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ABSTRACT Robots driven by variable stiffness actuators (VSAs) have been an important technology as they
could provide intrinsic compliance for safe human-robot interaction. The internal compliance of VSA also
makes it possible for the actuator to act as a torque sensor and estimate the external force. This paper presents
a physical human-robot interaction control strategy for robots driven by VSA with force self-sensing. The
VSA adopted in the robotic system improves the safe performance of physical human-robot interaction.
The interaction force is directly estimated by measuring the internal deformation of VSA with a stiffness
region control which ensures a better resolution of force estimation and avoids transgressing the limits of
deformation simultaneously. Then an online estimation method for the human motion intention is developed
to generate the desired trajectory based on the estimated force. The impedance control is designed to enable
the robot to actively follow the desired trajectory with compliance. Under the proposed control strategy,
the robot is capable of actively tracking the ‘‘motion intention’’ of human with the estimated interaction
force, which is demonstrated through experiment studies.

INDEX TERMS Force self-sensing, motion intention estimation, physical human-robot interaction, variable
stiffness actuator (VSA).

I. INTRODUCTION
In recent years, society has recognized the significance of
robots in assisting human motions, such as reducing work-
load, improving the efficiency, enhancing the productivity,
rehabilitation therapy, and so on. Safety is a critical consid-
eration in these applications where involves direct physical
human-robot interaction. Using flexible actuators is a popular
solution for the safe cooperation, since they provide several
attractive characteristics such as low output impedance, back
drivability and shock tolerance [1], [2].

Flexible joints use springs or other flexible components
to decouple the motor from the environment motion thus
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improving the safe performance. Since their introduction,
flexible joints have been utilized in different kinds of robotic
applications including rehabilitation robots [3]–[7], walk-
ing robots [8], humanoids [9], [10] and haptics [11], [12].
According to whether the joint involves the stiffness reg-
ulation, flexible joint can be divided into two categories:
series elastic actuator (SEA) and variable stiffness actua-
tor (VSA). For SEA, the compliant component is directly in
series-elastic configuration to provide internal compliance.
However, the physical compliance of SEAs is fixed which
weakens the achievable bandwidth of actuator. On the con-
trary, as the stiffness of VSAs could be regulated, VSAs
are capable of surmounting the bandwidth limitation and
enhancing the task adaptability to different kind of environ-
ments [13], [14]. Therefore, VSA is more suitable for the
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interaction control which involves the environment uncertain-
ties and dynamically changing in the process of human robot
interaction.

Before performing the human-robot interaction, themotion
intention of human should be identified firstly.Much research
efforts were dedicated to the biological signals, such as skin
electromyography (EMG) [15] and electroencephalography
(EEG) [16], to estimate the motion intention of human. Nev-
ertheless, it is time-consuming to attach or detach sensors to
or from the muscles of human when utilizing these biological
signals resulting in inconvenience. Besides, these biological
signals require higher concentration of subjects’ attention,
and these signals would be affected by the individual dif-
ference. Another medium for motion intention estimation
is the interaction force. As the signals of interaction force
are relatively robust, the interaction force between the robot
and human is also widely utilized for the motion estimation.
In [17], [18], the motion intentions were recognized by the
difference between the estimated and measured torque of
robots. However, such approach requires the accurate dynam-
ics of robots and human arms or legs. Velocity-based admit-
tance controllers [19], [20] were developed for identifying
the motion intention of human by changing the damping
variable. Nevertheless, the variable stiffness property is not
considered and the motion intention estimation may not be
accurate enough. In [21], the impedance model was utilized
for estimating the motion intention by incorporating a neu-
ral network to display the relationship between the desired
motion and interaction force. However, there are many unde-
termined parameters of neural network needed to be updated,
leading to huge computation cost. This paper aims for a
relatively accurate estimation of motion intention through the
medium of interaction force with as few unknown parameters
as possible.

