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Abstract— The safety of humans working with robots is an
important issue. Many studies have addressed related methods,
but fundamental limits to meet required safety have been met
owing to the absence of compliance in the robot actuators.
Pneumatic muscle is considered to be a basic actuator and
offers the advantage of intrinsic elasticity to achieve the joint
compliance. Here, the joint compliance actuated by pneumatic
muscle is actively utilized to enhance human safety during
collisions. To this end, the authors present a novel approach
to control compliance and position independently without
affecting on the each other’s performance using pneumatic
muscles. The presented method is verified by experiments using
a physical robot.

I. INTRODUCTION

Many robots have been developed to help human beings
such as the service robot and industrial robots. As such, close
interaction with humans is required. As a result, the require-
ment of safety as well as traditional metrics of performance
must be considered. Accordingly, much research related to
safe robots has been reported. In order to avoid collision with
obstacles, Graham et al. [1] and Karlsson et al. [2] used a
sensor fusion method to detect high-risk obstacles in working
space. Ohashi et al. [3] used the humanoid’s arms to avoid
collisions in a manner similar to human motion. However,
the most serious injury or hazard results from the collisions
when the collision avoidance methods fail.

Improvements to reduce injury in collisions can be realized
with mechanical design. This paper also address the method
to reduce injury in collisions. About this problem, Zinn et al.
[4] proposed a new actuation mechanism, in which the actua-
tor is divided into low and high frequency terms to reduce the
stiffness of the manipulator effectively. Hirzinger et al. [5]
developed the light-weight manipulator to decrease inertia.
However, the attempts listed above inevitably employed such
complex mechanisms and controllers with various sensors
due to the absence of a compliance property in actuators.
This is related to the use of motors as basic actuators. There
is limit to achieve joint compliance when using motors,
which have to use gears due to weak torque [6].

To overcome the drawbacks of conventional approaches,
Pneumatic Muscle(PM) has been investigated, as it is con-
sidered an attractive actuator in terms of providing a safety
characteristic. PM offers a high ratio of torque with respect
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to weight and size, making it possible to actuate machines
without resorting to gears. Among various aspects, PM’s
intrinsic elasticity is its most attractive property with respect
to achieving compliance in various applications. In the case
of walking robots, PM’s elasticity is made use of to allow
natural walking [7]-[9]. In the case of an exoskeleton type
wearer, PM is used for the shoulder blades in the humanoid
[10]. PM’s compliance property is utilized for an exoskeleton
type wearer for a proposed therapy machine [11]. However,
there has been relatively little work involving the use of PM
to address safety issues.

The novel joint compliance adjusting method using PMs
to increase safety is proposed here by adding a independent
joint compliance controller(IJCC) to the position controller
to control manipulator’s position and compliance simultane-
ously. The added IJCC provide enhanced safety in collisions
through on-line control of the joint compliance. The total
controller was composed of the IJCC and the position
controller. Compliance from the IJCC has no direct effect
on the manipulator’s position, but vibration caused by joint
compliance results in position errors. Suppressing vibration
at PM actuation is almost impossible in practical terms ow-
ing to the numerous unpredictable perturbations of position
control such as PM model parameter’s variation and errors.
In particular, PM characteristics are affected by temperature,
humidity, and operational stress. In conventional researches
related to PM, a sliding mode controller(SMC) has been
considered to be the most suitable position controller with
respect to minimizing the effort for complex error dynamics
[12]-[14]. In particular, Van Damme et al. [13] used Kiku-
uwe et al. [18]’s Proxy-Based SMC(PBSMC) to increase
safety of their manipulator actuated by pleated pneumatic
artificial muscle(PPAM). However, it has big disadvantage of
low tracking performance because of its delayed positioning.

In the present works, boundary layer augmented SMC
(BASMC) is used for position control with mitigated chatter-
ing, while securing reasonable positioning performance even
with large joint compliance from IJCC. Finally, the safety of
both human and robot in the case of collisions is advanced
by increased joint compliance with small positioning errors.

