enlarge the grip size, especially when a large force
is required. On the other hand, the proposed structure can use a
relatively smaller gear motor since the gear and the lever can
leverage the force. Also, the motor can be placed apart from the
stimulator, which allows us to keep a moderate grip size.

The second advantage is lower power consumption in a continuous
presentation. A VCM needs to keep a constant current when outputting
a constant force to the simulator, as the output force is directly
determined by the current. This can cause an overheating problem
in a continuous presentation. In the proposed structure, on the other
hand, the reduction gear’s poor back-drivability, or self-locking, can be
utilized to maintain a constant output force without feeding much
current to the gear motor. In addition, even if the motor is heated, it will
hardly affect the palm stimulation due to the distance between the
simulator and the motor.

In the remainder of this section, several requirements for
designing this device are discussed.

2.2 Size of the gripping part

This work assumes a cylindrical grip, considering that many
everyday objects we grip have cylindrical or similar shapes. As this

Developed device

The concept of the 2-DOF device. (A) Basic structure. The stimulator, driven by series elastic actuator (SEA), pushes a palm to provide a pseudo-
force sensation. The RC servo motor can rotate the SEA module for tangential stimulation. (B) Expected usage scene: experiencing VR with pseudo-force

feedback from the devices.
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work aims to stimulate the areas shown in Figure 2, the contact area
between a hand and the cylinder must be larger than the target area.

First, the length of the cylinder of the gripping part must be
larger than the length “h” in Figure 2, which is slightly shorter than
the width of hands. According to (Okunribido, 2000; Cakit et al.,
2014), a typical width of a human hand is in a range between 70 mm
and 90 mm. This defines the requirement for the cylinder length; the
cylindrical gripping part should have a length larger than 90 mm.

The requirement for the cylinder’s circumference can be derived
from the length of the simulation area (which is “w” in Figure 2). As
described later, the surface of the cylinder will have a cavity to allow
stimulation. The arc length of the cavity should be equal to or larger
than the length “w”. However, a large cavity will deteriorate the
structural strength of the grip. Therefore, in this work, we limit the
cavity’s arc length to half of a cylinder’s circumference; in other
words, the circumference should be larger than 2w. The length “w” is
equivalent to the distance from the base of the thumb to the tip of the
little finger, which is typically 73 mm (Mansour, 2016). This requires
the circumference larger than 146 mm.

In addition, the comfort of gripping should also be considered
when determining the circumference; if the circumference, or the
diameter, is too large or too small, the user might feel difficulty in
gripping the cylinder. According to Hall and Bennett (1956); Yakou
etal. (1997); Kong and Lowe (2005), cylinders are most comfortably
grasped when the diameter is between 30 mm and 50 mm. If the
diameter falls within this range, the resulting circumference is
between 94 mm and 157 mm. From the above two factors, the
circumference should be between 146 mm and 157 mm or between
46 mm and 50 mm in terms of diameter.

2.3 Normal stimulation force

In the previous studies (Asada et al., 2016; Yoshimoto and
Yamamoto, 2021; Kojima et al, 2022), pressures of up to
approximately 8.9 kPa were applied to the palm to generate a
sufficient amount of pseudo force sensation. The experimental
results of the studies showed that the pseudo-force effect was not
saturated at the pressure, suggesting that a much larger pressure
could be used. With that in mind, this study aims at providing
20 kPa. If we assume that the pressure is uniform on the surface of
the stimulator, the required normal force can be calculated from the
surface area. If, for example, the surface area is 500 mm?, which is the
case for this work, the maximum force of 10 N is required.

2.4 Stroke for normal stimulation

When normal force is applied to a palm, the surface of the palm
is deformed by the force. The stimulator should follow the palm’s
deformation to keep applying force, which determines the
required stroke.

It has been reported that the relation between the displacement
and the applied force is not linear on fingertips, forearms, and feet
(Hajian and Howe, 1997; Zheng and Mak, 1997; Zheng and Mak,
1999; Fujita, 2004). However, the relationship on a palm has not
been extensively studied. Also, the relation could differ among
regions on a palm. Therefore, we measured skin displacement on
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a palm at multiple points, for one of the authors. An indentor, of
which detail will be described in Section 3, was used.