When the interaction force is utilized to estimate the
motion intention, special considerations should also be taken
into account for the approach of detecting the interaction
force. Traditionally, the forces are measured or estimated by
detecting the signals of force sensor [3], [21], [22] and the
current of motor [4]. Nevertheless, the former requires the
expensive force sensor mounted onto the robot and the latter
relies on the accurate dynamic models. Flexible actuator has
the potential to estimate the external forces by only mea-
suring the internal deflection of the compliant component,
with no need for additional force sensor or accurate internal
dynamics. For SEA whose stiffness is generally constant,
it is compression spring [23], [24] or torsion spring [25] that
converts the elasticity into force. However, it requires special
consideration on selecting the stiffness of springs: the higher
stiffness extends the range of allowable maximum force but
results in a worse resolution of force estimation; the lower
stiffness brings a better resolution of force estimation, but
weakens the allowable maximum force considering the same
maximum compression. Besides, the ‘‘softer’’ spring leads
to a lower bandwidth which is not suitable for input signals
with higher frequency. For VSA, the stiffness is changeable

and the internal compliance could be utilized for external
force estimation [13], [26]. Since the stiffness is adjustable,
the VSA has the potential to achieve a better resolution of
force estimation and avoid violating the limitation of internal
deflection simultaneously. However, little attention has been
paid to such area.

In this paper, a control strategy for physical human-robot
interaction is presented for robots driven by VSA. The basic
design of VSA has been introduced in [27]. The goal of this
paper is to propose and validate a controller to achieve an
effective human-robot interaction that enables the robot to
actively follow the motion intention of human. The motion
intention is achieved through the medium of interaction
force which is directly estimated by measuring the internal
deflection of VSA. When realizing the ‘‘force self-sensing’’,
a stiffness region control is developed, based on the improved
Barrier Lyapunov function, to achieve a better resolution of
force estimation and avoid violating the maximum internal
deflection simultaneously. Besides, the motion intention is
generated by estimating the dynamic model of upper limb
which involves minimizing the interaction force between the
human and robot. Different with the approach in [21] where
the neural network was utilized, the unknown parameters
needed to be updated in this paper are only the upper-limb
dynamic models, thereby contributing to a lower computation
cost. The impedance control is integrated into the controller to
enable the robot to ‘‘actively’’ follow the desired motion with
compliance. Finally, experiments are conducted to verify the
effectiveness of the proposed controller.

The rest of this paper is organized as follows. In Section II,
the robotic system is introduced. In Section III, the controller
design is described in details. Section IV gives the experimen-
tal results. Discussions and concluding remarks are given in
Section V and Section VI respectively.

II. ROBOTIC SYSTEM
The schematic of human-robot interaction and the
VSA-actuated robot are shown in Fig. 1. The subject is asked
to put their arm in the horizontal position and the upper limb is
constrained to make cyclical abduction/adduction movement
along the rotation axis of the robot. The dynamic modeling
of human is simplified only considering the stiffness and
damper parameters and the interaction force Fh by the human
‘‘pushes’’ the robot to follow the ‘‘motion intention’’.

A. MECHANICAL DESIGN OF VSA
The principle of VSA and its three-dimensional model can be
seen in Fig. 2. The VSA is powered by two brush DC motors
for the position control and stiffness regulation respectively,
each of which has a rotary encoder. The stiffness regulation
is realized by a lever mechanism which consists of the lever,
pivot and springs. The position motor, shown as Motor1,
transmits its motion firstly to the connecting disk on which
the pivot and spring module are mounted, then to the lever
through the pivot and spring module, and finally to output
shaft. The motion of stiffness regulation motor, shown as

VOLUME 9, 2021 6697



Y. Ning et al.: Human-Robot Interaction Control for Robot Driven by VSA With Force Self-Sensing

FIGURE 1. The schematic of human-robot interaction. (a) Top-down
schematic view. (b) Human performing the task.

FIGURE 2. The structure of VSA. (a) Principle of the actuator. (b) Partial
cross-sectional view of the actuator.

