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Abstract—This paper describes a method for command
recognition by a haptic interface on a human support robot.
Feature quantities are derived from the contact trajectory
when an operator runs his finger across the haptic interface.
The robot then recognizes a command based on these derived
feature quantities from the symbolized contact trajectory. Con-
forming the robot motion to the symbolized contact trajectory
allows for intuitive operation of the robot. The experimental
results indicate that novice operators using this interface can
obtain high command recognition rates.

I. INTRODUCTION

Recent advances in mechatronics technology raises the
expectations for motion control. Specifically, impact relax-
ation methods have been studied [1], [2], [3] since safety is
indispensable on the supposition that human support robots
will be put to practical use alongside humans. In these
methods, force sensors are often installed on the robots,
though conventional force sensors have a small detectable
area. The whole body or any part of a human support
robot may contact an operator. Therefore, to ensure safety,
the method used to detect robot force should cover the
entire body of the robot. This is referred to as “whole-
body force sensation”. This will also be called “whole-body
haptic sensation” when it is possible to calculate not only
the external force vector but also other information, such as
the position of the contact point.

Most of the current examples of whole body haptic sensa-
tion use haptic sensors with pressure sensors set in array [4].
On the other hand, methods of applying a single force sensor
have also been proposed. Salisbury and Bicchi proposed the
idea of intrinsic contact sensing that identifies the contact
features on an insensitive end-effector using a 6-axis force
sensor [5], [6]. The contact features refer to the point of
application of an external force and its force vector. Iwata
et al. developed a whole-body haptic interface, applying
these theories to human support robots [7]. The authors
developed a whole-body haptic sensor, “haptic armor”, that
does not require the installation of additional wiring or
sensors on the outer shell and showed that contact features
can be identified by only the force sensor, even for an outer
shell with angulated surfaces [8], [9]. An external force
observer [10] detects the external force generated on the
whole body of the robot, while the point of application of
an external force should be known. When these whole-body
haptic sensation technologies are introduced into robots, not
only is the safety of the robot improved, but the whole
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body of the robot also works as a haptic interface. For
example, Miyashita et al. proposed a system with haptic
sensors that recognizes how an operator contacts it and
attempted to collect information of haptic communication
[11]. Through the application of haptic communication to
robot operation, the efficiency of cooperative work will
increase under the mechanical interference in strength [12].
Although some researchers are currently studying haptic
communication with robots, command recognition based on
haptic information remains to be investigated. Command
recognition through a haptic interface is a good candidate
for multimodal communication, since there is always the
possibility of physical interaction between a human support
robot and a human.

On the basis of the abovementioned results, this paper
describes a method for command recognition by a haptic
interface on a robot. The robot derives feature quantities from
the contact trajectory when an operator runs his finger across
the haptic interface. The robot then recognizes a command
based on the derived feature quantities of the symbolized
contact trajectory. Intuitive operation can be actualized by
conforming the robot motion to the contact trajectory.

Although mouse gesture [13] and some interfaces on video
games or music players have already accomplished intuitive
interfaces, the effect has not been shown in a robot, a system
which actively interacts with humans. This paper also shows
that the efficient interface, which allows multidimensional
information to be transmitted by a single motion, is produced
using force information.

II. MECHANISM OF HAPTIC INTERFACE

A. Structure

The haptic interface mechanism, named “haptic armor” is
explained in the example of a mobile robot shown in Fig. 1.
The interface is composed of two parts: an end-effector; and
a sensor device. The end-effector is merely a constructional
material that conveys external force to the sensor device.
External force on the end-effector is sensed at the sensor
device since the end-effector, the sensor device, and the main
body are tightly fixed to each other. The present study uses a
commercial 6-axis force sensor as the sensor device. External
force can also be measured by directly implementing strain
gauges on the end-effector. Whole-body force sensation is
realized since the end-effector is shell-shaped.

B. Measurement method

A brief diagram of the force/torque measurement is shown
in Fig. 2. External force is detected at the sensor device since
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a) end-effector

b) sensor device

c) main body

Fig. 1. Mechanism of haptic interface
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Fig. 2. Force/torque measurement

the force is transmitted through the end-effector. Equation (1)
shows the equilibrium of force on the end-effector.

n∑
i=1

F e
i + F s = weP̈

o −werg × φ̈ (1)

rg = P g − P o.

Here, F denotes triaxial force, superscripts e and s denote
external force and force acting at the fixed point on the sensor
device. n denotes the number of contact points. we,P o,P g

and φ̈ denote weight of the end-effector, the point the end-
effector is fixed, the center of mass (COM) of the end-
effector, and angular acceleration about the vertical axis,
respectively.