This paper is arranged as follows. Section II derives the
dynamics of a 2-link manipulator based on a numerical PM
model. In addition, the joint compliance characteristic is
studied. Section III describes the control method for a robot
actuated by PMs. BASMC is used for positioning with [JCC.
Section IV gives experimental results for user safety during
collision. Section V concludes this work.
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II. SYSTEM MODELING
A. Numerical modeling of PM

A PM’s mathematical model is necessary to adapt it to
use in a robot manipulator. The PM’s nonlinearity has been
a challenging problem and some advanced models such as
[15]-[17] have been suggested. Among them, [16] proposed
an easy model to apply to robots with PMs. The dynamic
behavior of a PM hanging vertically and actuating a mass
has been modeled as a combination of nonlinear friction, a
nonlinear spring and a nonlinear contraction, as in (1).

Mi+ B(P)t + K(P) -z = F(P)— Mg. (D)
K(P) = Ko + K, P (N/m)
Bo; + B1iP (N/m/s) (inflation)
B(P) = { Bgd + B14P (N/m/s) (deflation) @
F(P) = Fy + FLP (N).

where z(¢) means the amount of PM contraction, with z = 0
corresponding to the fully deflated or relaxed PM. P mean
pressure. M is a hanging mass. K(P), B(P), F(P) are
spring constant, damping constant and elemental contraction
force by PM without spring and damping characteristic, and
modeled as (2). The coefficient of friction B depends on
whether the PM is being inflated or deflated. By rearranging
(1), a equation of motion for a mass M is given like (3).

Fy=M-a=F(P)-BP)i-K(P)-z ()

where F is a given force to a mass M. a or & + g is the
acceleration term of the mass M.

Here, the form of (3) is used as the base model.
Most researchers agree on PM’s fundamental elements,
such as the force, spring and damping terms. The pro-
cess to determine parameters of PM model such as
Ky, Ky, Bot, B1i, Bod, B1d, Fy and F) is necessary before
manipulator modeling. Each value of PM model parameters
was determined as like Table I by many experiments for this
works.

B. Modeling of a Joint

PM’s antagonistic configuration is now considered. PM
can only contract, so if one side of a pair of PMs is
contracted, it has no way to return unless the other one
contracts to stretch it. This characteristic requires a pair of
PMs for one degree of freedom, such as a link in Fig.1. Final
actuator torque from a PM pair is the difference between two
PMs. Mathematically, the relation is described as (6).

xpy =10+ <)
2
7 “4)
Ty = r(§ —0)
where ¢ is from —3 to 3 with clockwise positive direction.
Ty — (F(Pb) — K(Pb)l'b — Bb(Pb)i’b)T (5)
Tt = (F(Pt) — K(Pt)l't — Bt(Pt)j?t)T

TABLE I
DETERMINED PM’S PARAMETERS FROM EXPERIMENTS.

Factor [ Parameter |  Value

Spring Ko 4.82
element K 1.31
Damping | Boi(Bogq) | 1.22(1.31)
element B1i(B14) 1.35(-2.3)

Force Fo 14.89
element F 20.9

where 7, and 7 mean the torque of bicep and tricep muscle.
The parameters of F', K and B is from (2). x; and z; are
the contraction length of bicep and tricep. r is the radius of
joint.

Ttotal = Tb — Tt
= (F(Py) — K(Py)xy — By(Py) iy, (6)
- F(Pt) + K(Pt)l't + Bt(Pt)ikt)T

Until now a link depends on two input of P, and P;. A
link is actuated by the torque difference of two muscles, so
only the pressure difference can be the unique input. Each
pressure input can be set like (7) to match only one input to
a link.

< (Py= Py + AP) < Pyrax
< (7

0
0<(P;=Po—AP) < Pyrax

Pyp = Py — Py ®)

where P9 and P,y are nominal pressures. Pyrax is the
maximum pressure that compressor can generate in real.
Then, (2AP + Pyp) is the pressure difference between two
muscles at given time, and only AP become the control-
lable unique input. Py p is the nominal pressure difference
between bicep and tricep. Py p is derived by setting 73, equal
to 7, at given nominal position. Final torque from PM pairs
is described like (9) from (6) to (7).

T =17+ T1Ap )

where 79 and 7y are described at (10).