In the experiment, forces ranging from 0 N to 10 N were applied
at 1 N intervals to the three areas depicted in Figure 2, which are the
ball of the thumb (area 1), the center of the palm (area 2), and the
proximal phalanx of hand (area 4). For measuring area 1, the center
of the stimulator was positioned at the crease at the base of the
thumb; for area 2, the metacarpophalangeal joint (MCP joint)
connecting the end of the distal palmar crease and the end of the
proximal palmar crease; and for area 4, the center of the proximal
interphalangeal crease of the index finger and the palmar
digital crease.

The measurement setup is shown in Figure 4A, with the
stimulator pressed against a fixed hand in the grip grasping
posture. The indentor was connected to a force gauge (RX-10,
Aiko Engineering Co., Ltd.) for force measurement that was
arranged on a micrometer-driven linear positioning stage.
Indentation was carried out by moving the force sensor. The
measurement was repeated three times in each area.

The results are shown in Figure 4B. Since some previous studies
approximate the relation on a fingertip using quadratic functions
(Hajian and Howe, 1997; Fujita, 2004), we also employed quadratic
functions for approximating the measured data, as shown in
Figure 4B. The quadratic approximation curves reach 9.6, 7.6 and
6.7 mm, respectively for the three areas, at force of 10 N. These
results indicate that the stimulator must stroke about 10 mm to
guarantee an applied force of 10 N on the softest area (area 1).

2.5 Response time of output force

In SEA, the response speed of output force is relatively slow since
SEA needs to compress the elastic element to generate output force.
The slow response might cause discomfort in virtual reality
applications; to avoid discomfort, it is important to synchronize
the force output with the visual information. According to Miyasato
and Nakatsu (1997), allowable delay between visual and tactile
presentations is approximately 120 m. This means that, ideally,
the device should be able to change the output force from 0 to 10 N
within this time period. This, however, is not a strict requirement
since, in typical contact, the contact force grows with time. The
above condition must be satisfied only when a sudden collision
needs to be rendered, which is not the case for this device.
Nevertheless, the above numbers can serve as a design reference
for response time.

2.6 Rotation speed and torque

In the proposed device structure, an RC-servo motor rotates the
whole mechanism for tangential stimulation along the proximal/
distal direction. The motor should have enough rotational speed to
provide skin stretch, and the speed used for radial/ulnar tangential
stimulation can serve as a reference. In Guzererler et al. (2016) that
studied radial/ulnar skin stretch, the speed was 64 mm/s. By
adopting the speed as a reference, the rotational speed required
for the motor is derived as 2.6 rad/s based on the diameter of the
device (50 mm).
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Measurements of skin deformations. (A) Measurement setup of skin deformation during force application to the palm using a stimulator. The hand
was in the device's grasping posture and was fixed on the fixation plate, and the stimulator was pressed against the hand. (B) The skin displacements in
Areas 1, 2, and 4. The deformation at 10 N, measured using the fitting curves, were 9.6, 7.6 and 6.7 mm, respectively.

Subsequently, the torque required to present skin stretch stimuli
is considered. The force along the tangential direction can be
determined from friction. Although estimating the friction
coefficient is difficult for a palm due to its non-flat structure, we
assume it is 1. With the friction coefficient of 1, the maximum
tangential force becomes 10 N. If the device diameter is 46 mm, the
moment arm for tangential stimulation will reach 33 mm when the
stimulator extrudes 10 mm from the device surface. This implies that
the torque required in the rotational direction is 0.33 N m.

2.7 Device weight

One motivation for introducing the SEA mechanism was to
avoid the heavy device weight caused by large VCMs. If the device is
too heavy, it will affect the results of experiments when it is
employed in a psycho-physical experiment to investigate the
pseudo-force effect. Also, in virtual reality applications, a device
that is too heavy will make the user uncomfortable.

In a previous study (Research Institute of Human Engineering
for Quality Life, 2000), the maximum weight that could be easily
carried was determined using cylinders of various weights on
subjects aged 20 to 89. The study suggests that a weight less than
1 kg is easily carried with one hand. Therefore, the target weight of
the device should be 1 kg or less.

3 Design details

As already stated, this work utilizes SEA to actuate the stimulator in
the normal direction. This section mainly discusses the design of an SEA
module to meet the requirements discussed above.

