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A B S T R A C T

In this paper, we address robotic haptics with the following question: is it possible to design a
heating/cooling system that can fulfill both the necessity of keeping the inner robot actuators
at a desired optimal heat and, at the same time, use actuators energy loss in terms of heat
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Thermal management
Soft thermal robotic cover

conveyed, through a soft robotic cover, as pleasant thermal sensation to a human when the
robot is touched? We propose a solution to address this question in terms of mechatronic
design. Indeed, internal heat generated by actuator loss can be transferred to the robotic haptic
cover and a cooling tank for thermal display purposes. A suitable switching control strategy
is divided to fulfill the double objective of keeping the actuators' temperature under a given
threshold whilst displaying the desired temperature to the soft robot's cover. We assess our
ideas with an experimental set-up using one actuator and our original soft cover technology
with a preliminary user study.

1. Introduction

Robotic�haptics was early concerned with developing force feedback devices based on early force reflecting bilateral teleoper-
ation systems [1]. It then spread into cobotics and human�robot close-contact physical interactions [ 2,3] of all forms. Among the
large variety of service robots, those that are devised to be touched by humans (e.g., as part of the tasks they must fulfill) must be
safe and pleasant to touch. Therefore, there seems to be a consensus that such service robots' covers shall be reconsidered to emb
both functionality and pleasantness-to-touch features, e.g., softness, patterned textures, and thermal display. In our previous work,
we devised a possible prototype of such a cover [4].

Thermal perception is acknowledged to provide comfort feelings [ 5,6] and affects human�robot relationship [ 7,8]. The study
in [ 9] shows that thermal stimulation helps the user gain comfort during stressful tasks. In addition, the hugging robot (HuggieBot)
was developed to evaluate human responses against the robot's softness, warmth, and hugging behaviors [10]. Section 2 provides
a more thorough background of thermal systems in robotics and haptics.

Our system in [4] is designed with its own heating and cooling closed-circuit Peltier device. Besides, service robots often generate
sound noise, part of which comes from the embedded air cooling fans distributed nearby actuators to dissipate their heat loss by
convection, see also [11,12] that combine fluidic dissipation. As a side benefit, our system could lead to a reduction in the number
of fans, namely when such cobots are humanoids with many actuators.

In this paper, we propose a solution that reconciles both the problem of heat loss dissipation in cobotic systems and its use for
thermal display through their haptic cover, and dually in return, prevents actuators from overheating; see Fig. 1(a) and Section 3.
We assessed our new concept in experimental prototype and provide its performances and preliminary user evaluation (Section 4).

2. Related work

2.1. Thermal display

Thermal perception [ 13] is an important component of the complex human tactile sensations. It provides awareness of objects'
warmth and, to some extent, their material properties. Thermal displays have been very well researched in the haptics field,
e.g., [14� 17] and applied in virtual reality, e.g., [ 18] and even combined to force and vision display, e.g. [ 19,20] or telepresence,
e.g., [14]. Since the temperature change dynamics depend on each contacting surface's material [21,22], control strategies to emulate
different material properties have been proposed in [ 14,23,24]. Most of these thermal displays are based on the Peltier effect as
the sole heat source, consisting of thermoelectric modules [25,26] for temperature and heat flow control. Additionally, printed
electronics techniques enable the development of thin and flexible thermoelectric modules, with applications in wearable haptics
and robotics [ 27]. Besides, some studies using water flow have also developed, e.g., [28� 30].

In the service robotic domain, [ 31] embedded rigid Peltier devices to a robot to convey artificial emotions using a thermal and
facial display. Peltier devices have also been attached to the therapeutic robot PARO to investigate human comfort under stressful

Fig. 1. (a) Warmth in physical human�robot interaction using motors' heat. (b) Proposed water-flow network.
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tasks [9]. Recent studies have also investigated the influence of thermal cues on comfort [32], perceived grill illusion [33], and
on softness [34]. Prior to the latter study, we have proposed a soft robot shell (i.e., cover) embedding closed-circuit water-flow
pipes in [4] and that we use in this study. In [35], a robot hugging using a heater and soft material is also proposed. Yet, robots
equipped with full soft shells, which moreover have poor thermal conductivity, only make the problem of inner actuator cooling
more critical. Therefore, new technology is needed to mitigate actuator overheating and achieve robot covers that are able to display
thermal sensations.