7o =[F1Pnp — 2Kort — K1 (Pyoxs — Proxt)
— (Byo + By1Po)dy + (Bro + B Pro)de]r
:[2F1 — K1T7T — Bblj:b + Btlit]T

(10)

C. Compliance property of a joint

The key idea in modifying joint compliance is to adjust
the nominal pressure of the bicep and tricep at PM actuation.
PM’s nominal pressure has an effect on the joint stiffness
property dominantly without affecting on the joint angle at
a constant Pyp. A torque by joint’s spring force terms is
derived as in (11) by extracting spring terms from (10).
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Ts; =Tsy, — Tsy = S;- 0
:(KO + Kleo)r - Tp — (KO + K1Pt0)7“ - Tt

+ Ki(xp + z)rAP

Y

where 75, is the spring torque at a joint. 7, and 75, are spring
torque from bicep and tricep. S; is the stiffness value.

By applying (4) and (8) to (11), spring torque equation is
derived like (12).

TSJ,:S]'-Q

= 2Kyl + K, (r*7Pyy — Pypayr) + Kir’mAP
(12)

Finally the joint compliance of a joint is derived as in (13).

1
J

0
 2r2Ko0 + K, (r27Pyy — Pypayr) + Kir2tAP
(13)

D. Dynamics of 2-link manipulator with PMs

2-link manipulator’s dynamics is a general approach and

is well described in many textbook as a form of (14).

D(©)O +(C(0,0)0+G(O) =1 (14)

where D is a robot inertia matrix, C' is a matrix of Coriolis

and centrifugal effects and G is a matrix of gravity loading.
T is a torque.

We can derive the dynamics equation of (15) which has

the input of pressure and the output of joint acceleration by
replacing torque 7 of (14) by (9).

O =4A+G-AP
6 or A (15)
1 P1
. =A
i ] =ae ]

where

and

G[Qu 912}D1[T11 0 ] a7

go1 922 0

For the above equations, Ap; and Ap, are AP for each
link1 and link2. 7, and 7y, are 7y for each linkl and link2.
71, and 71, are 7; for each linkl and link2. If we set the
nominal pressure as the P,y and Py, then A and G matrix
is directly defined by current joint value and joint velocity.

Fig. 1. 2-Link Manipulator schematic. (a) and (c) are PMs of bicep. (b)
and (d) are PMs of tricep. A pair of (a) and (b) actuate a joint of J1 and a
pair of (c) and (d) actuate a joint of J2.

Nominal Pressure
of Bicep, Tricep
—_—

Desired Compliance, f(a) \
é X
Compliance
Controller
~—
Control Law, Joint ang

—

e

Desired Position )
> Position

Controller
——

Feedback : Joint sensor
—_—

Fig. 2. Whole manipulator controller. (a) is a joint compliance con-
troller(IJCC). (b) is a position controller(SMC).

III. WHOLE MANIPULATOR CONTROL : POSITION AND
COMPLIANCE

A whole manipulator controller that consists of position
and compliance controller as shown in Fig.2 is proposed.
Particularly, the joint compliance is controlled independently
of position controller with no affect on position control.

A. Position control

A focus on achieving manipulator elasticity inevitably
results in low joint stiffness, which induces low precision in
the end-effector due to vibration during movement. More-
over, the A and G matrix of (15) are imprecise terms,
which includes PM model parameters with the unavoidable
estimation errors. BASMC is used to guarantees the bounded
error of the trajectory tracking problem, though it cannot
assure optimal tracking with zero error. BASMC is the
kind of SMC with the continuous feedback gain to mitigate
control law’s chattering. It use saturation function instead of
signum function for feedback gain.

For each joint ¢(=1, 2), assume estimate a; of a; from (15)

for known parameter a; such that
la; —al < oy (18)

Assume the control gain g; is also unknown but upper and
lower bound is known like (19),

0 < Ginin < 9i < Gippax (19)
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and define

Vi = \/ﬁ (20)
Let the estimation of g; as
9i = \/Givin Gimas (2D
and the sliding surface as
o;(t) =0,
o; =0; + pibi, (22)

0i(t) =0, (t) — 6; (t)

where p; are the positive real numbers set by user.

In conclusion we can set the control law or AP of (15)
as
o (t) )

T

q; - sat(

Api(t) = 7

Api(t) = = ai(t) + 65 (t) — piti(t)
qi >vilas +e3) + (7 — 1)|Ap|
Ti {(9“92) : |Uz(01792)| S Tz}

Api(t) —

(23)

where 7T; is the boundary layer thickness of the sliding
surface for each joint s.

