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A Novel Robot Soft Cover with Thermal Display Capabilities

Yukiko Osawa1 and Abderrahmane Kheddar2

Abstract— There is a considerable amount of studies focusing
on ‘intelligence’ in planning and control to implement effective
human-robot physical interaction. However, physical interac-
tion between humans and robots also pertains ‘intelligence’
in terms of hardware, and more particularly the interfacing
cover, often called artificial skins. How to design covers that
gathers both functionalities (e.g. softness, sensing) and aesthetic
(e.g. pleasant to human sight and touch) is a very challenging
problem. In this letter, we propose a prototype of a robot cover
that achieves thermal display while being also soft. This is
because previous human studies have identified thermal cues as
part of the touch pleasantness feeling. In order to realize both
softness and high thermal conductivity, the developed cover
embed an urethane pipe within which water flows. The soft
cover becomes hot or cold by controlling the temperature of
the flowing water. The algorithm for regulating the cover’s
temperature for display is similar to the human blood system,
which is simple but effective. We assess our developed cover
with some experiments.

I. Introduction

Efficient physical human-robot interaction (pHRI for
short) enables several new robotic domains of applications.
The most known examples are cobotics in industry and
motion assistance through contact for frail persons. The
robot can benefit from contact in interactive pHRI to achieve
various tasks with the human. Yet, pHRI requires high
safety considerations and sophisticated planning and control
strategies, but not only. Indeed, current pHRI studies are
mainly focusing on the planning, the control with human
in the loop, and functional cover (robot skins). We claim
that the interaction between humans and robots must also
be considered from an aesthetic and pleasantness (to human
touch) hardware design viewpoint. In our view, combin-
ing functionalities to aesthetic and pleasantness is a new
important challenge to investigate. Yet, softness is very
likely at the intersection of both functionality (casting the
environment irregularities, absorbing impacts, safety through
inherent compliance, etc.) and pleasantness to touch when
compared to a rigid cover.

Pleasant touch could be important for human motion assist
applications, but also for programming by demonstration
in cobotics. For example, a gentle stroking touch lower
blood pressure, increase transient sympathetic reflexes [1]
and increase pain thresholds [2]. There are some studies
for analyzing touch pleasantness. Force of a finger sliding
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Developed soft robot cover

Fig. 1. Novel soft-thermal display robot cover developed in this letter and
mounted on the humanoid HRP-4 forearm.

was analyzed in the spatial domain, and it follows 1/ f noise
that is related to relaxation oscillation [3]. From [4], it was
found that frictional force fluctuations are correlated with the
pleasantness sensation of surfaces using the Pleasant Touch
Scale determined by fingertip moisture level and sensory
evaluation. In particular, the human thermal sensation is
related to pleasantness. The tactile C afferent in which
the firing rate is correlated with hedonic ratings discharged
typical skin temperature (about 32◦C) rather than the cooler
and warmer stimulus temperatures [5]. According to [6],
dynamic thermal stimuli are less pleasant than constant
thermal stimuli, and 4◦C increase from the skin temperature
was rated as arousing, dominant, and pleasant. The studies
in [7], [8] show that warmth in physical interactions with
mediated touch devices gives us beneficial effects. Therefore,
covering the robot by a thermally conductive material is one
of the essential features for providing a pleasant feeling.
Moreover, actively changing warmness could be viewed as
part of haptic communication in pHRI.

A. Related work

The research topic about soft material covering a robot
–often called robot skin, has been studied since many years.
To create a robot skin that is light and soft, some studies
exploited the air pressure feedback controller. Soft skin
module with a built-in airtight cavity in which air pressure
can be sensed was developed in [9]. Authors in [10] proposed
soft robotic gripper with silicone elastomer and pneumatic



chambers, and stretchable elastomer skin that can be actively
inflated and deflated is also developed [11]. Besides, the
study [12] developed stretchable electroluminescent using
a pneumatic chamber. The silicone structure for the 3-
axis force measurements was proposed [13], and the liter-
ature [14] installed the flexible skin for sensing force to the
robot arm and tested in pHRI applications. As for the control
scheme for soft robot skin, the study [15] mentioned how to
create a feedforward model by learning model parameters.
The controller for generating virtual compliant forces of the
robot skin was also proposed [16]. In a different approach,
artificial skins for attaching to robots have been researched.
The study [17] proposed the soft artificial skin that has a
multilayered sensor circuit for detecting multi-axis strains
and contact pressure. The stretchable capacitive sensory skin
was also developed in [18]. In addition, the artificial skin for
a humanoid robot using a mesh of triangular sensor modules
was proposed [19].

