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Abstract: When a robot equipped with compliant joints driven by elastic actuators contacts
an object and its joints are deformed, multi-modal information, including the magnitude
and direction of the applied force and the deformation of the joint, is used to enhance the
performance of the robot such as dexterous manipulation. In conventional approaches,
some types of sensors used to obtain the multi-modal information are attached to the point
of contact where the force is applied and at the joint. However, this approach is not
sustainable for daily use in robots, i.e., not durable or robust, because the sensors can
undergo damage due to the application of excessive force and wear due to repeated
contacts. Further, multiple types of sensors are required to measure such physical values,
which add to the complexity of the device system of the robot. In our approach, a single
type of sensor is used and it is located at a point distant from the contact point and the joint,
and the information is obtained indirectly by the measurement of certain physical
parameters that are influenced by the applied force and the joint deformation. In this study,
we employ the McKibben pneumatic actuator whose inner pressure changes passively
when a force is applied to the actuator. We derive the relationships between information
and the pressures of a two-degrees-of-freedom (2-DoF) joint mechanism driven by four
pneumatic actuators. Experimental results show that the multi-modal information can be
obtained by using the set of pressures measured before and after the force is applied.
Further, we apply our principle to obtain the stiffness values of certain contacting objects
that can subsequently be categorized by using the aforementioned relationships.
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1. Introduction

A compliant joint is an important mechanism that provides increased dexterity and dynamic
behavior when compared with the performance of a joint driven by an electric servo motor with
a higher reduction gear. A compliant joint can enable a robot hand to passively and adaptively grasp
objects of many different shapes [1-3], and it can also effectively absorb the landing impact of
a legged robot [4-6]. In order to enhance the dexterity of a robot hand and provide more dynamic
locomotion for a legged robot, it is very important to obtain the contact information regarding the
object being grasped or landing impact information, including multi-modal information such as the
magnitude and direction of the applied force and the joint angle formed by the passive displacement of
the joint due to the applied force. In many studies, the force sensors such as strain gauges [7],
resistance [8], and capacitance [9] are attached to the contact point at which the force is applied.
Further, the joint angle is measured by an angle sensor attached to the joint. However, this approach is
not suitable for use in daily-use robot, which must be durable and robust, because the sensors and
connecting wires can undergo damage owing to iterative contacts or excessive applied force. This
approach also requires multiple types of sensors to measure such physical values, which add to the
complexity of the device system of the robot. Because failure of the robot tends to follow the
complicated system, it is preferable to avoid adopting multiple types of sensors.

Some previous researches have adopted approaches in which an end effector force is estimated or
calculated without force sensor [10-13]. Others have reported that joint stiffness that cannot be
measured directly is estimated or calculated [14-16]. In [12], a proposed external force estimator is run
parallel to compliant robot manipulation. In [13], a proposed method is verified using a robot driven by
elastic Pleated Pneumatic Artificial Muscles. In [14-16], the joint mechanism itself is made compliant
by inserting elastic materials between a motor and link. In many researches including [10-16], it is
assumed that the joint angle, velocity and torque in some studies, can be measured. Therefore, the
sensors are attached on the joint in order to measure the joint information directly. However, similar
with aforementioned problem, the wire can undergo damage owing to iterative contacts. Furthermore,
especially for small robot such as human-sized robot hand, a space for the joint sensor is a large
restriction for designing the structure, and the sensor is exposed to noise by the actuator. Therefore, it
is required that the sensing information is obtained at a point distant from the joint as well as contact point.

The authors have adopted McKibben pneumatic actuators [17,18] for realizing the compliant joint,
and they have proposed a method to obtain an end effector force and deformed angle by applied force
without a force sensor and joint sensor by utilized the passivity of the actuator, wherein the inner
pressure of the actuator changes passively according to the deformation of the actuator owing to the
applied force [19]. In [19], Takuma et al. studied a one-degree-of-freedom joint mechanism driven by
two pneumatic actuators, and they derived the relationship between the magnitude of the force applied
perpendicularly to the link and the pressures before and after the force was applied. They also derived
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the relationship between the joint angle and the pressures. Utilizing this approach, the multi-modal
information can be obtained by using only one type of sensor as a pressure sensor, and because the
sensor is located at a point distant from the contact point and the joint, this method can be sustainable
for daily-use in robots that must be durable and robust. However, the direction of the force in [19] is
limited to the perpendicular direction because a force parallel to the link does not rotate the joint, and
therefore, this force does not contribute to the deformation of the actuator. Therefore, in order to obtain
the magnitude of the applied force and the consequent displacement of the joint angle, the direction of
the force should be known or measured.