Motor2, is firstly transmitted to the gear train1 then to the
cam-based panel. When regulating the stiffness, the locations
of pivot and spring module are changed towards or away from
the center of actuator simultaneously through the rotation of
cam-based panel. When the external force is exerted onto the
output shaft, the springs are compressed to generate force
against the external force, thus introducing the compliance.
One additional absolute encoder is installed to measure the
internal deflection through gear train2. More details of the
VSA can be found in [27].

The dynamic model of the VSA-driven robot can be
expressed as:

J1θ̈1 + K (θ1 − q)+ fdis1 = τ1
J2θ̈2 + fdis2 = τ2
Mq̈+ C (q, q̇) q̇+ G (q)+ Kq = Kθ1 + τe

(1)

where J1 and J2 are inertias of Motor1 with connecting
components, and Motor2 with its connecting components
respectively; τ1 and τ2 denote the input torque exerted from
Motor1 and Motor2 respectively; fdis1 and fdis2 are the non-
linear friction for different modules respectively when reg-
ulating the stiffness; q is the position of output shaft, θ1 is
the position of connecting disk directly driven by Motor1, θ2
is the position of cam-based panel actuated by Motor2, ϕ is
the internal deflection angle and q = θ1 + ϕ; M , C (q, q̇) q̇
and G (q) denote the inertia parameter, the centripetal and
Coriolis torque, and the gravitational torque of the robot
respectively; K is the stiffness of the actuator, and τe is the
interaction force.

FIGURE 3. Results of stiffness calibration. (a) The relationship between
the torque and deflection angle. (b) Fitting results of stiffness.

As the nonlinear friction exists when regulating the stiff-
ness, the motions of motors are realized by servo drivers for a
better position-tracking performance. Therefore, the dynam-
ics of Motor1 and Motor2 are not concerned in this paper.

B. PERFORMANCE ANALYSIS OF FORCE SELF-SENSING
The stiffness is an essential parameter for force self-sensing
which directly affects the resolution of force estimation. The
details of stiffness analysis can be found in [27]. For the
VSA, the stiffness is approximately constant for a specific α,
where α = θ1 − θ2. Besides, the stiffness calibration is
also conducted to achieve an accurate relationship between
the internal deflection and external force, shown in Fig. 3.
Fig. 3(a) displays the original data depicting the relationship
between the torque and internal deflection. The fitting result
of stiffness calibration is shown in Fig. 3(b). The fitting result
can be expressed as a polynomial function expressed by (2),
where the order is constrained by the error sum of squares and
the positive derivative of stiffness.

K = 9.40+ 33.12α − 8.21α2 + 50.78α3 + 140.10α4 (2)

where α = θ1 − θ2.
From (2), the external force can be estimated by (3).

τe = Kϕ (3)

For a VSA with the lever mechanism for stiffness reg-
ulation, the maximum deflection angle ϕm and maximum
operating torque τem are usually changeable according to
different stiffness. When an external torque is exerted onto
the actuator, it is required that the springs are compressed
within allowable range and the external torque could not
exceed the nominal value. Such demands are also found in
literature [28].

Considering the VSA adopted in this paper, the designing
constraints are given as [27]: (i) the compression of spring
is less than 6 mm; (ii) the nominal torque of the actuator
is 20 Nm which is related to the nominal torque of motors
and the strength of internal parts. The maximum deflec-
tion angle ϕm and maximum operating torque τem can be
obtained through simulation, the results of which are seen
in Fig. 4.

As the results of Fig. 4 are obtained through simulation
with several inequality constraints, it is difficult to achieve
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FIGURE 4. Maximum angular deflection and maximum operating torque.

explicit expressions for these constraints, thus inconvenient
for the controller design. Therefore, data fitting method is
utilized to display the relationships shown in Fig. 4. As there
is a relationship between ϕm and τem, depicted by (3), only the
relationship between τem and α is fitted, which is expressed
by (4), and the maximum deflection angle ϕm can be calcu-
lated directly from (3).

