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Contact Area Effects on Superficial and Deep Pain Threshold
for Service Robot Safety Design using a Pain-sensing System
– Development of a Human-inspired Pain-sensing System –
人共存ロボットの安全設計に向けたPain-sensingシステムの開発
−人体衝突時の接触面積と表在痛／深部痛しきい値の関係−
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Abstract
Logistic and service robots are now increasingly collaborating with humans in a public environment; hence, there is a necessity
for a safety evaluation. Therefore, this study focuses on pressure pain thresholds that humans feel when in contact with the robots. The
pain threshold was measured in the forearms of fifteen subjects using four different probe areas: 0.5, 2.0, 3.6, and 5.8 cm2. The same
experiment was conducted using the proposed pain-sensing system. The obtained results were compared with those obtained from the
subjects to validate the proposed system. This system imitates the sensing location of pain receptors in the human skin (superficial
somatic pain) and skeletal muscle (deep somatic pain) by placing a pressure sensor in each layer. At the pain threshold point,
maximum pressure in superficial sensors for a contact area probe of 0.5 cm2 was at the highest; no considerable differences were
observed in the remaining probes when compared with the 0.5 cm2 probe. Meanwhile, the maximum pressure in deep sensor for every
probe were considerably equal. By using this system, it is possible to measure pressure distribution in two layers to predict the pain in
humans while being in contact by different area objects in contact area. The results of the relationship between contact area and pain
can be used to design the safety protocol in logistic or service robot safety design industries.

1．Introduction
As there have been considerable developments in the field

humans [1]‒[3] to measure the force or pressure from a probe in
contact with the human skin. However, the existing studies did
not consider the relationship between contact area and pain.

of logistic and service robotics, it is now possible to make them

PPT experiments using probe areas of 0.5, 1.0, 2.0 cm2 [4],

interact with humans. However, as the possibility of contact

0.25, and 0.75 cm2 [5], and pressure pain tolerance experiments

between a human and a robot (Fig. 1) is increasing, a safety

using stimulus area of 0.78 and 5.3 cm2 [6] were conducted. In

evaluation is required to minimize the risk of human injury.

these experiments, average pressures were calculated using

Further, it is important to ensure the safety of these types of

force and contact area. However, the correlation between pain

robots, which provide various services to humans while sharing

and contact area is still unclear. Our study tries to address this

the same space with them. Hence, contact limits using “pain” as

matter by focusing on pressure distribution considering contact

a mechanical threshold was studied by conducting pressure pain

area. To investigate the mechanism of pain, we developed a

tolerance and pressure pain threshold (PPT) experiments with

human-inspired pain-sensing system [7] (refer to Fig. 6). This
system imitates the sensing location of mechanical nociceptors
in the human skin (superficial somatic pain) and skeletal muscle
(deep somatic pain) (refer to Fig. 2). It consisted of an artificial
skin layer, adipose tissue combined with muscle layer, bone
Epidermis
Skin

Pain receptors

Dermis

Subcutaneous tissue
（Adipose layer）
Muscle
Bone

Fig. 1 Service robot moving interactively with humans
in the same environment

Fig. 2 Mechanism of pain sensation detection in human arm
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layer, and two flexible pressure array sensors placed under each

were screened to exclude conditions that could affect pain

layer excluding the bone. This was done to evaluate the pressure

perception, such as past operation in their non-dominant arm.

distribution where the pain receptors exist [8] (refer to Fig. 3).

All subjects were pain-free and none had taken any analgesic or

In Section 2.5, we will validate and verify the mechanical

sedative medication for a minimum of 48 h prior to the test

properties of the pain-sensing dummy by comparing it with

session. The study protocol was approved by the health care

experiment results from the subjects.

ethics committee of Panasonic Corporation. All subjects were
paid for participating and gave written informed consent.