2.2. Thermal control systems

There are various thermal control technologies using cooling systems such as forced water or air cooling, heat sink. . . see
.g., [36�41]. Although forced water cooling has higher efficiency than air cooling [42], most developed robots, among which
umanoids (e.g., Asimo, Pepper, HRP. . . ), use small fans inside their bodies. Indeed, implementing a water-cooling system in a
obotic system is challenging because of the articular mechanisms and the risk of water leakage. The first would require sophisticated
ipes that must be flexible to cover the range of motion for each joint; the latter would require the robot to be `waterproof' in case
f accidental leakage.

Yet, [43] proposed a thermal control method for robotic embedded electrical motors using water cooling, thereby extending
he thermal-prediction strategy to humanoid's balance control [44], torque-limitation strategy [45], and high-output actuating
ystem [46]. In addition, such a cooling system is proposed within the robot's skeletal structure using latent heat [11,12]. Online
earning of thermal estimation for a humanoid robot is also proposed in [47]. These thermal control methods effectively improve

otor performance; however, integrating thermal control with soft materials (e.g., to be used in soft robots) is more challenging.
urthermore, it could be more sustainable (energy-wise) to utilize any generated heat for additional functions.

.3. Prior work in thermal soft robot cover

In our previous work, we developed a soft robot cover [4] for a thermal display to be embedded on service robots as a part
f a general assistance-haptic display purpose. As the thermal display cover is designed to achieve both tactile softness and hig
eat conductivity, water channels are embedded in soft materials like biological blood vessels. A thermocouple attached to the
over surface monitors the temperature and actively controls the robot's cover temperature display. This study uses this cover as a
oft thermal display utilizing the motor's heating, realizing thermal management based on a water-flow network circulating in the
ystem.

.4. Our contribution

We propose a novel mechatronic and control design to enable an interplay (i.e., dual) thermal exchange method for robots
ith haptic covers (that can be either rigid or soft) using a water-flow network. The idea is to achieve both temperature display

hrough the cover surface and, at the same time, the cooling of the inner embedded actuators. To do so, we exploit the Joule heat
enerated (as a loss) by robot actuators to be used for cover temperature display. The latter can be controlled to the desired value
ithout a dedicated heat source whilst also permitting motor cooling to avoid overheating by means of radiation convection. We
sed a water-based heat transfer system for material identification in [48,49]; however, this paper focuses on thermal display to
ive warm and cool feelings to use-cases where the robots are to be touched (even at large surfaces) by humans. Hence, we als
rovide a preliminary user evaluation in Section 4.

The comparison with existing robot skins that have a thermal display and/or thermal management capabilities is shown in
able 1. As mentioned above, Peltier devices are commonly used for thermal stimulation because of their ability to both heat and
ool [9]; however, challenges remain in implementing these devices as soft robot skin. While integrating a thin heater with soft
aterials can create a soft and warm sensation for users [35], an additional heat dissipation system is necessary to cool the surface

emperature or robot actuators. When focusing on the thermal management of a robot system, the priority of soft and thermal
isplay capabilities is low. The proposed approach achieves innovative thermal management, encompassing all thermal display and
otor cooling capabilities. Such a dual heat transfer functionality between robotic actuators and a robotic cover thermal display,

s to our best knowledge totally novel.
The contribution of our study is summarized as follows:

* We propose a thermal control method for robots with covers made of soft materials (it also extends to rigid covers if the latter
are thermal conductive), using the water-flow network to achieve both temperature display through the cover surface and, at
the same time, the cooling of the inner embedded actuators.

* We exploit the Joule heat generated by robot actuators to be used for cover temperature display, and can be controlled to the
desired value without a dedicated heat source.

* Our proposed thermal system also permits motor cooling to avoid overheating.
����
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Table 1
The proposed self-heating and cooling system compared to the existing studies.