τem=

{
1.691e1.2347α+0.0013e6.6406α, 0≤α≤1.3587
20, 1.3587<α≤π/2

(4)

When estimating the external force by the internal
compliance of VSA, the resolution of the force estimation
is determined by the joint stiffness and the resolution of
encoder. When the resolution of encoder is decided, a higher
stiffness leads to a worse resolution of force estimation.
Hence, the lower stiffness is desired in the process of force
estimation for a better resolution. Besides, the lower stiff-
ness also contributes to the performance of safe human-robot
interaction. Nevertheless, as shown in Fig. 3-4, the lower
stiffness usually results in a smaller value of τem, which
makes it easier to reach or transgress the maximum operating
torque τem than a higher stiffness. Therefore, the stiffness of
the VSA should be properly regulated while ensuring that
the maximum operating torque τem is not violated and that
the stiffness is lower properly for a better resolution of force
estimation.

III. CONTROLLER DESIGN
In this section, the control strategy for physical human-robot
interaction is developed for the robot driven by VSA. Even
though the controller in this paper is only considering the
robot with one degree of freedom (DOF), such controller is
easily extended to robots with multi-DOFs. The controller
consists of the stiffness region control, the estimation of
human motion intention and the impedance control. The
stiffness region control is to regulate the stiffness to achieve
a better resolution and avoid violating the maximum oper-
ating torque. The human motion intention is estimated to
generate the desired trajectory and the impedance control is
implemented to drive the robot to ‘‘actively’’ track the desired
trajectory with compliance. The block diagram of the control
structure is shown in Fig. 5.

FIGURE 5. A block diagram of the control strategy.

FIGURE 6. Schematic illustration of the improved barrier Lyapunov
function.

A. STIFFNESS REGION CONTROL
As mentioned in Section II, the performance of force estima-
tion is highly dependent on the stiffness of VSA. To improve
the performance of force estimation, the stiffness regulation is
specified as three regions, i.e., the constant stiffness region,
stiffness increase region and stiffness decrease region. The
objective is to make the stiffness stay within the constant
stiffness region, where enables a proper resolution of force
estimation and ensures that the interaction force would not
transgress the maximum operating torque. The Barrier Lya-
punov Function is a potential tool to handle the problem of
region control [29]. To formulate the stiffness control method,
an improved Barrier Lyapunov Function is proposed as:

V1 =
1
2
log

(η2 − η1)2

(η2 − η1)2 − [max (0, |η| − η1)]2
(5)

where η = |τ e|
τem
− η0; η0, η1 and η2 are positive constants and

η0 = η2 > η1.
The η is developedwith a η0 tomake the η symmetric about

zero. As the range of |τe|/τem is [0, 1], it is defined that η0 =
η2 = 0.5 to make η within [−0.5, 0.5]. The η1 is designed
properly to construct a constant stiffness region that |τe|/τem
is within [η0 − η1, η0 + η1].
An illustration of the improved Barrier Lyapunov Function

is shown in Fig. 6. The range of constant stiffness region is
highly influenced by the η1. When η > η1, the |τe|/τem trans-
gresses the constant stiffness region and the external force τe
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is reaching or violating the maximum operating torque τem.
Within such region, the stiffness is required to increase so that
the maximum torque τem grows until the η returns back to
the constant stiffness region. When η< −η1, the |τe|/τem is
closer to 0 and the stiffness is controlled to decrease for a
better resolution of force estimation until the η goes back to
the constant stiffness region. In the constant stiffness region
where the η is within [−η1, η1], the stiffness keeps invariant
as the |τe| is far away from the maximum operating torque
and the stiffness is lower for a better resolution of force
estimation.