3.1 Elastic element of SEA

In SEA, the output force is proportional to the deformation of
the elastic element, which in this study is the springs arranged at
the tip of the lever. As examined above, since the palm surface
deforms when it is indented, the base of the springs (spring
holder) must be able to move for the length of the springs’

Frontiers in Mechanical Engineering

deformation plus the palm’s deformation. Therefore, we
employed a compact linear guide (BSGM6-25, MISUMI
Corporation) with a stroke of 14 mm to support the spring
holder (see Figure 3A). Four springs (WM3-10, MISUMI
Corporation), with a spring constant of 2 N/mm, a rated
maximum deflection of 3.5mm, and a natural length of
10 mm, were arranged in parallel on the spring holder. Then,
the other end of the springs was connected to the stimulator.
The rated maximum load of the springs was 6.9N, and the four
springs can withstand 27.6 N, which is larger than the output force
requirement of 10 N. When 10 N is applied to the four springs, the
springs contract by 1.25 mm, which falls within the stroke of the linear
guide when the maximum indentation stroke of 10 mm is added. The
spring deformation, which is equivalent to the output force, was
(SG-105, KODENSHI

measured using a photo-interrupter

Corporation).

3.2 DC gear motor

The rated output of the motor must exceed the required output
against the palm. As discussed in Section 2, the stimulator must move a
distance of 10 mm with a maximum output force of 10 N, preferably
within 0.12's, This means that the motor’s peak output of 0.83 W is
preferred. This work adopted a DC gear motor (2619S024SR 112:1,
IE2-16, FAULHABER), which has the maximum intermittent torque
of 180 mN m, and the no-load speed of 6.8 rad/s.

3.3 Cam and lever

The cam and the lever were designed from the reference values
of the output force and speed. The required force at the stimulator is
10 N while the maximum speed preferably exceeds 94 mm/s, which
is derived from the motion stroke (10 mm for palm deformation and
1.25 mm for spring deformation) and the response time (0.12 s). In
the device, the cam converts the motor’s rotational motion into
translation, which the lever then transmits to the stimulator. Figure 5
illustrates the relationship between the cam, lever, and spring holder.
This lever works as a flat-face follower, and the cam is designed to
have a linear relation between the rotation angle and the lift.
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FIGURE 5
Geometric model showing the relationship between the cam,
lever, and the spring holder.

3.4 Torque-force relation

Regarding forces on both ends of the lever, Eqs 1, 2 hold.
T =F.rcosvy, (1)

F.l = F,cos ¢. (2)

where T is the motor torque, F. is the force exerted by the cam, F; is
the force obtained at the stimulator side, r is the lift of the cam, and /
is the length ratio of the lever. The angle y is the angle of the cam’s
pivot, seen from the contact point with respect to the tangent line.
The angle ¢ is the angle of the pivot, seen from the lever’s fulcrum
with respect to the line representing the lever. Then, the force F; is
calculated as in Eq. 3.

F = Fl Tl 3)

T cos¢  rcosycos

For simplicity, we assume that cam’s rotation angle 6 and the lift
r has linear relation as shown in Eq. 4.

r=mb (0, <0<0y), (4)

where m is the proportional coefficient, and the cam is supposed to
rotate within (6,,,, 6p). From geometrical relations, Eq. 5 is obtained
for 6 and vy.

tany = 6. (5

Then, F. can be expressed as a function of 6 as in Eq. 6.

TV1 + 6

Fc(0) = o

(6)

In the actual device, the contact point between the cam and lever
shifts as the cam rotates, which will change the length ratio of the
lever. However, for simplicity, we assume this change is negligible.
Then, F; is obtained as

1 TIV1 +92>Tl\/1 + &

e cos¢p  mbO mo

7)

Since the right side of Eq. 7 decreases monotonically for positive 6,
Eq. 8 must be satisfied.

TI\1 + 62
v MsqoN. (8)

mHM
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3.5 Displacement and speed

Ideally, the displacement of the spring holder, s; should change
for 11.3 mm within 0.12 s. Although this is not a strict requirement
as discussed in Section 2, we use this condition for a design reference.