Reference Heat source Warm Cooling Softness Cooling
stimulation stimulation motor

Using PARO [9] Peltier device â â Ê •
HuggieBot [35] Heater â • â •
Water-based soft Peltier device â â â •
thermal display [4]
Musculoskeletal Motor's heat � � • â
Humanoids [47]
Proposed scheme Motor's heat â â â â

3. Proposed self-heating and cooling system

Fig. 1(b) illustrates all the components of the proposed water-flow circulation network system that exploits the Joule heat
enerated by robot actuators to be transferred (hence cooling the actuator) to the outer robotic cover. The latter can then be warmed
r cooled by control. Hence, the robot cover is turned into a thermal display by means of ambient-air convection or by human�robot
hysical (i.e., touch) interaction conductive convection, which displays thermal.

The self-heating and cooling system consists of a soft thermal display (e.g., the robot soft cover we proposed in [4]), a motor
emulating robot's heating in a sustained use), and a micro cooling water tank. The cooling water tank consists of a copper tank, the
eltier devices, heat sinks, and possibly two fans. It is set outside the cover, and one unit could suffice for the entire robot. The heat

ransfer through the water-flow network makes it possible to utilize Joule heating for thermal display while preventing the motor
emperature from rising above a given threshold (this threshold is obtained from known motor characteristics). The proposed thermal
trategy has several goals: (i) heating the cover to the intended temperature and (ii) radiating the motor's heat. Accordingly, we
eveloped the water-flow network, including several watercourses for temperature control of the motor (Sections 3.1 and 3.2) and
he robot cover (Section 2.3). The closed-circuit circulating water is controlled by the robot's heart-valves system (Section 3.3), which
onsists of six micro-valves (V1�V6) and a pump, switching watercourses by opening and closing. Some verification experiments
ere conducted assuming the application of human�robot physical interaction (Section 3.4).

.1. Self-heating system

This section explains the thermal model and the experimental system of a self-heating source (motor) for heating the robot's
over (assuming the latter to be thermal conductive). Inside the robot's motor, windings (core) generate heat under the Joule effect
hen its input current is applied according to

Qe = ReI
2t = Pet; (1)

where Qe(J), Pe(W), Re(
 ), I (A), and t(s) denote the Joule heating, the electric power loss, the electric winding resistance, the
applied current, and the time variable, respectively. A heavy load and/or long-term tasks increase input current. Thus, Joule heat
is generated during such robot tasks, and a motor cooling system is necessary. This paper uses the Joule heat generated by a mot
as a heat source for a thermal display on a robot cover.

As the motor generates heat for thermal display before the human contacts the robot cover, the thermal model with ambient-air
convection is applied to investigate the natural heat generation from the motor, though the thermal model switches to the convection
by conduction when the human touches the cover. Thus, the heat from the motor windings transfers to the motor housing is governed
by the following nominal physical model before human contacts the cover:

Cmw
dTmw

dt
= Pe *

Tmw * Tmh

Rmw
(2)

Cmh
dTmh

dt
=

Tmw * Tmh

Rmw
*

Tmh * Ta

Rmh
; (3)

where dT_dt is the derivative of T w.r.t time; T(K), C(J/K), and R(K/W) denote the temperature, the thermal capacitance, and the
thermal resistance of the motor windings (subscript mw), motor housing (subscript mh), and air (subscript a), respectively. Here,
motor's windings temperature Tmw cannot be measured directly, thermocouples are attached to the housing to monitor the motor's
thermal response Tmh . When the motor is not covered or altered by anything and exposed to the ambient-air, the motor's thermal
model can be simplified (see Fig. 2(a)) as follows:

Cth
dTmh

dt
= Pe *

Tmh * Ta

Rth
; (4)

where Cth and Rth is combined thermal capacitance and the thermal resistance of the motor's windings and the housing including
thermal radiation to the air. Thus, the model (4) at steady-state is described as

ReI
2 =

Tmh * Ta : (5)

Rth

����
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Fig. 2. (a) Simplified thermal model of the motor (b) Developed motor loading system (c) Experimental results of the motor's surface temperature under various
motor load (d) 3D printed inner circulating circular pipes for motor cooling system.