As the function V1 has several regions, the derivative of V1
is given by

V̇1 =


0, |η| ≤ η1

(η − η1) η̇

(η2 − η1)
2
− (η − η1)

2 , η1 ≤ η ≤ η2

(η + η1) η̇

(η2 − η1)
2
− (η + η1)

2 , −η2 ≤ η ≤ −η1

(6)

In order to constrain the η within [−η1, η1], it is required
that V̇1 ≤ 0. Design the η̇ as:

η̇ =


0, −η1 ≤ η ≤ η1

−kη (η − η1) , η1 ≤ η ≤ η2

−kη (η + η1) , −η2 ≤ η ≤ −η1

(7)

where kη is the positive constant, which affects the rate of
stiffness regulation. Substituting (7) into (6) yields V̇1 ≤ 0.
From the definition of η in (5), the derivate of η is expressed

by

η̇ = −
|τ e|

τ 2em
τ̇em = −

|τ e|

τ 2em

dτem
dα

α̇ (8)

Combining (7) and (8), the derivative of α is expressed as:

α̇ =



0, −η1 ≤ η ≤ η1

kη (η − η1)
τ 2em

|τe|

1

dτem
/
dα
, η1 ≤ η ≤ η2

kη (η + η1)
τ 2em

|τ e|

1

dτem
/
dα
, −η2 ≤ η ≤ −η1

(9)

For a discrete-time implementation, α can be expressed as:

α (tk+1) = α (tk)+ α̇ (tk)×1t (10)

where tk+1 = tk +1t and 1t is the sampling period.
From (2), the stiffness K could be regulated by the change

of α in (10), thereby realizing the stiffness region control.
Remark 1: It is highly possible that the interaction force τe

is close to zero at the beginning or some certain moments
in the process of human-robot interaction. In the practical
implementation, a minimum stiffness is set in case that the
stiffness keeps dropping to zero when the τe is around a small
value.

B. MOTION INTENTION ESTIMATION
The objective of themotion intention estimation is to generate
the desired trajectory that would be followed by robot. As dis-
cussed in [30], the model of upper limb is mainly affected
by the damper and spring parameters. Therefore, the human
model can be simplified as

−CH q̇+ GH (qHd − q) = τe (11)

where CH and GH are the damper and spring variables of
the human limb respectively, and qHd is the desired trajectory
reflecting the motion intention of the human.

By (11), the motion intention can be expressed as

qHd = q+ YTW (12)

where Y (t) = [τeq̇]T , W (t) = [w1w2]T =[
1/GHCH/GH

]T .
As parameters CH and GH are unknown in the human-

robot interaction, the motion intention qHd can be estimated
as:

q̂Hd = q+ YTŴ (13)

where Ŵ (t) = [ŵ1ŵ2]T.
The objective is to minimize the interaction force τe as

much as possible, which diminishes the discrepancy between
the predicted motion and the real one. Therefore, an energy
function of τe is developed and the Ŵ is regulated online
towards the steepest descent direction of the energy function.
The energy function is given by:

E =
1
2
τ 2e (14)

Combining (13) and (14), the update law of Ŵ is obtained
as:

˙̂W (tk) = −00
∂E

∂Ŵ
= −00

∂E
∂τe

∂τe

∂ q̂Hd

∂ q̂Hd
∂Ŵ

= −00τe
1
ŵ1

Y (15)

where 00 ∈ R2×2 is a constant, positive and diagonal matrix.
Even though 1

/
ŵ1 is time varying, it can still be absorbed

by 00 for the simplification and such absorption has little
effect on the results. Therefore, the update law of Ŵ can be
expressed as:

˙̂W (tk) = −sgn (ŵ1) τe (tk)00Y (tk) (16)

where sgn (ŵ1) =

{
1, ŵ1 ≥ 0
−1, ŵ1 < 0

.

Therefore, the estimation of qHd is given as

q̂Hd (tk+1) = q (tk+1)

+YT (tk+1)
[
Ŵ (tk)+ ˙̂W (tk)×1t

]
(17)

On the basis of the previous discussions, the humanmotion
intention can be estimated through (17).
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C. IMPEDANCE CONTROL
With the available desired trajectory of (17), the impedance
control is adopted to make the robot move towards the desired
position with compliance, thus improving the performance
of safe human-robot interaction. The impedance model is
defined as:

Md (q̈− q̈d )+ Cd (q̇− q̇d )+ Gd (q− qd ) = τe (18)

where qd = q̂Hd , and Md , Cd and Gd are the desired inertia,
damping and stiffness respectively.