At the same time, measured torque on the sensor device
corresponds to resultant torque due to external force.

n∑
i=1

(F e
i × (P e

i − P o)) + Ms = werg × P̈
o
+ Ieφ̈ (2)

Here, P e
i denotes triaxial position of the ith contact point.

When distributed pressure acts on a surface, center of pres-
sure substitutes P e

i . Ms is triaxial torque applied on the
fixed point. Ie is moment of inertia (MOI) of the end-
effector.

C. Calculation of contact point

Haptic armor has an ability to calculate the position of the
contact point in the case of a single contact. Assuming that
only one contact point exists, (2) is developed as follows:

F e × (P e − P o) + Mo = 0 (3)

M o = M s −werg × P̈
o − Ieφ̈. (4)
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Fig. 3. Diagrammatic representation of (5) and (7)

Equation (3) can be reformed as follows:

P e
z =

−Mo
x − F e

zP
o
y

F e
y

+ P o
z +

F e
z

F e
y

P e
y

=
Mo

y − F e
zP

o
x

F e
x

+ P o
z +

F e
z

F e
x

P e
x . (5)

Here, subscripts x, y, z refer to the direction of the Cartesian
coordinates. Mo

x ,M
o
y , F

e
x , F

e
y and F e

z are calculated based on
the force responses and acceleration responses while P o

x , P
o
y

and P o
z are derived by direct kinematics. Then (5) shows

a straight line collinear with F e. The straight line gives
constraints on P e. If the shape of the outer shell is known,
position of a contact point P e can be estimated. Suppose the
shape of the outer shell is given by the following equation:

f(P e) = 0. (6)

P e is determined from the solution of simultaneous equa-
tions (5) and (6). Equation (5) including five force responses
shows that 5-axis of force sensation (3-axis force and 2-axis
torque) is required for calculation of the contact location.

Since shape of an outer shell is rarely given by a simple
equation, the outer shell is often expressed as a collection of
multiple surfaces. Hence, (6) is expanded as follows:

fk(P e) = 0 (k = 1, 2, · · · , p) (7)

where p is the number of surfaces.
Assume that the outer shell is a convex hull, two solutions

exist in the simultaneous equations. In this case, position
of the contact point can be determined to be either of
the solutions by assuming that only a pushing force acts
on the outer shell. The diagrammatic representation of two
equations and their intersections are shown in Fig. 3. It also
indicates that F e acts as a pushing force when its vector is
oriented inward on the outer shell.

The command recognition method in the present study
is expected to work in various haptic interfaces, such as a
pressure sensor array or a touch panel. However, haptic armor
was used since it extracts smooth trajectory information with
less quantization error of the position.

III. COMMAND RECOGNITION BASED ON TRAJECTORY
OF ACTIVE-TOUCH MOVEMENT

An image of the command recognition method proposed
in this paper is presented in Fig. 4. When an operator runs his
finger across the haptic interface of the robot, it recognizes
the command content from the contact trajectory of the
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a) Forward command input b) Start proceeding

c) Further proceeding d) Stop command input
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(compliant)

3. Turn 4. Forward
(uncompliant)

2. Turn &
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5. Power
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Fig. 4. Image of command recognition

moving finger. The specified motion modes are preset to
execute the commands, and then the robot conducts the cor-
responding operation mode after recognizing the command.
In principle, the command can be recognized on all surfaces
of an end-effector. However, this paper examines the robot
operation modes by using only a top plate, since it is easy for
an operator to enter data. The robot recognizes and executes
a command in accordance with the following procedures:

• The robot always detects contact with an operator and
records the trajectory of the contact point while both of
them are touching.

• When contact between the robot and operator is broken,
the robot concludes active-touch movement to be com-
pleted and derives feature quantities from the contact
trajectory.

• The robot recognizes a command based on these derived
feature quantities.

• The operation modes are changed based on the com-
mand recognition of the robot.

The details of the proposed method are described below.

A. Commands and Corresponding Operation Modes

The present study specifies six types of operation modes.
In order for the robot to shift to a desirable operation mode,
the patterns of commands symbolized for operation modes
must be input. The operation modes are explained as follows:
[Operation mode 1: forward (compliant)] While assuring

safety by compliance control, the robot moves ahead at
vcmd

l , the command forward speed. The robot shifts to
the stop mode after running lfw , the forward distance.
The robot is reset to this mode after active-touch
movement of more than the threshold distance rth in
the moving direction.

[Operation mode 2: turn & forward] After turning by φturn,
the turn angle, the robot shifts to mode No. 1 and moves

ahead. Safety is assured by the compliance control
system. The robot is reset to this mode after active-
touch movement of more than rth from the center part
of the top plate.