The Eq. (5) can be used to derive Rth to estimate the Joule heat using the monitored housing temperature Tmh at steady-state.
We developed a motor-loading system to emulate the robot's high-load tasks as a self-heating source, seeFig. 2(b). The geared

(MAXON GP 42 C) DC motor (RE 40) is connected to the electromagnetic brake (SINFONIA PMB-20). The maximum continuous
current of the DC motor is 6 A, and the maximum continuous torque is 94.9 mNm at a rotational speed of 6380 rpm. As the reduction
ratio of the motor gear is 15:1, the maximum continuous torque on the motor gear shaft is 1.42 Nm at a rotational speed of 425 rpm
while ignoring mechanical losses. The electromagnetic brake has a mechanism that generates braking force to the shaft by magnetic
powder. By applying current to the coil attached to the outer periphery, the powder is bonded with magnetic force, generating a
braking force to the shaft. The maximum static friction torque of the brake used in this set-up is 2 Nm, and the maximum allowable
rotation speed is 1800 rpm. Therefore, there is enough braking torque for the motor shaft via the gear within possible rotation speed.
The braking torque is almost linear with respect to the applied current except for the micro-current region, and the maximum braking
torque is generated at a current of 0.25 A. The intended load (current input) can be applied to the motor by changing the output
torque of the brake using the rotary potentiometer connected to the brake. A coupling ( SRG-32) connects the gear shaft and the
brake. Since the coupling is rigid, there is no torque loss caused by twisting this part. Using the above mechanism, intentionally
adjusting the current applied to the motor (by passing as much current as possible to generate Joule heating).

As mentioned above, we instrumented the motor surface (housing) to measure temperature in various current inputs instead
of measuring the motor windings temperature. The temperature response of the brake-coupled motor housing is sampled from the
thermocouple (T type, Exposed Junction Wire Thermocouple) attached to the motor surface. By regulating the brake of the system,
various motor loads from 0.7 A (no load) to 5.0 A (slightly before the motor's maximum continuous current) are applied to the DC
motor.

The experimental results of the temperature responses of the motor housing for 1 h are shown in Fig. 2(c). These results show
that varying the load on the motor changes the applied current, thereby allowing the adjustment of the motor's heat generation. Due
to limitations in adjusting the motor load, there are certain instances where, despite different applied currents below 2 A, between 3
to 4 A, and above 4 A, there is no discernible difference in response. However, by adjusting the load to increase the applied current
to above 5 A, it is found that the system can achieve its maximum heat generation capacity; when applying a high load (5 A),
the motor's surface temperature reached 45 ýC after 1 h, being expected that the motor's core is at a higher temperature. Because
continuously applying the maximum continuous current of 6 A to the motor could potentially cause wear on the motor (and there
is a possibility of exceeding the maximum current), we decided to apply 5 A, which is expected to produce a similar temperature
response, to generate heat in the motor.

Based on the experimental results and(5), Rth is identified to be 6.609 K/W, and the percentage error with the theoretical value
(6.580 K/W) is 0.44% (see Table 2). The motor's parameters derived from the data sheet and the experimental results suggest that
the system can generate 2.875 W heat (obtained from 0.115 
 • 5 A • 5 A), continuously applying the nearly current limit (5 A).

All motor cooling systems aim at reducing Rmh by forced air or water cooling so that the heat is radiated from the motor to the
surrounding environment. We instead aim at transferring by forced convection the heat to the robot's outer cover for the purpose
of thermal display. The required heat amount for thermal display from the generated heat is discussed in Section 3.4. As the range
of the cover temperature rate depends on the generated heat amount, the motor needs to generate the required heat to reach the
intended temperature in advance.
����
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Table 2
The fitted parameters of the self-heating system.