B. Compliance control

1) Independent joint compliance control: The proposed
controller structure of Fig.2 make it possible to control
manipulator’s joint compliance independently of position
control. It is assumed that [( Pyg = Pip) = Pc] by setting the
manipulator’s nominal position to zero angle usually. Then,
the joint compliance are determined like (24) from (13) for
each joint i(= 1,2).

0:
C, = i
Ji 27’2K092' + K1T27T(Pci + Apl)

(24)

At a moment, the joint compliance C};, depend on only Pc,,
because 6; are from joint sensors and Ap; are determined by
the position controller. Then, the control laws Pg, for the
desired joint compliance C;, are directly determined from
(25) without the compliance sensor feedback.

P _ 01 — 7"2(2K001' + KlﬁApi)Cji
@i Kir?2nCj,

(25)

|Ap;| < Po, < Payrax — |Apil (26)

such that V0; € (—=%,%) and VO, € (Ciyrns Cinrax)s
where C;,,,, and C;,, , , are determined as (27) by applying
(26) to (24). C;,, .« are at (Po, = |Ap;|) and C,,,,, are
at (Po, = Pyax — |Ap;]). Po, are limited by (26) from
rearranged (7) for both bicep and tricep.

o |6:]

PMIN 27‘2K0|97;‘ + 2K1’I“27TPMAX @7)
o 10|

ITMAX

2T2K0|91" + 2K1T27T|Api|

Fig. 3. The schematic of the PMR. The left is the front view and the right
is the side view. (a) is a link1 and (b) is link2. (¢) and (d) are encoders of
the jointl and joint2. (e) and (f) are PMs of bicep and tricep. (g) is a air
hose.

2) Compliance control for the safety characteristic: Here,
we aim to maximize the joint compliance for the safety pur-
pose, so the joint compliance control law P¢, are determined
as (28).

Safety constraint : Pe, = |Ap;| (28)

In that case, the joint compliance are estimated as C;,, , .
and the final pressure inputs to each side are determined as
(29) by (7) and (28).

Py, = Ap; - (sgn(Ap;) +1) >0

P, = Ap; - (sgn(Ap;) —1) >0 29

This is the special one-side actuation control strategy for
safety constraint.

IV. EXPERIMENT

The proposed method was examined on the real robot of
Pneumatic Muscle Robot(PMR). PMR realized the reverse
actuation mechanism of Fig.1. Jointl of (c) is actuated by
PMs of the part (a) and Joint2 of (d) by PMs of the part (b)
in Fig.3. 2 encoders are attached at each joint for position
feedback, there are 4 pneumatic muscles for 2 revolutionary
joints, 4 external proportional pressure regulators for individ-
ual pneumatic actuators and 1 air compressor. The FESTO
company’s 20mm diameter pneumatic air muscles are used
as actuators. Also, the control board that consists of an AVR
MCU with a 10 bit and 4 channels DAC whose outputs are
inputs to the proportional pressure regulators was developed.
The control frequency was set to 60Hz. Developed PMR’s
dimension is listed in Table II.

where Linkl and Link2 are the length of the each link,
LinkC1 and LinkC2 are the length from joint to the center
of mass point of the each link.

In experiments, the nominal pressures of static 225k Pa
common to all joints were used as a comparing condi-
tion.Maximum pressure of 450kPa was allowed for both
bicep and tricep PM in this experiment. The most wide
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TABLE I
2-LINK MANIPULATOR KINEMATIC INFORMATION

Parameter [ Value [[  Parameter [ Value
Link1 0.5m Link2 0.5m
LinkC1 0.25m LinkC2 0.25m

Link1 weight 2Kg Link2 weight 2Kg
Joint] radius 0.035m Joint2 radius 0.035m

LoadCell

=

(a) T(-0.34, -0.36)

Horizontal
force

(b) Collision at 11.95s

Fig. 4. Still shots of the collision experiment. Manipulator collide against
to the loadcell at 11.95s.

operational range is acquired when Pg, , are the middle
of maximum pressure. This is the conventional method
to control PMs with no consideration of joint compliance
control. In addition, PBSMC was compared with the pro-
posed method. PBSMC is kind of SMC to increase joint
compliance. It suppose imaginary object, called proxy, to
the robot’s end effector by means of virtual spring-coupling.
Essentially, conventional SMC control the proxy’s position
and real end effector is forced to move to proxy by virtual
spring-coupling. Virtual spring-coupling give joints increased
compliance. Impact impulses that determined by (30) are
used to estimate the safety of robot.

ty
. / Fdt
to

where I means impulse during collision and F' means force
to the object. ¢y is the collision moment and ¢y is the end
of collision.

