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Abstract - We present a preliminary result on a minimum

inertia scale factor that can be passively implemented into

a human-robot interacting system. We model the robot

including essential system components (e.g. force sensor

dynamics and digital controller), and we analyze the en-

ergetics of this model using the frequency property of the

human force. The resulting passivity condition is verified

by simulations.
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1. Introduction

With various kinds of human interactive robots, there

has been a widespread need for decreasing an apparent

inertia of a given interactive robotic system. An inertia

scale control is one of the simplest strategies for decreas-

ing an apparent inertia of the robotic system. This con-

trol method scales up/down the apparent mass of the hu-

man interactive robot system by sensing an exerted hu-

man force on the robot and by exerting an additional ac-

tuator force on the robot to the opposite/same direction.

This control strategy is used in a master-slave teleoper-

ation system to increase transparency between a human

operator and a remote environment [1], and also can be

used in an assistive exoskeleton robot to minimize the in-

terference of the robot’s inertial force to the human limb’s

movement [2]. However, it is impossible to arbitrarily

scale up/down the apparent mass of an interactive robotic

system due to the interaction instability [1]-[4].

Although there are several other researches analyzing

the interaction instability which occurs when the apparent

mass is scaled down below a certain bound [3]-[4], these

analyses are not complete. In [3], Colgate only analyzed

an effect of non-colocation between a force sensor and an

actuator on the passivity of the robot, while there’s also

a significant effect of other system components. In [4],

Gil analyzed the interaction instability by directly substi-

tuting a simple transfer function as a human impedance,

while the real human impedance is impossible to model

by a simple transfer function due to its variability.

The objective of this paper is to find a neccessary and

sufficient condition for a passivity of the robot, since a

passive robot behavior guarantees a stable interaction be-

tween human and robot for any passive human behavior.

In this paper, we model the essential components in the

human interactive robotic system which implements an

inertia scale control, analyze the energetic effect of the

components onto the robotic system, and derive a passiv-

ity condition.

2. Problem Description
Let us consider a following mass-damper system with

an external force f(t) and a control u(t) as our human

interactive robot

mv̇(t) + bv(t) = f(t) + u(t). (1)

The inertia scale control u(t) is designed as

u(t) =
1− η

η
f(t) (2)

where η > 0 is an inertia scale factor which means an

inertia scaling down with 0 < η < 1 or up with η > 1.

The apparent inertia and the damping are given as m̂ =
ηm and b̂ = ηb respectively.

Though, ideally, this inertia scale control (2) does not

introduce any unstable behavior into the system (1), an

instability can be observed when η is too small (i.e.,

too much inertia scaling down) during a real application.

This instability arises due to an unmodelled system com-

ponents, such as imperfect force sensing or a discrete-

time nature of the digital controller. In this research, we

analyze the energetic passivity of (1) with those unmod-

elled system components.

Fig. 1 Block diagram of the system.

3. Modeling and Analysis
In order to implement the inertia scale control (2), a

force sensor and a digital controller are needed. First, the

human force exerted on the mass needs to be measured

by the force sensor. The measured force has a phase-

lag compared to the real human force, due to the low-

pass filter included in the force sensing mechanism. This

force sensing dynamcis is modeled as a first-order low-

pass filter. Second, the actuator force command needs

to be generated through a digital controller. The force

357



command needs to be calculated based on the samples of

the measured force, and needs to be holded until the next

sample instant. We modeled the sampler as a modulated

pulse train, and the holder as a zero-order hold. The block

diagram of this system model is given in Fig. 1.

Next, we analyze the passivity of this robot model. In

the context of human-robot interaction, passivity means

that the extractable energy from the robot by any human

operator is upper bounded by some constant.

−
∫ t

0

f(τ)v(τ)dτ ≤ c2 ∀t ≥ 0 ∀admissible f (3)

This time domain passivity condition can be trans-

formed into a frequency domain passivity condition by

using Parseval’s identity. We use the fact that human

force is bandlimited [5]-[6], but could be an arbitrary sig-

nal. This leads to the following Theorem 1.

Theorem 1: Let us assume that 1) the bandwidth of

the human force is wh and that 2) the sample frequency

ws and the low-pass filter’s cut-off frequency wf is much

higher than wh. Then, the the robot model in Fig. 1 in-

teracting with human is passive if and only if

η +
wcwf

w2
h

(
1 + 1

2Twf

) ≥ 1, η > 0 (4)

where wc = b/m.

The Theorem 1 implies that there’s a lower bound on

the scale factor η which can be passively implemented in

the robot interacting with human.

4. Preliminary Simulation Result
We verified the passivity condition (4) with a MAT-

LAB simulation. The lower bound of the scale factor

ηmin of (4) is calculated with wh = 5Hz, T = 0.001s,

wf = 200Hz, and wc = 0.18Hz. We simulated

f(t) = −0.01sinwht (upper plot of Fig. 2) and checked

the power flow (3) when η ≥ ηmin and η < ηmin (lower

plot of Fig. 2).

When η ≥ ηmin, the power flow by the human force is

upper bounded. In contrast, the power flow is not upper

bounded when η < ηmin.

5. Conclusion
In this paper, we found a minimum inertia scale factor

that can be passively implemented into a robot interacting

with a human. We modeled the essential system com-

ponents such as low-pass filter in the force sensor and

sampler/holder in the digital controller, and analyzed the

energetics of this model.

Future works include 1) experimental verification of

the passivity condition and 2) extension of the analysis to

a teleoperation interface.
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Fig. 2 The power flow (3) of the robot.
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