Parameter Identified Data sheet

Re 0.115 
 0.115 

Rth 6.609 K/W 6.580 K/W ( Rmw + Rmh )
Cth 255.7 J/K �

3.2. Motor heat recovery device

We devised a motor heat recovery (motor cooling) device (Fig. 2(d)) mounted on the DC motor using AnyCubic Photon Mono X
D printer with Colored UV Resin (color: black, primary material: resin and photoinitiator, hardness (D): 79.0). The water circulates

n direct contact with the motor surface for efficient heat transfer. The channels diameter affects the heat-transfer coefficient as

hw =
� w

d
Nu; (6)

where � w (W/mK), d(m), and Nu stand for thermal conductivity, diameter, and the Local Nusselt number of water flow, respectively.
Therefore, larger diameter increases heat transfer efficiency with higher heat-transfer coefficient. On the other hand, increasing the
diameter reduces the flow speed (v[m/s ] = Q[m3/s ]_[m2]), which can lead to a decrease in heat transfer rate due to a lower Nusselt
number and potential flow stagnation. Subsequently, the internal design of the motor cooling device affects heat transfer in terms
of the surface area contacting with the heated motor surface and water circulation velocity.

In areas with significantly different diameters, water pressure can become excessive, causing water to get stuck or leak. Thus
the diameter of the entire system's pipes have the same range (2.5�4 mm) to avoid water stuck caused by the limited power of the
micro pump ( 80 ml/min flow rate in our system). The entire system's pipes diameter is set based on the channel diameter of the
robot cover, which is appropriately designed for thermal display [4]. In our experimental setup, the inner diameter of the internal
channel of the 3D printed device is set to the same diameter as the pipe and the cover channels (4 mm); so is the inner channels
diameter so that the pipe fits the inlet and outlet of the device. The side length of the device is 55 mmto fit the motor size. Thus,
the winding number of the inner channels is derived as eight, considering the space between the channels (2 mm in each) and the
leak-prevention area on both sides. The thermal-exchange area is made wider as much as possible considering the heat-transfe
efficiency and the pump's strength.

3.3. Water-flow network of the robot heart-valve system

Most motor cooling systems aim at reducing thermal resistance of the motor housing by forced air or water so that the heat
is radiated from the motor to the surrounding environment. In this paper, motor heat is transferred to the robot cover by forced
convection of the circulating water under the following governing equations:

Cmw
dTmw

dt
= Pe *

Tmw * Tmh

Rmh
(7)

Cmh
dTmh

dt
=

Tmw * Tmh

Rmh
*

Tmh * Tw

Rw
(8)

Cw
dTw

dt
=

Tmh * Tw

Rw
*

Tw * Tc

Rc
; (9)

where T(K), C(J/K), R(K/W) denote the temperature, the thermal capacitance, and the thermal resistance of the motor windings
subscript mw), motor housing (subscript mh), water (subscript w), and the robot cover (subscript c), respectively.

Here, the water's thermal capacitance and thermal resistance of the heat convection are derived as

Cw = � wVwcpw (10)

Rw =
1

hwAw
; (11)

where � (kg/ m3), cp(kJ�K/kg), hw (W_m2K), A(m2), and V(m3) are the density, specific heat, heat-transfer coefficient, surface area,
and volume of the water (subscript w), respectively. As the time constant of the heat convection is determined by Cw and Rw , the
system's response time greatly depends on the water's physical properties. Here, the heat-transfer coefficienthw is expressed as (6)

In case of circulating water, the Local Nusselt number Nu depends on the Reynolds Number showing as

Re =
vd�
�

; (12)

where v(m/s) and � (kg/ms) are velocity ( v >0) and viscosity, respectively. Thus, maximizing the water flow velocity enhance heat
transfer efficiency; the water is circulated at the maximum power of the micro-pump in the experiments.

The Nusselt number (Nu) becomes 1 when the water flow stops (v=0), as heat transfer shifts to pure conduction. When the water
channels switch and water stops flowing to the robot cover, heat transfer from the heated motor can be halted instantly. Therefore,
as in the proposed water-flow network, the overall system's heat transfer can be controlled by switching the channels.
����
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Fig. 3. (a) Thermal model of the proposed strategy (b) Water-flow network control (c) Experimental setup of the self heating and cooling thermal display.

Then the cover surface is heated by the circulating water as follows

Cc
dTc

dt
=

Tw * Tc

Rc
*

Tc * Ta

Ra
: (13)

Note that the model is for heat convection in ambient air before a user contacts the cover, and it switches to convection by conduction
when a human touches it as

Cc
dTc

dt
=

Tw * Tc

Rc
*

Tc * Th

Rh
; (14)

where Th and Rh denote the human's temperature and the thermal resistance of the heat conduction between the cover and the
human, respectively.