From the geometrical relations, s; is calculated as in Eq. 9.

arsiny  amf’

b i+ 6

Therefore, the initial and final angles of the cam should satisfy
Eq. 10.

si(0) =asing = 9)

am 6, 6, 5113

— - >11.3 mm.
b\ \1+&, \1+6

Also, from the response time of 0.12 s and the motor’s maximum

speed of 6.8 rad/s, Eq. 11 is obtatined.

(10)

Oy — 6, <0.82rad. (11)

3.6 Final design

Assuming that the stimulator is located almost in the middle of the
grip length, the lever’s length must be larger than half the length of the
grip (45 mm) and the maximum cam lift (m6)). In our design, we
limit m0y; smaller than 30 mm to keep the device diameter in an
appropriate range. Then, the following parameters were adopted:
a=31mm, b=54mm, [ =15 m=30mm/rad, 0,, =0.20rad,
and Oy = 0.99rad. The resulting cam and lever designs are shown
in Figure 6. One end of the cam that pushes the spring holder was
formed in a round shape for smooth contact. The cam and the lever
were assembled with the gear motor, the springs, and the stimulator to
comprise an SEA module, as shown in Figure 7.

3.7 Whole device structure

The developed device is depicted in Figures 8, 9. The device was
mainly made of polyacetal resin (POM) and polylactic acid resin (PLA).
The total length and weight were 230 mm and 440 g, respectively, with
the grip part (the smaller diameter cylinder) being 110 mm in length
and 50 mm in diameter. The grip has a cavity to allow the stimulator to
extrude, as shown in Figure 9. The size of the cavity was 78.5 mm in its
arc length (180°). The stimulator had 35 mm in length and 12 mm in
width. Its surface has fillets on both edges, and the resultant surface area
was about 500 mm?, including the fillets.

The SEA module was installed inside the shell of the stepped
cylindrical shape. In the larger diameter part, an RC servo motor
(KRS-3204R2 ICS, Kondo Kagaku Co., Ltd.), which has the
maximum output torque of 0.91 N m and the maximum rotation
speed of 8.1 rad/s, was installed to rotate the SEA module.

The SEA module was controlled by a microcontroller (Mbed NXP
LPC1768, Arm Limited). The photo-interrupter in the SEA module
detected the spring deformation, which corresponds to the output force.
The reading of the photo-interrupter was fed to the controller, which was
regulated to follow a reference signal using P (proportional) or PI
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FIGURE 6

The Design of the cam and lever. (A) The designed cam profile spans over 45°, with the minimum lift of 6 mm and the maximum of 30 mm. (B) The
designed lever. The length to the contact point from the fulcrum is 54 mm for the cam and 31 mm for the springs.
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FIGURE 7
The developed SEA module to extrude the stimulator. The two

photos show the same module in different cam angles, with the angles
corresponding to the minimum and the maximum cam lift.

(proportional and integral) control. The RC servo motor for rotation was
controlled by a position command generated in another microcontroller
(ESP32-DevKitC V4, Espressif Systems (Shanghai) Pte. Ltd.).

4 Evaluation of the device
4.1 Maximum force in the normal direction

Regarding the stimulator’s force along the normal direction, the
maximum output force was measured throughout the stroke of the
stimulator. The stimulator was arranged to contact with the force gauge,
which was set on a linear stage, as shown in Figure 10A. The SEA module
controller was given a saturating input, and the force gauge measured the
output force from the stimulator. The measurements were done for the
stimulator position from 0 mm to 14 mm with 1 mm intervals.

Frontiers in Mechanical Engineering

Figure 10B shows the results of five measurements. Throughout
the designed motion stroke from 0 mm to 10 mm, the maximum
force exceeded 10 N, which is the requirement. The light green line
represents the expected maximum force calculated using Eq. 7. The
measured results followed a similar curve between 4 mm and 8 mm,
although the measured force was larger than the expected one. This
would be because the motor’s output torque was probably larger
than the specifications. Nevertheless, their qualitative agreement
validates the design process.

The discrepancy for the position smaller than 4 mm was found
to have been caused by geometrical interference between the cam
and the lever near the end of the stroke. Conversely, the maximum
force linearly decreased for the position larger than 9 mm. This was
because the spring holder reached the end of its stroke and could not
compress the spring any further. In this region, the maximum force
should decrease with a rate identical to the spring constant, which
was 8 N/mm. However, the measured rate was 4.15 N/mm. This
would be because the design around the simulator was not
symmetric (the stimulator was held by the linear guide on one
side) and thus some additional deformation occurred.