The experimental environment pictured in Fig.4 was con-
structed to measure impacts impulses. The load-cell was
positioned on the floor near the projection of the jointl.
At that point, the horizontal direction impulses were only
measured using a load-cell from a general assumption of a
obstacle’s horizontal movement like human. The direction of
impact impulses and the direction of obstacle’s movement are
the same. The standard value of a load-cell for a unit weight
was decided by hanging a dumbbell of 10K g.

(30)

Jointl : 0.5 x sin(t)

31
Joint2 : 0.5 x cos(t) G

The manipulator’s motion was given of (31), and it could
not reach the desired position due to colliding against the
load-cell at 11.95s. The impulses were measured for a
moment of 0.16s in the cases of the normal condition of
(Pc, , = 225kPa), the safety constraint and PBSMC. The
measured forces are shown in Fig.6. Impact impulses were
decreased to 5.23 N s with the proposed method comparing to
5.42Ns at PBSMC and 7.85N's at a normal configuration of
(Pc, , = 225k Pa). This experiment showed that almost 33%
of the impact impulses were decreased at the proposed safety
constraint with IJCC, comparing to the normal operational
condition. PBSMC'’s safety performance was almost same
to the proposed method, but its tracking performance was
more lower than the proposed one owing to PBSMC'’s virtual
spring-coupling as depicted in Fig.5. The impact impulses
at the safety constraint were decreased by virtue of the
increased joint compliance of Fig.7.

Midpoints of 150kPa and 300kPa of Pc,, were also
accessed by the interval of 25kPa, which is displayed in
Table III. The experimental results from the various Pc, ,
showed that the lower Pg,, were, the lower the impact
impulses were at collisions. However, proposed method
maximized the joint compliance resulting in the smallest
impulses with a full swing of Ap; ». Increased compliance
by decreasing P, , as is in the conventional approach result
in limited motion range.

Mean squared errors(MSE) during [1s(settling time) ~
11.95s(collision time)] were derived to measure only track-
ing performance in Table III. Notably, there were not much
increase of MSE of joint positions as Pc, , decrease with
IJCC contrary to PBSMC’s large errors. In conclusion, the
safety characteristic was enhanced with the proposed method
without much loss of positioning performance.

TABLE III
MEASURED IMPACT IMPULSE AND MSE AT COLLISION EXPERIMENTS

Pc, ,(kPa) [ Impulses(N s) [ MSE of (Jointl, Joint2)
300 12.87 (0.00039, 0.00038)
275 11.81 (0.00038, 0.00039)
250 9.02 (0.00042, 0.00041)
225 7.85 (0.00043, 0.00042)
200 7.21 (0.00044, 0.00042)
175 6.62 (0.00046, 0.00043)
150 6.36 (0.00048, 0.00045)
¥ [Ap1.2| with ICC 523 (0.00051, 0.00047)
PBSMC 5.42 (0.00091, 0.027)

V. CONCLUSION

It is a fundamental proposition that a robot must never
injure a human, and they are considered to be safer when
they offer greater joint compliance. In relation to this, a
joint compliance control method without significant loss of
precision performance in the manipulator was addressed in
the present work. PMs with intrinsic elasticity were used
as basic actuators with an antagonistic configuration. The
proposed unified control framework with IJCC and SMC for
the manipulator actuated by PMs was utilized to meet safety
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Fig. 5. Position variations at collision experiments with the safety constraint
and IJCC. It shows good tracking performance before collisions.

Measured forces after collisions
7 T T T

—— (@) Safety Constraint
===(b) Pc=225kPa
==(c) PBSMC

e
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g (b)\»",
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i ! ]
N
:
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time(s)

Fig. 6. Measured forces at collision experiments. Proposed the safety
constraint with IJCC and PBSMC show low forces after collisions.

Joint1 compliance
T T
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Fig. 7. Estimated compliance variations at collision experiments. The
compliance at the safety constraint shows more increased joint compliance
(3.0~3.4 times of the case of (Pc, , = 225kPa) depending on the
position).

characteristics. The suggested model presented enhanced
safety relative to conventional works at collision experiments.
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