Flexible array sensors

Adipose tissue combined
with muscle

Skin

2.2 Indentation system
The experiment was conducted with indentation system for
mechanical stimuli, which is able to measure a maximum force
of 500 N, with error <0.25 % (±1.2 N) from the measurement
value, and maximum probe displacement of 120 mm with error

Bone

<0.09 % (±0.1 mm) from the measurement value, which has
been explained in our previous study [7]. To measure samples
from any direction, it was designed using a joint that can be
rotated ±45° in horizontal and vertical directions (refer to Fig. 5
(a)). Furthermore, it is possible to adjust the initial position

Approx. 70 cm

along both horizontal and vertical directions using the linear
slide attached within this system. The system sampling rate was

Fig. 3 Upper arm human-inspired pain-sensing dummy structure that

1000 Hz that was enough for the measurement.

consisted of artificial skin layer, adipose tissue combined with
muscle layer, bone layer, and two flexible pressure array sensors
placed under skin layer and top of bone layer around deltoid
muscle area

2.3 Contact probe
To study the effect of probe area while in contact with
human, an experiment was conducted using four square probes

Pressure sensors in the range 34.5 kPa–3 MPa were placed

with dimensions of 7 mm × 7 mm (S7), 14 mm × 14 mm (S14),

in between the abovementioned layers. A sampling rate of 500

19 mm × 19 mm (S19), and 24 mm × 24 mm (S24) (refer to Fig.

Hz or above and spatial resolution of 2.54 mm × 2.54 mm, were

4). We rounded the corners and edges by a radius of 2 mm to

selected for the sensors, respectively, with sensing area of 30.5

reduce the sharpness [3].

mm × 40.6 mm.
In the present study, the relationship between pain and
contact area when humans are in contact with collaborative
robots was evaluated by performing pain threshold experiments
with human volunteers. Furthermore, the biofidelity of the

14 mm
7 mm
7 mm

14 mm

pain-sensing system was verified using the force and
S7

displacement relationship obtained from the experiment.

S14

Finally, the pain mechanism was determined by analyzing the
relationship between contact area and pressure distribution of

24 mm

19 mm

superficial and deep sensors.
19 mm

2．Materials and methods
2.1 Subjects

S19

24 mm

S24

Fig. 4 Tested four square contact probe

Fifteen healthy adult Japanese male subjects aged between
30 and 50 years, BMI between 20 and 25 kg/m2, and height
between 165 and 175 cm participated in the study. The subjects

22

2.4 Procedure
The experiment was 2 h long for each subject and was
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conducted in a quiet room during the daytime (between 10 am

nociceptor (pain receptor) function of the human arm by placing

and 5 pm). The experimental procedures were made familiar to

two flexible pressure array sensors under each layer excluding

all the subjects; they were trained until they understood all the

the bone [7].

procedures. Hence, they were able to follow the instructions

We verified the biofidelity of our human arm dummy (refer

before the experiment started. The point of measurement was set

to Fig. 6) by repeating the same experiment procedure with

on a non-dominant forearm muscle (refer to Fig. 5(b)).

using this dummy, and then the results were compared using the

A semi-automatic indentation system was used in the

relationship between force and displacement from fifteen

experiment. The initial position of the probe was adjusted

subjects. The force and displacement curve for the dummy is in

manually, and during the measurement, the probe was moved

between the minimum and maximum displacement curves

toward the body by 1 mm at a speed of 2 mm/s, which is the

obtained from the subjects (refer to Fig.7). This experiment

quasi-static speed, and stopped for 2 s. This was done repeatedly

revealed that this dummy turned out to have mechanically

until the subjects started to feel pain; they were requested to

similar properties to the human arm. Together with the fact that

immediately press the stop button themselves. Then, the probe

the sensor is embedded in an anatomically correct manner, this

returned to the initial position. A vacuum cushion was used to

dummy has biofidelity. As a result, the dummy was in a satisfied

stabilize the arm during the experiment (refer to Fig.5 (b)).

range compared with pain threshold from the subjects.