As for thermal cues, there are many studies for reproduc-
ing thermal sensations in the telepresence haptics research
fields. Most studies use a thermo-electronic module (TEM)
–called Peltier pump, as a thermal actuator. The device can
generate a temperature difference between the front and
backside of the device, thanks to the Peltier effect. The
studies [20], [21] developed dynamic thermal displays using
Peltier pumps as haptic devices. There are a lot of control
strategies of the device for rendering thermal sensations, such
as methods of temperature control [22], [23], and heat flow
control [24]. Authors in [25] also proposed the wearable
thermal display using nichrome wire. The literatures [26],
[27] were the first to propose thermal bilateral controllers
for Peltier pump by considering both temperature and heat
flow bilateral coupling. Besides, the study [28] extended the
rendering area by using heat conduction from the Peltier
pump.

Achieving both soft and thermal rendering in one robot
cover was not yet achieved to our best knowledge. There
are some problems with covering robot with a material that
combine both softness and thermal conductivity;
• Most soft material with relatively low mass density

such as silicone and rubbers have relatively low thermal
conductivity;

• Soft cover would be hardened when they embedded
(within the material or on its surface) with heat sources,
sensors, or heat conduction materials.

To tackle these limitations, we developed a novel robot cover
that combines softness with thermal rendering.

B. Our contribution

In this letter, we propose a novel design of a robot soft
cover and its control system for rendering desired thermal
response (cooling or heating) at will. The Fig. 1 shows the
developed robot cover mounted in the HRP-4 forearm. It
includes an urethane pipe in which water circulates according
to a desired flow. The cover becomes hot or cold depending
on water temperature, which is controlled in closed-loop.
The algorithm for the heating and cooling system is similar
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Fig. 2. Structure of the soft robot cover.
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Fig. 3. Overall system for controlling the soft robot cover (the water
system).

to the human blood system or car engine cooling principle:
it is simple and effective. Two kinds of materials consisting
of the cover that has high heat conductivity and low density
made it possible to be soft, well thermally conductive, and
light. There is a general problem of robot skin that the
heat generated from the robot’s embedded actuators will not
dissipate appropriately by covering the robot. Moreover, most
of the soft material has low heat conductivity and covering
the robot by soft material is generally difficult. We solved
this problem by using flowing water with the Peltier pump
that can both heat and cool it. Experiments were conducted
to assess the developed soft thermal robot cover.

C. Paper organization

This letter is organized as follows. Section II presents a
structure of the developed robot cover. The model of the
water system, including the Peltier pump, is explained in
Section III. Section IV states the control system for giving a
desired thermal response of the cover. Section V shows the
experimental results for assessing the robot cover. This letter
is concluded in Section VI.



II. Structure of the developed robot cover

A. Thermal properties of the robot cover

Figure 1 shows our designed composite soft and thermal
robot cover. The prototype is made to cover the forearm of
the humanoid robot HRP-4. Hence, it has an areas of 11.0
× 31.0 cm2 to be put around the right arm. The reason for
this choice is to investigate in the future a humanoid robot
supporting frail humans motion for daily assistance. One can
imagine the robot as a reconfigurable hurdle and the human
would put one of her/his hands on the robot arm to help for
example in a site-to-stand motion, see illustrations in [29].
The soft cover is structured into two layered materials as
shown in Fig. 2. In between the two materials, we embedded
(prior to gluing to two) an urethane pipe having 2 mm of
outer diameter. A controlled temperature water would then
flow through this urethane pipe. The upper (gel) part would
conduct and hence diffuse the temperature. The foam part,
being not thermally conductive, would simply isolate the
inner robot body. Moreover, the chosen foam material has
a very low mass density and good compliance properties,
which allows designing an overall light whole-body cover
that is soft with thermal rendering capabilities.