In this work, we employ a two-degrees-of-freedom (2-DoF) joint mechanism driven by four
pneumatic actuators. For 2-DoF joint mechanism, the joints (at least one joint) are rotated passively
even though the direction of the force is parallel to the top link. We derive the relationship between the
contact information, including the magnitude of the force perpendicular and parallel to the link and the
angles of the joint, and pressures of the four pneumatic actuators. In this paper, conditions relative to
2-DoF joint mechanism driven by pneumatic actuators, such as geometrical constraints, equilibrium
condition of the applied force and the restoring force of the actuator, typical properties of a McKibben
pneumatic actuator, and Boyle’s law are adopted. Subsequently, we explain how we utilize such
conditions to derive the relationship between the contact information and the actuator pressures. For
the evaluation of the derived equations, a physical 2-DoF joint mechanism is developed, and the
accuracy of the derived relationship is verified by comparing the calculated and observed forces and
angles. We also demonstrate an application in which various kinds of materials are categorized based
on their stiffness upon bringing the materials in contact with the joint mechanism from arbitrary direction.

2. Relationship between the Contact Information and the Pressure
2.1. Passivity of the Pneumatic Actuator

Figure la shows the McKibben pneumatic actuator. The actuator is constructed using a rubber
balloon covered by a nylon sleeve. Upon supplying compressed air to the balloon, the actuator expands
radially and contracts longitudinally. Figure 1b—d shows the physical characteristics of a certain
pneumatic actuator used in the experiments. Although the characteristics of the actuators used in the
experiments are different from each other, such differences can be compensated by using a stochastic
method explained in Section 3. Figure 1b shows the relationship between the pressure and the natural
length, which corresponds to the length of the actuator without payload. Each length is measured three
times at each pressure value. As shown in the figure, the natural length depends on the pressure, and
the results are similar for the same pressure value. Since the actuator has the property of elasticity, the
actuator extends passively according to the magnitude of the external force. Compared with an air
cylinder made from metallic components, the McKibben pneumatic actuator is very lightweight,
making it a powerful candidate for the compliant joint mechanism in the robot. Although a pneumatic
actuator, including the McKibben pneumatic actuator, is expected to be used for a wide range of
application [20,21], it is difficult to obtain a precise relationship between the contact information and
the pressure because of the friction of the nylon sleeve [22]. For example, in the case of the air cylinder,
the relationship between the force f and the pressure P can be expressed as f = PS where S is the
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cross-sectional area of the cylinder and is constant value. However, both length and cross section of
the McKibben pneumatic actuator change simultaneously when it is extended or compressed.
Therefore, it is more difficult to obtain the relationship between the length of the McKibben actuator
and the force when it is extended than the case of the air cylinder.

Figure 1. McKibben pneumatic actuator. (a) McKibben pneumatic actuators with air
(upper) and without air (bottom); (b) relationship between pressure and natural length;
(c) relationship between extended length and magnitude of the force; (d) relationship
between the external force and the inner pressure.
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There are some nonlinear models concerned with a relationship between the tension force and the
extended length of the McKibben pneumatic actuator ([17,23] for example). Because the range of the
extended length in this work is small, this paper attempts to adopt a simple linear model. Figure 1c
shows the relationship between the tension force (vertical axis) and the extended length (horizontal
axis) for an inner pressure or 0.33 MPa. For each value of the force, the extended length is measured
three times. As shown in the figure, the relationship between the length and the force can be
approximated as a linear spring model because of small range of extended length. Therefore, after
modifying the second-order nonlinear model in [23], we adopt the simple linear model as

f = kPA (1)

where Kk is a constant value, P is the pressure, and 4/ is the extended length. Note that the coefficient of
the spring model contains the inner pressure of the actuator, P.

As explained above, the McKibben pneumatic actuator is extended by the tension force.
The actuator has an interesting characteristic that the inner pressure changes without more air being
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supplied to or removed from it when an external force is applied. Figure 1d shows the relationship
between the magnitude of the external force and the inner pressure. Before applying the force,
compressed air is supplied to the actuator, and forces of various magnitudes are subsequently applied.
Consequently, the length of the actuator changes according to the external force. Assuming that the
temperature of the actuator does not change before or after the force is applied, the pressure is
expected to change in accordance with Boyle’s law. This means that the external force and the length
can be estimated based on the inner pressure.