[Operation mode 3: turn] The robot is turned by the com-
mand angular velocity vcmd

φ . Safety is assured by com-
pliance control. The robot is reset to this mode after
tracing a circular arc in the direction the operator desires
to turn the robot.

[Operation mode 4: forward (uncompliant)] The robot
moves ahead at the command speed vcmd

l with
disturbances such as external force prevented by
position control. The robot shifts to the stop mode after
running the forward distance lfw . In order to make the
robot reset to this mode, an operator has to trace a
reciprocating trajectory longer than rth.

[Operation mode 5: power assist] Power assist control is
performed with force control. In order to make the
robot reset to this mode, it is necessary to continuously
contact the range Rth for the threshold time tth or
more. When an object is placed on the robot, or when
the finger of an operator touches the robot, the robot
recognizes a command in both cases.

[Operation mode 0: stop] The robot continues to keep its
current position under the position control. The robot
is reset to this mode after active-touch movement in the
lateral direction. However, the robot is also reset to this
mode when an operator carries out an input that does
not conform to the abovementioned command patterns.

B. Acquisition of Contact-Point Trajectory and Derivation
of Feature Quantities

In the proposed method, the contact point and force are
recorded in a time series while an operator contacts the
robot, and several feature quantities are derived based on
the trajectory of these factors. The relationship between the
trajectory and the feature quantities is shown in Fig. 5. P s

and P f denote the start point and the final point, respectively.
r, R, S, ψ are the distance between the two points, the max-
imum distance from the start point, the integral of velocity
moment of the contact point, and the angle of the segment
connecting the two points, respectively. P e(t) denotes the
contact point P e at the time of t. Based on the start time ts
and final time tf of contact, the contact time: tc = tf − ts
is derived and used as a feature quantity.

Other feature quantities and their calculation methods are
described below.
[r: Distance between two points] This is a distance between

the start point P s and the final point P f . It is calculated
from (8):

r = |P f − P s| (8)

where, |·| denotes vector length or scalar absolute value.
[R: Maximum distance from start point] This expresses the

length up to a point that is the maximum distance from
the start point P s and is calculated from (9):
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Fig. 5. Contact trajectory

R= max{r(t)|ts < t ≤ tf} (9)
r(t) = |P e(t) − P s|

[S: Integral of velocity moment of contact point] S is cal-
culated from (10):

S =
1
2

∫ tf

t=ts

P e(t)×V e(t) +
1
2
P f ×(P s− P f ) (10)

where, V e(t) is the traveling speed at the contact
point. This is calculated on the time derivate of P e(t).
As shown in (10), S is the integral of the velocity
moment of the contact point. It may be a negative value
depending on the direction of the inflective trajectory.
Using this feature makes it possible to recognize the
turning direction of the contact trajectory based on S.

[ψ: Angle of segment connecting two points] The angle of
segment ψ is calculated from (11):



ψ = tan−1 Pfx−Psx

Pfy−Psy
(Pfy > Psy)

ψ = 1
2
sign(Pfx − Psx)π (Pfy = Psy)

ψ = tan−1 Pfx−Psx

Pfy−Psy

+sign(Pfx − Psx)π (Pfy < Psy)

(11)

C. Algorithm of Command Recognition

The flowchart for command recognition is shown in
Fig. 6. This algorithm starts at the completion of the active-
touch movement, transmits the command recognition number
Ncom, and finally calculates the command execution param-
eters. The feature quantity S is derived to determine whether
the contact trajectory is linear or not. On the other hand, r
and R values determine whether the reciprocating trajectory
is performed or not. The trajectory angle ψ, contact time
tc, and start point P s are used as the evaluation standards
for command recognition. The execution parameters of each
command recognized in the above conditional branches are
presented in Table I. The forward operation mode 1 and mode
4 shall be given the command speed vcmd

l in proportion to
active-touch movement speed r

tc
and the forward distance

lfw shall be proportioned to the distance r. The turn angle
φturn in operation mode 2 shall correspond to the angle
of segment ψ. The turn speed in operation mode 3, which
is inverse proportional to time tc, shall conform to the
active-touch movement speed. Intuitive operation can be
actualized by conforming the robot motion to the active-
touch movement as previously mentioned.
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Fig. 6. Flow chart for command recognition
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Fig. 7. Block diagram of control system

One of the advantages of command recognition using
haptic interface is that multidimensional information can be
transmitted by a single motion. For example, when issuing
the command to make the robot turn and move ahead,
the command number (Ncom = 2) and three-dimensional
parameters (turn angle φturn, forward distance lfw, forward
command speed vcmd

l ) are transmitted by a single motion.
Since this study uses information based on the contact
trajectory and can also apply information of the external
force vector, there is a possibility to further increase the
transmittable information volume.