The gel that we used was customized from Mitsui Chem-
icals, and it has higher heat conductivity (0.37 W/mK
at 23◦C) with respect to know existing gels. Therefore,
it is able to transfer temperature from the water flowing
inside of the pipes (the urethane pipe has heat conductivity
0.025 W/mK [30] being also conductive, but clearly less then
the gel). The gel layer is made thin because the gel has
high mass density and hence is heavier than the foam. The
thickness of the gel and foam layer is 2 mm and 5 mm, re-
spectively. The overall cover thickness is thus 7 mm. Ideally
we would choose the thickness to meed desired compliance
of the cover while being the thiner possible. Indeed, by
having thin covers we do not increase substantially the mass
of the robot and keep a good range of motion of each link, as
otherwise we would jeopardize the range of the articulations,
see a method for computing the thickness in [31]. At this
end, our proposed cover achieves two antagonistic properties:
softness and high thermal conductivity at the same time. The
water will end in a accumulator tank where it will be heated
or cooled using the Peltier effect [32].

B. Overall system

The overall system is illustrated in Fig. 3. It consists
of a small water pump; a copper tank –on top of which
is mounted a Peltier pump acting as a heat source; and
finally, the soft robot cover explained previously. The water
pump, the tank, and the robot cover are connected by the
pipe of which diameter is 4.5 mm. The water stored in the
tank is heated and cooled by the Peltier pump. It is flowed
thanks to the water pump, which can regulate the flow of the
water to circulate in a closed-circuit throughout our proposed
cover. Thermocouples, measuring temperature, are attached
to the surface of the heat source and others to the soft robot
cover. In this latter, we refer to this system as “the water
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Fig. 4. Assessment for Peltier pump model.

system”. The effect of the water system is confirmed by the
experimental results shown in Sec. V.

III. Modeling of the water system

This section is dedicated to modeling of the main compo-
nents of the water system, in order to be controlled.

A. Modeling the Peltier pump with ARMA model

The temperature of the robot cover is controlled mainly
by the Peltier pump attached to the water tank. In order to
account for the nonlinear behavior of the Peltier pump, a
discrete-time autoregressive moving average (ARMA) model
is used [33] for temperature controlling. The dynamic behav-
ior of the Peltier pump temperature Tp is derived as

Tp(t) = −
n

∑

i=1

p
∑

k=0

aikI(t − i)kT (t − i)

+

m
∑

j=1

q
∑

h=0

b jhI(t − j)hI(t − j). (1)

The underlined parts of (1) are parameters depending on the
current I(t), where aik, b jh, p, and q are constant parameters
and the number of k and h, respectively. The parameters i and
j denote discrete time of I(t) and T (t), and n, m represent the
order of the ARMA model, respectively. The model can be
classified as unknown parameters θ and known parameters
ϕ(t), expressed as

Tp(t) = θTϕ(t) (2)

θ = [aik{i = 1 · · · n, k = 0 · · · p};

b jh{ j = 1 · · ·m, h = 0 · · · q}] (3)

ϕ(t) = [I(t − i)kT (t − i){i = 1 · · · n, k = 0 · · · p};

I(t − j)h+1{ j = 1 · · ·m, h = 0 · · · q}]. (4)

In this letter, the order of the model n, m, p, q is set
to 3 which proved to be a good compromise between
accuracy and complexity of the model. Higher orders do not
improve substantially (i.e. w.r.t the measurements precision)



TABLE I

Identification results of the Peltier pump.

Parameter Value

a10 -0.3367
a11 -0.1499
a12 -0.6423
a20 -0.3334
a21 -0.1528
a22 -0.6076
a30 -0.3298
a31 -0.1637
a32 -0.5643
b10 -0.3714
b11 0.2779
b12 -0.4374
b20 -0.3537
b21 0.2727
b22 -0.2969
b30 -0.3206
b31 0.2613
b32 -0.0103
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Fig. 5. Block diagram of the water system.

the performances. The unknown parameters are estimated
using the recursive least square method (RLSM) derived as

θ̂(t) = θ̂(t − 1) +
K(t − 1)ϕ(t)

(

Tp(t) − θ̂T (t − 1)ϕ(t)
)