Although some discrepancies were found in the measurement,
the maximum thrust force was found to exceed the required output
force of 10 N in the designed range from 0 mm to 10 mm.

4.2 Steady-state response in the
normal direction

The steady-state response regarding force control in the normal
direction was measured at three different stimulator locations,
which are 0, 5, and 10 mm from the surface of the device. The
SEA module was controlled either in P or PI control, and the force
gauge measured the steady-state outputs for different force
command inputs. The results are shown in Figure 11. As some
error was observed when the force command returned to zero, the
output for 0 N input was measured by changing the input from 1 N
to 0 N. The input was changed from 0 N to the intended value for the
other inputs. The output was found to be almost linear to the input
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FIGURE 8
CAD drawing of the device. (A) The entire device. The user grasps the smaller diameter part of the stepped cylindrical shape. (B) CAD drawing of the
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FIGURE 9
Appearances of the developed device. (A) The stimulator rotates inside the cavity and pops out. (B) The cavity can be covered with a soft rubber

sheet, although it was not used in this work.
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FIGURE 10

Measurement of the maximum stimulator force. (A) Measurement setup. (B) Measured results. The dashed horizontal line indicates the required

force of 10 N.
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FIGURE 11

Stimulator’s output force in steady states. The measurement was
done at three different stimulator locations. The SEA module to drive
the stimulator was controlled either in P (Kp = 14.4 V/N) or Pl (Kp =
14.4 V/N, Ki = 48 V/(N's)) control. Measurement was repeated

5 times each. Error bars indicate the minimum and maximum values.

regardless of the control mode and the stimulator position.
Although some steady-state errors were observed for P control,
the error was within + 10% for the reference input larger than 5 N.

Frontiers in Mechanical Engineering

This error would be acceptable since a just noticeable difference
(JND) of force stimulation on the hand was approximately 10%
(Vicentini et al., 2010).

4.3 Dynamic response in the
normal direction

Dynamic responses of the normal force control were measured.
The stimulator was fixed at 0 mm. A step function that changes from
0 N to 10 N was given to the SEA module controller, and the output
force was measured using the spring deformation. The result is
shown in Figure 12. The average rise time (from 10% to 90% of the
steady-state value) was 0.090 s. While the result for P control shows
some steady-state error, the force converges faster than PI control.

Although the stimulator position was fixed in the above
measurement, it will move in the actual presentation. In the worst
case, the stimulator would move for 10 mm to deform the palm. If such
a motion is also taken into account, the response time from 0 N (at
0 mm) to 10 N (at 10 mm) was found to increase by about 0.14 s, which
is not as expected in the design discussed in Section 3.3. The difference
came from the facts: (1) the design assumed that the motor operates at
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TABLE 1 Comparison of the developed and previous devices. The previous device utilized two VCMs and the output force used in the table is their total
continuous force, while their total peak force is 15.2 N. The output force for the developed device is calculated from the motor's peak torque. This
difference is due to their different operations. While VCMs must keep current during continuous stimulation, the developed device does not require
continuous current.

Output Device Force/

Force Weight Actuator weight
This work 10 N 430 g 77 N/kg
VCM-based 3.1 NO 272 g 18 N/kg

Current at Power consumption Response
Rated output At 3 N Time
0.013A 031 W 107 m
0.75 A% 4.0 WO 0.31 m®

(*): estimated from the specification of the VCM.

TABLE 2 Results of human subject study where subjects were provided tangential skin stretch in the proximal/distal direction in either clockwise (CW) or
counter-clockwise CCW) directions. The subjects answered in which direction they felt rotation. NR represents the number of answers for which no

rotation was felt.

Stimulus Area 1 Area 2
Direction

CW NR CCW CW NR

cCcw 0 0 20 0 1 19

CCW Cw

Answer direction

Area 3 Area 4 Area 5

NR CCW CW NR CCW CW NR CCW

the constant maximum speed, which is not true, especially when the
motor is feedback-controlled, and (2) the contact point between the cam
and the lever varied during operation (in opposed to the simple design
assumption) which extends the moving angle of the gear motor. Since
the requirement on the response was not very strict, as discussed in
Section 3.3, this difference would not impose severe problems in actual
use. However, if a faster response is preferred, the leverage ratio of the
lever might be modified since there is some margin in the output force,
as depicted in Figure 10. Redesigning the cam could be considered as
well. In the designed SEA module, the required force is smaller in the
beginning since the springs are not yet contracted. The required force
increases as the springs contract. Considering such operation
characteristics, the cam profile could be designed such that the
speed gradually decrease as the cam rotates.