Enabling
device
Force data

Probe

Table

Control
unit

Displacement data
Enabling signal

Table
Indentation
system
Contact
probe
Non-dominant
forearm muscle
point

Deep Pain
Pressure Distribution

Vacuum
cushion

Superficial Pain
Pressure Distribution

PC

Fig. 5 Indentation system schematic (a), Indentation system at
non-dominant forearm muscle point using S14 probe during
the experiment (b)

This experiment was repeated three times with a minimum

Fig. 6 Arm part of pain-sensing system showing pressure distribution
at superficial layer sensor and deep layer sensor around deltoid

resting interval of 45 s in between each experiment, which was

muscle area

required to prevent desensitization from a repeated pressure [9].
The measurement point was specified at the forearm muscle

90

point according to the previous study [3]. The force and

80

displacement data were recorded during the measurement.
Force [N]

2.5 Validation and verification of pain-sensing dummy

70
60
50
40

In this study, we had developed full arm dummy for a

30

human-inspired pain-sensing system that consists of artificial

20

skin, adipose tissue combined with muscle, and bone according
to Japanese adult average data from AIST (National Institute of

10
0
0

5

10

15

20

Displacement [mm]

Advanced Industrial Science and Technology) [10] with a skin
thickness of 2 mm [11] [12]. As for the mechanical
characteristic of each part, based on the previous studies of

Minimum displacement data from subject
Maximum displacement data from subject
Dummy

human arm, we defined the Young’s modulus of the skin and
muscle to be around 100 kPa [13] and 35 kPa [14]‒[16],
respectively. Further, we defined the compressive loading of
bone to be around 160 MPa [17]. This dummy simulated the

Fig. 7 Relationship between force [N] and displacement [mm] of
maximum and minimum displacement data from 15 subjects
and pain-sensing dummy at non-dominant forearm point
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the S7 probe.

3．Results
3.1 Pain threshold from subjects
The average of the pain thresholds obtained using the
indentation system for the non-dominant forearm muscle point
[3] for every subject using four different probes in the contact
area are shown in Fig. 8. For probes S7, S14, S19, and S24, the
average pain threshold from 15 subjects with three repeated
measurements are 15.9±2.1 N, 21.7±2.5 N, 27.8±2.6 N, and
33.9±3.9 N (±SD) respectively. This graph clearly showed that

Maximum pressure [kPa]

300
Superficial sensor
Deep sensor

250
200
150
100
50
0

S7

pain thresholds for each contact area are different. Therefore, it
is necessary to evaluate the pain threshold using pressure

S14

S19

S24

Probe type

Fig. 9 Maximum pressure in superficial sensor and deep sensor
during compression at pain-sensing dummy with 7 mm × 7

distribution rather than the average force.

mm (S7), 14mm × 14 mm (S14), 19 mm × 19 mm (S19), and
24 mm× 24 mm (S24) square probe at the same force with

40
35
Pain threshold [N]

30
25

4．Discussion

20
15

The contribution of this paper consists of four parts. First,

10

we developed a human-inspired pain-sensing system, which

5

imitates the sensing location of mechanical nociceptors in
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human skin and skeletal muscle.

2
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Second, we conducted the pain threshold experiment with

Fig. 8 Graph of average and SD of relationship between pain

fifteen subjects in the forearms using four different probe areas:

threshold and probe area: S7 (0.5 cm2), S14 (2.0 cm2),

0.5, 2.0, 3.6, and 5.8 cm2 and collected force and displacement

S19 (3.6 cm2), and S24 (5.8 cm2)

data from our indentation system. Pain threshold with different
probe sizes from subjects showed different results. The S7 probe
that has the smallest contact area has the lowest average pain

3.2 Pain threshold pressure distribution from

threshold; further, the S24 probe that has the biggest contact area

pain-sensing system
The experiment was conducted with the subjects and then

has the highest average pain threshold. These might be

the pain-sensing system to obtain the pressure distribution.

explained by the pressure distribution results obtained using the

According to ISO/TS 15066 Robot and Robotic devices –

pain-sensing system; the pain thresholds are not related to the

Collaborative

of

magnitude of the external force on the skin; however, they are

biomechanical limits for each body region, while humans are in

more related with the pressure distribution in superficial layer

contact with the robot, is defined by the maximum permissible

and deep layer, as suggested in [19]‒[22]. These studies

pressure indicated by the maximum pressure during impact.

discussed how pressing using cuff algometry affects the muscle

Thus, to analyze the pain threshold pressure distribution, we

pain more than cutaneous pain (superficial pain). However,

used maximum pressure values obtained using this sensing

these studies did not discuss the exact contact area that might

system. Maximum pressure from superficial pressure and deep

cause both muscle and cutaneous pain.