λ + ϕ(t)T K(t − 1)ϕ(t)
,

(5)

where θ̂(t), λ and K(t) stand for the estimated value at t, the
forgetting factor, and the Kalman matrix gain, respectively.
The Kalman gain is updated as

K(t) =
1
λ

(

K(t − 1) −
K(t − 1)ϕ(t)ϕT (t)K(t − 1)
λ + ϕ(t)T K(t − 1)ϕ(t)

)

. (6)

Figure 4 shows measured temperature of the Peltier pump
comparing with the estimated value and its errors. In this
experiments, the initial Kalman matrix gain P0 is set to 1000,
and the forgetting factor λ is set to 0.995, which means that
the memory horizon (γ = 1

1−λ ) is 200. These values were
decided based on [34]. The current inputs applied to the
Peltier pump were as follows:

• 0 s-10 s: Current input...0.6 A
• 10 s-20 s: Current input...0.3 A
• 20 s-30 s: Current input...−0.5 A
• 30 s-40 s: Current input...0.4 A

From this figure, the estimated temperature follows the
measured temperature, except the moment rapidly changing
of the current input. The identification results of the Peltier
pump from the RLSM is shown in Table I.

TABLE II

Parameters of the water system.

Parameter Description

t Time [s]
ts Sampling time [s]
T Temperature [◦C]
Tp Temperature of the Peltier pump [◦C]
Tc Temperature of the robot cover [◦C]
I Current [A]

cp Specific heat of water [kJ·K/kg]
h Convection heat-transfer coefficient [W/m2K]
kc Thermal conductivity [W/mK]
v Velocity of water flow [m/s]
ρ Density [kg/m3]
d Diameter of the pipe [m]
L Length [m]
A Area [m2]
V Volume [m3]
µ Viscosity [kg/ms]
qa Heat loss [W]
R Thermal resistance [K/W]

Nu Nusselt number
Re Reynolds number
Pr Prandtl number

Subscript d Representative length
Subscript p Peltier pump
Subscript c Robot cover
Subscript a Ambient temperature
⃝ Average value
⃝̂ Estimated value

B. Modeling of the water system

1) Heat convection from the Peltier pump: Parameters
using for the model of the water system are summarized
in Table II. The variation of internal energy of the water
system is equal to the heat transfer from the Peltier pump to
the surface of the cover shown as

cpρV
dTc

dt
= hA

(

Tp − Tc

)

− qa (7)

qa =
(Tc − Ta)

Ra

, (8)

where Tc, Tp, Ta, cp, ρ, h, V , and A are temperature of the
cover, the Peltier pump, ambient temperature, specific heat
and density of water, convection heat-transfer coefficient,
volume and area of water tank, respectively. Here, qa is
defined as a heat loss from the surface of the cover to the
air. By the Laplace transformation based on (7), the heat
convection from Tp to Tc can be computed as

Tc =

hA
cpρV

s + hA
cpρV

(

Tp −
qa

hA

)

, (9)

where s is the Laplace operator. From (9), the water system
can be expressed as first-order system, and its block diagram
is shown in Fig. 5.

2) Velocity of water flow and heat-transfer coefficient:

The heat-transfer coefficient h, being included in (9), changes
depending on the velocity of the water flow. The parameter
h is expressed using the Local Nusselt number Nu as

h =
kc

d
Nu, (10)



TABLE III

Parameters for the simulation.

Parameter Description Value

ts sampling time 1.0 ms
kc Thermal conductivity 0.125 m W/mK
cp Specific heat of water 4.208 kJ·K/kg
ρ Density 999.8 kg/m3

µ Viscosity 1.55 kg/ms
Ra Thermal resistance of air 3200 K/W
d Diameter of the pipe 4.5 ×10−3m
L Length 2.3 m
A Area 3.2 ×10−3 m2

V Volume 3.2 ×10−5 m3

Pr Prandtl number 11.35
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Fig. 6. Verification for the model of the water system.

where kc and d stand for thermal conductivity and diameter
of water flow, respectively. As for Nu, there are two types of
models; turbulent flow and laminar flow that are classified
by the Reynolds Number (Re). The Reynolds number Re is
calculated as