D. Structure of Control System

The block diagram of the control system is shown in
Fig. 7. This control system, based on the disturbance ob-
server [14], has the feedback loops of force, position and
speed. Three types of controllers can be selected for use
as the operation modes of this system. The controller de-
scribed in Fig. 7 is switchable and the applicable controllers
are shown in Fig. 8. Here, kf = diag(kfl kfφ),kp =
diag(kpl kpφ),kv = diag(kvl kvφ),Mn and kt present
force-, position- and speed-control gains, nominal inertia
matrix and motor torque constant, respectively. F m =
[F e

y M
o
z ] is set to collect only the components, which affect

the motion of the traveling robot, from among the external
forces F e and Mo detected by the haptic interface. When
the operation mode is changed, the command value must be
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TABLE I
CONTROLLER AND PARAMETERS OF EACH COMMAND

Command Ncom Controller vcmd
l

vcmd
φ

lfw φturn

Stop 0 Position controller 0 0 — —
Forward(compliant) 1 Compliance controller kfw

r
tc

0 klr —
Turn & Forward 2 Compliance controller 0 2π

tr
sign(ψ) — ψ

Turn 3 Compliance controller 0
kφ

tc
— —

Forward(uncompliant) 4 Position controller kfw
r
tc

0 klr —
Power Assist 5 Force controller 0 0 — —

compensated to prevent discontinuous input from switching
these controllers.

IV. EXPERIMENT

A. Experimental setup

An overview of the experimental setup is shown in Fig. 9.
Although it is a mobile robot with two simple wheels, the
proposed method can be applied to omni-directional wheels
as well. The main body with a sensor device in the left figure
is covered with a cubic end-effector. The bottom of the cube
is open for ground contact. The elements and parameters of
the robot are listed in Table II.

B. Results of Command Recognition

The results of command recognition by an actual robot are
described below. The response and contact trajectory during
command transmission based on active-touch movement
are shown in Figs. 10 and 11. The result when operation
mode forward (compliance control) was commanded twice
is shown in Fig. 10. The square area drawn in the upper part
of figure represents the top plate of the haptic armor, and the
black line represents the contact trajectory. In addition, the
vertical dotted lines in the graph indicate the time when the
operation mode was switched. Active-touch movement was
performed so that the contact point moves in accordance with
the robot running direction in both cases. When the second
command was issued by an active-touch movement of a long
trajectory in a short time, the forward traveling distance of

a) compliance controller

b) position controller

c) force controller

Fig. 8. Block diagram of controller in each mode

the robot increased and its speed also increased compared
to that of the first command. These results indicated that
the forward traveling distance and speed of the robot can
be adjusted intuitively based on the active-touch movement
trajectory.

The result when turn & forward, turn, and stop were
commanded in order is shown in Fig. 11. When active-touch
movement was performed to 1

4π in the right from the center
point of the top plate of the haptic armor, the robot turned
to almost 1

4
π in the right and moved ahead. Next, when a

half circle was traced clockwise, the robot recognized a turn
command and started to turn clockwise. When active-touch
movement was performed in the lateral direction following
the turn command, the robot recognized the command and
stopped its motion. The parameters used in this experiment
are presented in Table III.

C. Evaluation of Command Recognition Rate

Command recognition rate was evaluated for all command
input patterns, and the results of a test for 8 beginners and
2 skilled operators are presented in Table IV. The skilled
operators were trained in use of the command recognition
system using the haptic interface for 20 min. The evaluation
of the beginners was made after they received an explanation
of the method for inputting commands and attempted to enter
the commands one at a time. The mean command recognition
across all users was over 98%. These results indicate that
the interface is highly efficient for both skilled operators and
beginners.

six-axis force/torque sensor

b) covered with end-effectora) main body and sensor device

six-axis force/torque sensor

b) covered with end-effectora) main body and sensor device

Fig. 9. Experimental system
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Fig. 10. Command recognition of forward(compliance)
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V. CONCLUSION

This paper describes a method of command recognition
by a robot using a haptic interface. In this method, the robot
derives feature quantities from the contact trajectory when an
operator runs his finger across the haptic interface, and the
robot recognizes a command based on the derived quantities.
Conforming the robot motion to the symbolized contact
trajectory actualizes intuitive operation. The experimental
results indicate that the haptic sensing mechanism is a good
candidate as a highly efficient interface.
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