By defining the position error as e = q − qd and
constructing an error signal w = Md ë + Cd ė + Gde − τe,
the control objective of the impedance model is to make
limt→∞w (t) = 0.

An augmented impedance error is given by:

w = ë+ (31 + 01) ė+3101e−
(
ḟl + 01fl

)
(19)

where 31 + 01 = M−1d Cd , 3101 = M−1d Gd , ḟl + 01fl =
M−1d τe, 31 and 01 are positive parameters.
In fact, the parameters 31 and 01 can be obtained by

01 =
M−1d Cd ±

√
M−2d C2

d − 4M−1d Gd

2
(20)

31 =
M−1d Cd ∓

√
M−2d C2

d − 4M−1d Gd

2
(21)

For a discrete-time implementation, it is reasonable to
define that ḟl (tk+1) = [fl (tk+1)− fl (tk)]

/
1t , where tk+1 =

tk +1t and 1t is the sampling period. Then fl (tk+1) can be
expressed as

fl (tk+1) =
fl (tk)+1tM

−1
d τe (tk+1)

1+1t01
(22)

By defining

z = ė+31e− fl (23)

It can be obtained that

w = ż+ 01z (24)

The z can be viewed as a low-pass-filtered signal with
respect to w̄. It is reasonable to derive that the convergence
of z→ 0 will lead to w̄→ 0. Therefore, the control objective
limt→∞w (t) = 0 finally becomes:

lim
t→∞

z = 0 (25)

An augmented state variable is defined as

q̇r = q̇d −31e+ fl (26)

Combining (23) and (26), it can be derived as

z = q̇− q̇r (27)

By using (27), the third equation of (1) is rewritten as

Mż+Mq̈r + C (q, q̇) q̇+ G (q)+ Kq = Kθ1 + τe (28)

FIGURE 7. Experimental setup and its control system.

Then the desired input of the robot dynamics can be devel-
oped as:

θ1d=q+
1
K

[−kzz+Mq̈r+C (q, q̇) q̇+ G (q)− τe] (29)

where kz is a positive parameter.
The desired input of the stiffness regulation motor is given

as:

θ2d = θ1d − α (30)

where α is described as (10).
Substituting (29) into (28), it can be derived Mż = −kzz.

Therefore, considering the robot dynamics given by (1),
the desired input (29) guarantees the result that limt→∞z = 0.
Remark 2: In the practical implementation, the interaction

force τe is deemed to be zero in the control strategy if it is
smaller than a certain value in order to improve the system
robustness. This prevents the system from suffering some
unknown disturbances of interaction force, thus making the
system more stable.

IV. EXPERIMENT
In this section, the proposed control strategy is implemented
through experiments. Fig. 7 illustrates the experimental setup
and its control system. The VSA-actuated robot is mainly
made up with a robot link driven by VSA. In the control
system, the hardware consists of a STM32-based controller,
two servo drivers, two motors, an absolute encoder, lithium
ion batteries, switches and a laptop. The servo drivers are
utilized to collect and send signals from and to motors for
position control. The STM32-based controller is to execute
the control algorithm, handle the signals transmitted from
servo drivers and absolute encoder, then send the control com-
mands to servo drivers. The reason for using STM32-based
controller is that it is convenient to realize the RS485 bus with
low cost. The detailed signal and power transmissions can be
seen in Fig. 7.

The goal of experiments is to verify the effectiveness of
proposed strategy. The subject is asked to put their arm in
the horizontal position and the upper limb is constrained to
make a cyclical abduction/adduction movement along the
rotation axis of the robot, shown in Fig. 1. The interaction
force is estimated by measuring the internal deflection of
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VSA. In experiment, the interaction force is perceived as the
motion intention and then the robot drives the upper limb to
‘‘actively’’ track the desired ‘‘motion intention’’.