2.2. Contact Information Using Actuator Pressures

We adopt the 2-DoF joint model driven by four antagonistic actuators in our study. Figure 2 shows
the joint positions before and after the force is applied. Using the 2-DoF model, the relationship
between the contact information, including the external force components Fyx and Fy and the joint
angles 0; or 0,, and the pressures is determined by utilizing conditions such as geometrical constraints,
equilibrium conditions of the applied force and restoring force of the actuator, and typical
characteristics of the McKibben pneumatic actuator as follows. Firstly, the relationships between the
angles and the extended length of the actuator are derived in addition to the relationships between the
applied force and the extended length. Secondly, after deriving the relationship between the extended
length and the pressure, the relationship between the contact information including the angles and
forces and the pressure is derived.

Figure 2. 2-DoF joint model before and after the force is applied. (a) before the external
force is applied; (b) after the external force is applied.
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2.2.1. Joint Angle Using Extended Length

As shown in the left panel in Figure 2, each actuator pressure is denoted as Pijo. The subscript
i denotes the left or right actuator, where i = L for the left-side actuator, and i = R for the right-side
actuator. The subscript j denotes the left or right actuator at the side position, where j = 1 for the
outside actuator whose tendon wire is attached at a bottom moment arm, and j = 2 for the inside
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actuator whose tendon wire is attached at an upper moment arm through a bottom moment arm. The
parameters hy, hy, and h; denote the lengths from the baseline to the bottom joint, from the bottom joint
to the upper joint, and from the upper joint to the contact point, respectively. Before the force is
applied, the lengths of the actuators are expressed as

Isil + IilO = Isil + Ini1 + AIi10 = hl
o + 1z =g, + 15, + Al =h, +h,

where Ig; is the tendon wire length, ly; is the natural length, and 4l is the extended length such that
total length of lgj, i, and Al is equals to hy or hy + h,. The tendon wires are made of non-extensible
material, and so they have a higher back-drivability that transmits the force to the actuator. After the
force is applied as shown in the right panel of Figure 2, the lengths of the actuators change by 4/;;. The
geometrical conditions of the actuators are expressed as

(h +Al,,)* = (h +1,sin0,)* +(r, — 1, cos0,)’ 2)
(h,+Al,)* = (h —r,sin®,)* +(r, — 1, cos0,)’ (3)
(h, +Aly,)? = (h, +r1,8in0,)* +(r, — 1, c0s6,)* (4)
(h, +Al,)? = (h —r,sin0,)* +(r, —r, cosO,)? (5)
(h, +(Aly, — Al,,))* = (h, +1,in0,)? +(r, — 1, c0s0,)? (6)
(h, + (Al , — Al ,))? = (h, —1,sin0,)* +(r, — 1, c0s0,) ©)

where r; and r, denote the length of the upper or bottom moment arm between each of the joints and
the attachment point of the outside actuator and inside actuator, respectively. 4/j is the extended length
of the actuator after the force is applied (see Figure 3). Al g1 and Alrey are the extended lengths
corresponding to the joint angle 6;.

Figure 3. Natural and extended length of the actuator.
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By subtracting Equation (3) from Equation (2), we obtain the joint angle 6, as
h?+2h Al + AR —(h?—2hAl , +Al %) =4hr sind, (8)
Because 41, is negligible compared with 471, Equation (8) is approximated as

(1
0, =sin {E(AIRﬁAIu)j )

1
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By subtracting Equation (5) from Equation (4), 0, is also expressed using Alre; and Al ¢ as
a1
6, =sin 1(2_ (Algg, +A|L91)J (20)
r2

From Equations (9) and (10),
R(Algg + Al ) =1, (Alg, +Al ) (11)

By subtracting Equation (7) from Equation (6), the joint angle 6, is obtained as

1
0, = [E (—(Al gy +Aly,) + Al +AIR2)j (12)

2
considering that (Alij‘Aligj)z is negligible compared with (4/-4li;). From Equations (11) and (12),
the rotated angle 0, is then expressed as

1 1
0, :(_Z_H(AILl"'AIRl)"‘;(AILz +AIRZ)J (13)

2

2.2.2. Applied Force Using Extended Length

From the principle of virtual work, the external force F is expressed as follows:
F=0""t (14)

where F denotes the applied force given by F = (FX,Fy)T, and 7 denotes the joint torques given by
t = (r,72)" as shown in Figure 2. The matrix J denotes the Jacobian matrix for the 2-DoF joint.
Considering that the position of the contact point (x,y) is expressed as (x,y)" = (—hsin6;—sin(61+6-),
hy + hacos(01+62))", the Jacobian matrix is given by:

;. (—hz cos0, —h, cos(0, +0,) —h, cos(0, + ez)j
—h, sin®, —h3sin(6, +6,) —h,sin(6,+6,)