Focusing on the phenomenon before humans contact the cover, the motor Joule heat is transferred to the robot's cover to heat
its surface, seeFig. 3(a). The cover's surface is most of the time exposed to ambient air (subscript a), and some heat is radiated
outside. In the same way, water in the tank cools the surface by circulating the water; the Peltier devices absorb heat Qp based on
the Peltier effect. When the pump turns off to stop the water circulation, Rw gets larger, and the heat does not transfer much [4];
a heat-transfer control is necessary to servo the cover temperature to the desired value (e.g., given by the user or the application
use-case).

The control strategy of the water-flow network is shown in Fig. 3(b). We assume the self-heating system has already generate
enough heat to increase the cover temperature. Note that the Peltier device attached to the cooling tank can also heat the water,
which can be a supplementary heat source when the motor's heat is insufficient. When the motor temperature reaches the threshold
temperature (T th

m ), the motor's heat is sent to the cover or the cooling tank. While the motor cooling mode is not needed, the
watercourse is switched for the heating/cooling-cover mode depending on the temperature command of the robot cover ( Tcmd

c ).
After the cover temperature reaches the intended value within , 0.5 ýC, the watercourse is switched to the cooling motor mode.
As a result, the water-flow network achieves thermal display through the robot's cover without reaching motor overheating.

3.4. Temperature command for human interaction

This section explains the temperature command to use, the strategy of the thermal display and the required heat amount.
Studies in [5,6] suggest that thermal stimuli of the range of 32�41 ýC provides users a warm and comfortable feeling. Thus, the

temperature command of the robot's cover is set above32 ýC (room temperature assumed to be24 ýC). In our system, 15 ml water is
circulated; 501.5 J (water's specific heat: 4179J/(kg �ýC)) is needed to achieve the temperature command. As our system generate
2.875 W heat continuously applying 5 A (see Section 3.1), we emulate such condition by operating the motor loading system more
than 3 min (501.5 J/2.875 W ƒ174.4 s).

Besides, the pleasant temperature range can be adapted depending on the room's air-ambient temperature or human conditions
(e.g., hand temperature). Therefore the command need to be regulated to human preferences. For example, users prefer to be touche
at 15 ýC when the room temperature is 40 ýC, see [50]. Moreover, one should also account for the fact that the heating/cooling rate
also affects thermal perception [15]. Therefore, our proposed water-flow network has both capabilities of heating and cooling the
cover and such desired cover's temperature can be adjusted at will by the user.

As for the frequency of the command, a constant value is set in this paper because of targeting prolonged and long-term
interactions such as daily robot assistance. Indeed, dynamically changing thermal stimulation (e.g., 0.5 ýC/s) gives less pleasant
than static thermal feedback for users according to the results in [ 51].
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Fig. 4. (a) Heating the cover using heat generated from the motor (b) Simultaneously thermal display and motor cooling (c) Heating and cooling the robot
cover (d) Switching cooling the cover to cooling the motor. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

4. Experiments

4.1. Experimental outline

We conducted several experiments to assess our proposed water-flow network for simultaneous thermal display and motor
cooling. The experimental setup is shown in Fig. 3(c). The robot cover (thermal display) is connected with the motor loading
system (seeFig. 2(b)) as a heat source, the cooling tank sandwiched between two Peltier devices (TEC1-12706) and fans, and the
robot heart-valve system to control water flow network. As the proposed scheme utilizes the motor's heat, an additional heat source
is unnecessary; this is one of the advantages of the proposed system. Here, the valve system consists of a micro water pump (flow
rate: 80 ml/min) and six valves (VDW 2-port solenoid valve: NC type), switching the water flow for heating, cooling the cover, and
cooling the motor based on the scheme in Fig. 3(b).

The temperature control of the Peltier device and the water flow control is conducted by a PC with Linux OS ( 1:0 mssampling
time) and 16-bit AD/DA boards, obtaining the temperature responses by thermocouples with the sensor amplifier. The thermocouples
are attached to the cover surface, the motor surface, the cooling tank, and the Peltier devices, respectively.