Robots

[18],

the

recommendation

pressure are displayed in Fig. 9.

Third, we evaluated the biofidelity of our developed human

Experiment results revealed that at the pain threshold point,

arm dummy by conducting a pain threshold experiment, where

the maximum pressure in a superficial sensor for S7 probe was

the force and displacement curve for the dummy is in between

the highest, while in S14, S19, and S24, there was no

the minimum and maximum curves obtained from the subjects

considerable difference (≤20 %) compared with the S7 probe.

with the compression speed of 2 mm/s. Therefore, this

Meanwhile, the maximum pressure in deep sensor for every

pain-sensing dummy is considered as a good pressure

probes were considerably equivalent (≤20 %) compared with

measurement system when the human arm is in contact with the

24
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robot at the quasi-static speed.

25

pain) and contact area are accurate. In this experiment we have

Finally, we collected pressure distribution from the

conducted the experiment with only quasi-static condition;

pain-sensing system using the same force pain threshold

however, in real contact condition, both quasi-static and

obtained from the pain threshold experiment. We found that the

dynamic conditions are required. Thus, the experiment in

pain threshold for the forearm muscle, while using the probe

dynamic condition is also necessary. Then, we will correlate the

2),

with surface area equal or larger than 14 mm × 14 mm (2.0 cm

pressure in proposed method with the pain recognized by

might result in deep pain owing to similar maximum pressure

humans using the pain threshold measurement system. Our

obtained from deep sensors at the pain-onset thresholds. In

main goal is to obtain the satisfying accuracy of the system so

2)

probe S7 (0.5 cm where superficial maximum pressure is the

that it can be used to predict mechanical pain incident

highest and the deep maximum pressure can be considered the

supporting safety design in logistic and service robot industries.

lowest compared with the bigger probes, the pain might
originate from either superficial layer or deep layer or from the

5．Conclusion

summation of both layers (refer to Fig. 10).

The present study showed that pressure distribution
obtained from superficial and deep sensors could be used to

Start

determine the mechanism of pain.

Robot

Dummy

The highest pain threshold assessed by the subjects was

Impact

observed in the pain-onset area, which is the pain at the starting
point. The assessments of pain threshold also represent useful

Human‒Robot safety verification

2

Contact area: ≤ 0.5 cm
(7 mm × 7 mm)
Superficial pain
threshold

Robot design

allowable robot contact area and force. Moreover, the

2

Contact area: ≥ 2.0 cm
(14 mm × 14 mm)

data for the safety of human–robot interaction in terms of

Revise design to
reduce actual
contact conditions

Deep pain threshold

pain-sensing system’s maximum pressure values also express
data in terms of robot contact area and pressure threshold in the
superficial and deep layers, which can be applied in terms of
acceptable maximum robot contact pressure for each layer in

Are actual contact
conditions below
specified
threshold?

No

Yes
End

Are actual contact
conditions below
specified
threshold?

No

Yes
End

any contact area.
We believe that this dummy will be useful in logistic and
service robotics. Further, it can also be applied to collaborative
robots with varied design parameters, such as shape, weight,
compliance, and speed, using our pressure threshold for each

Fig. 10 Our hypothesis of the relationship between contact area
and 2 types of pain (superficial and deep pain) according

layer.

to the results from pain-sensing system with example of

This research was funded by ImPACT (Impulsing Paradigm

flowchart for application using pain threshold as a
human-robot safety limit

Change through Disruptive Technologies) Program of Council
for Science, Technology and Innovation (Cabinet Office,

Furthermore, with these results, it might be possible to

Government of Japan).

conclude that by using maximum pressure at probe with surface
area equal or larger than 2.0 cm2, the contact area has less effect
on the superficial pain threshold.
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