Frontiers in Mechanical Engineering

Figure 12 also shows the current from the DC power source
that was used to drive the motor driver. The measured current
fluctuated widely due to the PWM control. However, the average
curve shows that the average current was kept low in a steady
state, even though the output force remains large, which is one of
the benefits of the SEA module compared to VCMs used in
previous studies.

4.4 Comparison with the VCM device

Table 1 compares several performance metrics for the developed
device and the device using VCMs (Asada et al., 2016), which was used
in previous studies. The rated output of the previous device was 3.1 N,
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which is the sum of the rated outputs of the two VCMs (AVM20-10,
Technohands Co., Ltd.) used in the device. On the other hand, this
device was designed to have 10 N output, which outperforms the
previous device. The force/actuator weight compares the SEA module
(130 g) with the VCM (177 g), which shows that the developed SEA
module has four times larger force density. The power consumption
comparison clearly shows the benefit of the developed SEA, which does
not require current during constant force output. On the other hand,
the output force control’s response time (from 10% to 90% of the
steady-state value) is far slower with the developed device.

4.5 Human subject experiment: Effect of
tangential skin stretch

Finally, using the developed device, skin stretch along the distal/
proximal direction on a palm was evaluated on human subjects. The
experiment was approved by the Ethics Review Committee of the
University of Tokyo (23-310). Four male subjects in their 20s (three
right-handed) were recruited in the experimenter’s laboratory. The
stimulator location was adjusted to five areas on their palms, as
shown in Figure 2. The motion of the stimulator along the normal
direction was controlled by the proportional controller, and a force
of 7 N was commanded to provide normal pressure to the left-hand
palm. Then, the RC servo motor was commanded to rotate the
stimulator by +17 deg to provide skin stretch stimuli. For each area,
40 stimuli were given, 20 clockwise (CW, or distal) and 20 counter-
clockwise (CCW, or proximal).

Each time a stimulus was presented, the participants were asked,
“Do you feel as if the device is rotating? If yes, in which direction?”
The answers are summarized in Table 2. On average, the subjects felt
rotations in the intended directions with 94.5% accuracy, indicating
that the skin stretch stimulus along the distal/proximal direction can
induce a pseudo-torque sensation.

5 Conclusion

Pseudo-force presentation using tactile stimuli is expected to be a
powerful tool to enhance reality and operability in VR. Presentations on
a palm seem particularly promising, as a palm is always in contact with a
controller in an immersive VR setup. To realize 2-DOF pseudo-force/
torque presentation to a palm, this paper describes the design of a 2-DOF
stimulation device. One of the concerns in developing 2-DOF device is
its weight, as 2-DOF structure could be complicated and thus heavy. To
realize a lightweight structure, this work adopted series elastic actuator
(SEA) using a gear motor for stimulation along the normal direction to
the palm surface. Then, another motor rotated the whole SEA module to
realize tangential stimulation along the proximal/distal direction.

The paper discusses some requirements for the device to realize
stimulation in a wide range of a palm. Using the discussed requirements
as a design reference, mechanical elements were selected or designed. In
the fabrication, being lightweight was focused rather than precise. The
performance of the resulting prototype deviated from the designed values;
nevertheless, the prototype realized a satisfactory output force to provide
pseudo-force/torque presentation. Using the developed prototype, the
effect of tangential skin stretch along the proximal/distal direction was
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investigated. The result of a subject experiment showed that the skin
stretch can invoke a rotational feeling, or pseudo-torque sensation.

In future work, We will investigate the effect of pseudo-force/
torque perception in more detail using the developed device. Also,
suitable application scenarios will be explored. Some expected
scenarios include the operations of a fishing rod (Kojima et al,
2023), motorbike handles, and boat oars, where translational force
and rotational torque will occur on palms. Such demonstrations
might also be useful for rehabilitation purposes.
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