The water is circulated at the maximum power of the micro-pump (constant voltage 4.5 V) to maximize the heat transfer rate
(expected to be 1847 W/m 2K), minimizing the pipe length to avoid heat loss. The temperature of the robot cover is controlled
by switching valves from monitored temperature of the motor and the robot cover based on the scheme in Fig. 3(b). The system
is constructed with materials of low thermal conductivity, such as silicon pipes, except for the surface of the thermal display.
This choice is on purpose to prevent heat dissipation everywhere (except through the cover's surface) and enhances heat transfe
efficiency.

The geared motor is continuously applied 5 A current to emulate loaded robot tasks (see Section 3.1). Note that the motor's
temperature threshold is set lower than its technical limits to shorten the experiments, avoiding its wear-out failure and accidents.
Thus, the temperature command of the cover is set close to the pleasant temperature range within safe limits. As for heating the
cover, the water starts to be circulated after the motor surface reaches its threshold; the motor needs to generate the required heat to
increase the cover temperature in advance. The Peltier devices is controlled to15 ýC and cooled the tank (room temperature: 24 ýC).
Each experiment is conducted to confirm the heat transfer between the motor and the cover, the capability of thermal display and
motor cooling, and conduct user evaluation of thermal perception. Informed consent was obtained from all subjects involved in the
study.

4.2. Thermal display using self-heating and cooling system

Several experiments were conducted to verify the capabilities of the self-heating and cooling system. The first experiment is for
verification of the heat transfer efficiency from the motor to the robot cover. Fig. 4(a) shows the experimental results of the motor
and the robot cover surface temperature responses. First, a 5 A current is applied to the motor beforehand to generate heat before
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starting the water flow in the cover (all valves were closed at that time). As a result, the motor surface temperature increases due to
the heat generated by the motor. The water begins circulating when the motor temperature reaches its threshold of 39 ýC (0 min. in
Fig. 4(a)), opening valves V1, V3, V5, and V6. The cover temperature also starts to rise once the water begins circulating. Thanks to
the water circulation, the heat generated by the motor windings is transferred to the cover surface, reducing the motor temperature
and simultaneously increasing the cover temperature. The cover temperature reached a pleasant touch range (30ýC) using only
the motor's self-generated heat. Therefore, the results confirm that the system can effectively transfer some of the motor's heat to
prevent it from exceeding its threshold and utilize it for thermal display. Though there is heat loss between the heat source and the
cover, the heat loss through convection of the circulating water system might be reduced by reconsidering the water pipe diameter,
length, materials, and construction of the water system.

The results of simultaneously displaying thermal cues and motor cooling is shown in Fig. 4(b). After the cover is heated to
32 ýC using the water coming from the motor, the valves switched for cooling motor (V1 and V6 were closed and the others were
opened), and chilled water from the tank additionally cooled the motor surface while the cover temperature kept its command within
, 0.5 ýC (the green band in Fig. 4(b)). Since the thermocouple is attached to the motor housing (not measured water directly), the
temperature of the motor surface degreased slowly due to the thermal capacitance of the motor housing (4.65 K/W). When the cover
temperature exceeds its tolerance, the valves are switched to heating cover mode again to keep the cover at its desired temperature

The capabilities of heating and cooling the cover surface as a thermal display were tested and reported in Fig. 4(c) . The figure
shows the temperature responses of heating and cooling the cover using the heated motor and the cooling tank. In case of heating
the cover, the valves V1, V3, V5, V6 (see the proposed water-flow network in Fig. 1(b)) is opened to transfer heat from the motor
to the robot cover while closing valves V2 and V4. The cover's temperature is regulated to 33 ýC which is within the temperature
range to give warm sensation using the micro water pump. Then, the valves V2 and V4 is opened while closing V3 and V5, and
it drops to 23 ýC, which is less than the range to give a mild cool sensation (around 25 ýC) [15]. The results show the cover's
capability of heating and cooling the cover as a thermal display to give users warm and cooling sensations. Additionally, Fig. 4(d)
shows the capabilities of cooling both the cover and the motor. It can be seen that the cover is cooled according to the commanded
temperature (23 ýC), and the motor is cooled when the motor surface temperature reached the threshold (28 ýC). In the current
experimental setup, it takes about 5 minutes for the heated cover surface to cool down sufficiently. This delay is due to the water
flow getting obstructed at the moment the water channels are switched and the time it takes for the heated water inside the cover
to be replaced entirely by cooling water.