To better display the effectiveness of stiffness region con-
trol, two different experiments are conducted with different
initial stiffness. In the first case, one higher initial stiffness
is selected, which is α = π/4, to verify the stiffness reg-
ulation from stiffness decrease region to constant stiffness
region. In the second case, one smaller initial stiffness is
pre-established, which is α = π/18, to verify that stiffness
could increase when it is within the stiffness increase region.
Additionally, one additional torque sensor is utilized to fur-
ther verify the accuracy of force estimation in a dynamic
condition.

In the experiments, the time period is set as tf = 50s.
The parameters in the improved Barrier Lyapunov Function
(5) and (7) are set as: η1 = 0.3, kη = 0.4. This makes a
constant stiffness region that |τe|

/
τem is within [0.2, 0.8]. The

parameters in (15) are set as 00 =

[
0.05 0
0 0.05

]
. The desired

impedance parameters in (18) are set as Md = 0.1,Cd =
0.8,Gd = 0.375. Two parameters 31 and 01 in (19) are
specified as: 31 = 0.5, 01 = 7.5. The parameter of desired
position control input (29) is set as kz = 1.0. Parameters
kη, 00 and kz are tuned in practice, while η1 and impedance
parameters, correlated with the constant stiffness region and
interaction force respectively, are selected based on the prac-
tical necessity.

In the experiment, a minimum stiffness is set as α = π/12
in case that the stiffness keeps dropping to zero when the τe
is around a small value. The minimum stiffness is decided
with the consideration of the range of interaction force
through (2)-(3). It is not recommended to set the minimum
stiffness too low since the lower minimum stiffness results
in that the stiffness easily reaches the minimum limit thus
making damages to the actuator. Besides, the threshold of
the interaction force discussed in Remark 2 is selected as
0.2 Nm to enhance the stability of the system, where only the
forces exceed the threshold are considered in the experiment.
The threshold is decided according to the range of interaction
force when the object performs the task.

Fig. 8 shows the experimental results of the first case.
In Fig. 8 (a), it can be seen that there is little error between
the desired position and the actual position of the robot,
which indicates that the robot follows the human motion
intention ‘‘actively’’ with the proposed control strategy. Such
better tracking performance also indirectly verifies the effi-
cacy of the proposed force estimation method. From the
partial enlarged part, the desired position is bouncing up
and down around the actual position. Such phenomenon can
be explained by the oscillation property of the Ŵ shown
in Fig. 8 (b). Fig. 8 (c)-(d) show the performance of stiffness
region control. The stiffness decreases at t ≈ 13s as the
|τe|

/
τem is smaller than 0.2 indicating the stiffness can be

still be reduced for a better resolution of force estimation.
Therefore, the stiffness keeps decreasing for enhancing the

FIGURE 8. Experimental results with initial stiffness of α = π/4.

resolution performance of force estimation until the |τe|
/
τem

goes back to the constant stiffness region. The performance
of the accuracy for force estimation by VSA can be seen
in Fig. 8 (e)-(f). It is clearly found that most errors between
the torque measured by torque sensor and the torque esti-
mated by VSA are within [−0.5, 0.5] and the maximum
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error is less than 1 Nm. As observed, the proposed force
estimation method displays an excellent performance with a
higher accuracy and the estimated torque is acceptable in the
human-robot interaction.

The experimental results with an initial stiffness of
α = π/18 can be seen in Fig. 9. Similar with the stiffness
of α = π/4, the robot could ‘‘actively’’ follow the human
motion intention with little error between the desired position
and the actual position, as shown in Fig. 9 (a)-(b). From
Fig. 9 (c)-(d), it is clearly found that the initial stiffness is
so small that the interaction force is violating the maximum
operating torque at t ≈ 3 − 9s. Hence the stiffness is
controlled to increase for dragging the |τe|

/
τem back into

the constant stiffness region. In Fig. 9 (e)-(f), it can be seen
that the estimated force could be well applied in the physical
human-robot interaction with a higher accuracy.