Re =
vdρ

µ
, (11)

where v and µ are velocity and viscosity, respectively. Con-
sidering the maximum velocity of the water pump used in
this letter, the value of Re is less than 2300 and the model
of laminar flow was used for heat-convention model. The
empirical relationship for laminar flow [30], [35] has been
used for calculating average Nusselt number shown as

Nud = 3.66 +
0.0668 (d/L) RedPr

1 + 0.04 ((d/L) RedPr)2/3
, (12)

where subscript d, L, and Pr are diameter of the pipe, length
of the pipe and the tank, and Prandtl number, respectively.
Using (10), (11) and (12), heat transfer coefficient can be
expressed as

h =
kc

d
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. (13)

The equation (13) shows that h changes depending on the
velocity of water flow v.

3) Model identification: Figure 6 shows simulation results
of temperature dynamics of the cover derived from (9)
and (13) compared to the experimental results. The param-
eters for this simulation are shown in Table III, using from
the theoretical values of water properties (37.78◦C) [30]. The
command value for the velocity of the water pump keeps
3.22 m/s, and Re becomes 9.36 which means the water flow
is laminar flow that can be expressed as (12). The value of
thermal conductivity of the water system kc was determined
by identification. This value was quite low comparing to the
theoretical one because of heat loss through the pipe. The
simulation was conducted using the experimental tempera-
ture response of the Peltier pump. In Fig. 6, we illustrate that
the model derived from the theoretical equations matches that
of the real experimental system.

IV. Control structure of the water system

The water system has two controllable inputs: (i) the
temperature of the Peltier pump attached to the water tank,
and (ii) the water flow velocity that can be changed by the
voltage command of the water pump. The system can be
described as

u1 = Tp (14)

u2 = v (15)

Ṫc = −
h (u2) A

cpρV
Tc +

h (u2) A

cpρV
(u1 − qa) , (16)

where u1 and u2 are inputs of this system. As mentioned
in (13) at Sec. III-B.2, the velocity of the water flow is
related to the convection heat-transfer coefficient h. Here,
the velocity of the water flow can not be measured directly,
and the velocity command of the water pump was regarded
as v in the control system. To linearize the model of the water
system, a constant voltage command is applied to the water
pump in this letter. In the control system, a model preview
controller (MPC) is used to regulate the temperature of the
robot cover because of two reasons: (i) the control system
will be extended to two inputs system in future work, because
we might need to develop a local regulator for the flow, and
(ii) the system includes some constraints. By considering u2

as constant, the continuous model shown in (16) is converted
to the discrete model as:

Tc(k + 1) =
(

1 −
hA

cpρV
ts

)

Tc(k) +
hA

cpρV
ts (u1(k) − qa(k)) ,

(17)
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where k denotes the discrete time. The cost function with
the constraints are calculated as

min















H
∑

i=1

∥T̂c(k + i|k) − T cmd
c (k + i|k)∥2W1

+

H−1
∑

i=0

∥û1(k + i|k)∥2W2

















(18)

subject to

Tc(k + 1) =
(

1 −
hA

cpρV
ts

)

Tc(k) +
hA

cpρV
tsu1(k) (19)

T th
min ≤ u1(k) ≤ T th

max, (20)

where H, W1, W2, ts, T th
min, and T th

max stand for prediction
horizon, weight values of the cost function, sampling time,
and minimum and maximum value of threshold of the
calculated input, respectively. The first term of (18) works for
tracking the temperature of the cover Tc to its temperature
command T cmd

c , and the second one is for suppressing rapid
change of the input u1.

Figure 7 shows the whole control system of the robot
cover. MPC generates the command for the Peltier pump
derived from (18), using temperature response of the robot
cover Tc and the constant voltage command for the water
pump. Based on this command, the temperature of the Peltier
pump is regulated by the proportional-integral (PI) controller.
Some experimental results assessed the validity of the control
system.

V. Experiments

A. Outline

To assess the thermal display properties of the robot cover
and its control system, temperature regulation experiments
were conducted. The Fig. 8 shows the experimental setup.
In the experiments, two TEMs 40mm × 40mm were used
for heating and cooling the whole surface of the water tank
40mm × 80mm, of which both temperatures were controlled
based on the command derived from the MPC. The heat
sink and the fan was attached to the Peltier pumps for
heat radiation at back sides. The thermocouples type T was
attached to the robot cover. To adhere the Peltier pump to

 The robot cover 

 Water pump 

Water tank 

Peltier pumps 

Heat sink&fan 

Thermocouples 

Water flow 

Fig. 8. The experimental setup.