We also conducted the experiments of switching the heating cover to cooling the motor, shown in Fig. 4(e). The cover temperature
rises when the water circulates in the cover and keep the intended temperature. While the temperature is controlled, the water
network is switched to cool the motor surface, and then the water flows again inside the cover when the cover temperature drops
below the commanded range.

These experimental results assess the possibility of the water-flow network not only for cooling the motor but also for utilizing
the Joule heat for thermal display. In addition, having both watercourses of the cooling motor transferring to the cover and the
tank can realize effective heat transfer, not relying exclusively on the cooling power of the Peltier devices. Note that the response
speed and heat transfer efficiency can be enhanced by hardware improvement; the water-flow stagnation (at the moment of valve
switching) and heat loss from other than the cover surface somewhat decrease the heat-transfer efficiency of the whole system. In
addition, the controllable temperature range of the cover depends on the heat generated by the motor and cooling/heating power
of the Peltier devices, which can be extended depending on the requirements and by improving the system design.

4.3. User evaluation of thermal perception

We conducted a preliminary simple user evaluation tests of the thermal perception regarding the thermal display (room
temperature: 24 ýC, see Fig. 5(a)). Each participant touched the cover that is heated to 32 ýC and cooled to 20 ýC and answered
the GODSPEEDquestionnaire [52] (animacy and likeability part). Besides, the participants evaluated warm/cool and comfortable
feel on 5-point scale (5: Agree, 1: Disagree). The average and the standard deviation of six human subjects (male:3, female: 3, age:
30�55) are summarized in Fig. 5(b) to (d). Fig. 5(b) suggests that the cover gave users relatively warm and cooling feelings as
intended. Besides, the figure reveals that a warm feeling gave the users more comfortable than a cool feeling.

Figs. 5 (c) and (d) exhibit a similar tendency: warmth gave the impression of animacy and likeability compared to cool sensation.
These results may change in different room temperatures, and the tactile impression is affected not only by thermal perception but
also by the softness of the cover materials, and user's subjectivity. Note that these user evaluations aim to minimally validate the
proposed strategy regarding human sensation as a pre-experiment for the user evaluation test. These results show that the cover i
capable of the thermal display, utilizing a self-heating and cooling system.

5. Conclusion

We proposed a self-heating and cooling system for assistive cobots (i.e., robot that work in close-contact with human and can
be touched) with thermal display soft covers and developed the experimental setup to assess the strategy. Indeed, the heat los
generated by the motors can be transferred to the cover surface and a cooling tank, and by doing so, the robot motors can be cooled
while regulating the cover temperature. The proposed thermal management permits robots to be fully covered with thermal display
soft materials, achieving safety and practical warmth in physical interactions. Additionally, our temperature-controllable cover can

be integrated with soft materials whose stiffness varies with temperature (e.g., shape memory [53] and phase change materials);
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Fig. 5. (a) Experimental setup for the user evaluation (b) Thermal evaluation of thermal display (c) Evaluation of the heated cover (d) Evaluation of the cooled
cover.

our cooling system can decrease the temperature faster than natural air cooling. We will also consider and investigate extending
our thermal scheme to such applications in future work.

There are still many remaining issues to be improved. From the engineering hardware perspective, a smaller water-flow network
system will be developed to be integrate on a full-scale cobot system (once agreements for opening and changing the inner of
such robots is obtained). Moreover, the water courses need to be optimized considering the heat transfer efficiency and robustly
preventing leakage at a very long term usage with recovery and safety procedures if it happens. Accordingly, sophisticated water
channels need to be embedded in the robot's cover. The experimental verification is a single motor; however, multi-joint heat sources
and their cooling method need to be developed to apply to more complex robots such as humanoids. Hence, we will extend the
thermal formalism to multiple heat sources inside robots and increase the controllable temperature range of the thermal display.

Once a full integration is made a more thorough research on usability and human studies will be conducted.
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