The oscillations, shown in Fig. 8 (b) and Fig. 9 (b), can be
explained by the updating law in Section III B. The update
law is generated by minimizing the interaction force with
the gradient descent method. It is commonly accepted that
parameters converge to the optimum with ‘‘zigzag’’ shape
when utilizing the gradient descent method. Furthermore,
according to (16), the degree of oscillation is related to the
torque τe and the velocity q̇. Hence, the larger torque and
velocity would bring heavier oscillations.

From Fig. 8(e) and Fig. 9(e), there are periods that the
estimated force by VSA is zero while the torque measured
by torque sensor is not zero, shown as the partial enlarged
parts. That is because the interaction force is deemed to be
zero in the control strategy, if it is smaller than a certain
value, as depicted in Remark 2. The normal values of inter-
action force can be depicted through the torque measured by
torque sensor to make a comparison. Such phenomena occur
when the actuator changes the rotation from one direction to
another in the experiment.

FromFig. 8 (c)-(d) and Fig. 9(c)-(d), there are some periods
that the stiffness remains constant even when the |τe|

/
τem is

below 0.2. The reason is that a minimum value of stiffness is
pre-set to prevent the stiffness from dropping continuously to
zero when the τe is around a small value.

From Fig. 8 and Fig. 9, the interaction force is well esti-
mated by VSAwith higher accuracy in the process of human-
robot interaction, and the robot is able to ‘‘actively’’ track the
‘‘motion intention’’ of human, thus providing a safe human-
robot interaction.

V. DISCUSSIONS
This paper describes the controller for physical human-robot
interaction for robots driven by VSA. The contributions can
be highlighted as follows: (i) The interaction force is directly
estimated by measuring the internal deflection of VSA, and
the stiffness region control is developed to improve the per-
formance of force estimation. (ii) The motion intention is
achieved through the medium of interaction force, by esti-
mating the limb model with only two unknown parameters to
be updated, thus decreasing the computation cost.

FIGURE 9. Experimental results with initial stiffness of α = π/18.

Compared with the traditional methods of detecting the
interaction force, the interaction force in this paper is directly
estimated by detecting the internal deflection of VSA,
which does not require additional force sensor or accurate
dynamics. Besides, the stiffness region control is incorpo-
rated into the controller to achieve a proper resolution of
force estimation and avoid violating the maximum internal
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deflection simultaneously, which is difficult to be achieved
for SEA.

In the estimation of motion intention, as the damper and
spring variables of upper limb are all considered, the pro-
posed method makes the estimation relatively accurate.
Furthermore, unlike the [21] where the neural network was
utilized, there are only two unknown parameters that are
needed to be updated in this paper, thus contributing to a
lower computation cost.

In Section III A, the constant stiffness region is the outcome
of compromise between the resolution of force estimation and
the allowable maximum force. It has the ‘‘proper’’ resolution
of force estimation but not the ‘‘best’’ one. The resolution can
be improved further by selecting the proper parameter η1.
In the experiment, the errors of torque estimation by VSA

are smaller enough and acceptable for human-robot interac-
tion. Such performance not only displays the effectiveness of
the proposed stiffness region control, but also the accuracy of
stiffness calibration in a dynamic condition.

From the experiments, when performing the cooperation
task, the robot ‘‘actively’’ complies with the motion of human
and provides certain resistance. Actually, the impedance
parameters in (18) could be regulated for the interaction to
achieve different degree of interaction force. Besides, even
though the controller in this paper is only focusing on the
robot with one DOF, such controller is easily extended to
robots with multi-DOFs.

VI. CONCLUSION
In this paper, the control strategy for physical human-robot
interaction has been investigated for robots driven by VSA.
The interaction force is directly estimated by the internal
deflection of VSAwith the stiffness region control to improve
the performance of force estimation. The human motion
intention is estimated as the desired trajectory based on the
estimated force, and then integrated into the impedance con-
trol to make the robot ‘‘actively’’ track the desired trajectory
with compliance. Experiments have been carried out to verify
the effectiveness of the proposed strategy. Such strategy can
be readily extended to other robots driven by VSAs in the
occasions involving human-robot cooperation.
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