TABLE IV

Parameters for experiments.

Parameter Description Value

ts sampling time 1.0 ms
T th

min
Minimum value of threshold of T cmd

p 7 ◦C
T th

max Maximum value of threshold of T cmd
p 37 ◦C

T cmd
s Desired temperature command 21 ◦C–24 ◦C
H Prediction horizon 100
λ forget factor 0.995

W1 Weight value of eq. (18) 0.6
W2 Weight value of eq. (18) 0.05
Kp Proportional gain 0.06
Ki Integral gain 0.01

the water tank, the sheathed thermocouple type K that is a
very thin temperature sensor we assembled at each control
surface side of the Peltier pump. The temperature command
T cmd

c was set to 21–24◦C, respectively. The parameters for
the experiments were summarized in Table IV. As for the
model parameters of the water system, the theoretical values
and identification results shown in Table III in Sec. III-B.3
are used.

B. Experimental results

Figures. 9 and 10 show the experimental results of tem-
perature control to 23◦C and 21◦C, respectively. In both
cases, the temperature command for the Peltier pump T cmd

p is
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generated so that the temperature of the robot cover Tc meets
its commanded T cmd

c , and the response of the Peltier pump
achieved the command. These experimental results show that
the control system of the robot cover is functioning properly.
Figure 11 shows the experimental results comparing various
temperature commands. Here, the dotted line stands for each
temperature command, and the responses approached its
command, respectively. These experimental results show that
the temperature of the robot cover can be controlled to the
desired temperature within this temperature range.

There is still a problem in this prototype: the temperature
response of the robot cover is slow (this is not critical when
compared to human body thermal regulation system), and the
controllable temperature range is limited (it has to be anyway,
but we must target at least those acceptable by human touch).
This is because the urethane pipe has low heat conductivity,
and the gel layer is still relatively thick for conducting heat
from the water. The thermal properties can be improved by
replacing some materials of the robot cover because we have
already tested some fundamental experiments for confirming
it. Yet, the main contribution of this letter is the new design
of the robot cover to investigate later the contribution of
softness and thermal rendering for a secure and a pleasant
feeling to a human touch. In future works, we aim at solve
these problems based on the knowledge acquired from this
prototype.

VI. Conclusion and Future work

We designed a prototype of a new robot cover that gathers
both softness and thermal display rendering capabilities.
This cover is composed of two kinds of soft materials:
one thin, a gel with high heat conductivity and relatively
high mass density; the other, a soft foam with low heat
conductivity and low mass density. Between the two we
embedded soft pipes in which flow closed-circuit water that
can be heated or cooled. We devised a system and a MPC
controller that regulate the temperature for a given water
flow. The parameters identification and models used are
assessed together with validating this first prototype that
already reveal several shortcomings improvements.
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Fig. 11. Experimental results comparing to various commands.

For future work, we envision to ameliorate the materials
we are using by pairing several variants customized and
provided by Mitsui Chemicals Japan. We are discussing the
possibility to built-in the pipes with the material manufac-
turing (i.e not using urethane pipes). We will improve the
controller by considering water flow regulation as either a
non-linear system controller or as an inter-switched linear
system. We will also consider thermal observers to detect
human touch. We shall as well coat on the surface fine
different patterns in order to study pleasantness by varying
softness, thermal rendering and surface texturing. On a long
term, we believe that we might derive pipes to address motor
cooling and cover thermal rendering in the same system.
Indeed, we can consider that heating the water could be made
from the actuator to dedicate the Peltier pumps (or another
system) mainly for cooling purposes.
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oder turbulenter strömung. eur 4381.= the heat transfer in smooth
tubes, between parallel plates along the flat plate annular gaps and
along tube bundles in exponential heat flux distribution in forced
laminar or turbulent flow. eur 4381.” International Journal of Heat

and Mass Transfer, vol. 13, no. 11, pp. 1645–1703, 1970.