As shown in Figure 2, the bottom joint, whose angle is denoted as 0, is driven by four actuators.
The top joint, whose angle is denoted as 6., is driven by two actuators. In order to derive the joint
torques 7; and ,, torques by a single actuator at each joint are expressed first. Considering that the
forces f, and fro, as shown in Figure 2, are transferred via pulley at a bottom moment arm whose angle
is denoted as 0y, the joint torques by a single force f_, or fi, (see Figure 4) is expressed as:

Ty = fia6 c0s6, (15)

T, = f I, cos6, — f ,r, cosb, (16)

T, 11 = fiorp C0SH, a7
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Figure 4. Joint torques by the single forces f_ 1 and fi».
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Note that the second term on right side of Equation (16) is a reaction force of 1, 1. Similarly, the
torques t1 r1, T 1 r2, and T2 g2 are expressed by the single forces fr; and fro. From these equations,
considering that the directions of the torque by the force fr; and fr, are opposite to the torques by
fLi and fio, joint torques 11 = 11 11+ 11 12 + T1 R + T2 Rz @NA T2 = T2 12 + T2 R Are expressed as:

_ rl( f|_1 - le)
9_6("2(]12_ fRz)j (18)

where
o cos6, cos6,—coso,
Lo cos0, (19)
From Equation (1), the restoring forces of the actuators are expressed as:
fi =k Py (Aly +Aly,) (20)

where k;j is a positive constant. From the left panel of Figure 2, the equilibrium equation before the
force is applied is expressed as follows:

kRj PRjOAI RiO — ij P|_joAI Ljo (21)

Using Equations (14), (18) and (20), the force is expressed as:

_ ( rl(kLlle(AlLl + AILlo) - lepRl(AIRl + AIRlO)) j

= 22
L (KR (Al + Al ) =Ky Pry (Alg, + Algy) 22)

2.2.3. Extended Length Using Pressures

In order to derive the extended length 4/;, the condition of McKibben actuator is adopted. From
Boyle’s law, the relationship between the initial pressure Pjjo and the final pressure Pj; is expressed as

PioSiiolijo = P; S (I + Al;;) (23)
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The cross-sectional areas of the actuators before and after the force is applied (Sijj and S;j) are
expressed as:

1
Sijo = Zﬂdijo2 (24)
1
S =y (25)
As shown in Figure 5, the diameters of the actuator are subsequently expressed as
I
2 ij ijo
djo” = NE (26)
L2 = (ljo +Al,)
di_2 _ ij ijo ij
| — (27)

where nj; is the number of turns of the fiber.
By substituting Equations (24-27) into Equation (23), it is rewritten as:

PijO(IijOLij2 _Iijos) = (Iuol—u + L AI (I|j03 +3Iij02A|ij +3IijOA|ij2 +A|ij3)) (28)
Because 4/;” and 4Z;* are much smaller than A1;, Al is derived from Equation (28) as:
3
Al = IijOLIJ _IUO Tijo IJOLIj IJO :B" (i_ J (29)
] 2 2 2 1j
Lij _3Iij0 Pu ij 3|ij0 Pij
where
2
B" — IIJOLIJ IIJO
: Lij 3Iijo2

Note that B is determined by the characteristics of the actuator, and does not depend on the pressure.

Figure 5. Fiber of the nylon sleeve.
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2.2.4. Contact Information Using Pressures

Using Equation (29), the joint angles 6, and 6, and forces F, and F, can be expressed by the
pressures. From Equations (9) and (29), the equilibrium angle 6, is expressed as:

0, —Sm_l(BaLl(FI; J Bam( quo _1j] (30)

From Equations (13) and (29), the equilibrium angle 6, is expressed as:
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1

1 1 1
Beu = Z_EBLU BeRl = Z_rle’ BeLz = Z_I’ZBLZ’ BGRZ = 2_I’ZBR2

where

These equations indicate that the angles can be expressed in terms of the ratio of the pressures Pijjo
and Pj;. Further, the By; coefficients account for the length of the fiber of the actuator and the length of
the actuator before the force is applied.

Using Equations (21), (22) and (29), the force can be expressed by the pressures as:

F — (J 71)T ®£ rlkLl(BLl _AIL]_O) _rlle(BRl _AIRlo) O O JAP
0 0 rk,(B,—Al,) —hHKe(Br,—Alzy)

where

I:)LlO

PRlO R
PLZO - PL2
PRZO - PRZ

Pl
P
AP

Therefore, forces F, and Fy are expressed by using pressures such as
Fx = :BFl jll* cos ‘91(P|_10 - PLl) + ﬂFZ j11* cos el(PRlO - PRl) + ﬂFs j11* (COS ‘91 —COos 02)(PL20 - PLZ)

- * - * - * 32
+,BF4 Ju (Cosel —Cos 92)(PR20 - PRZ) + ﬂFS Ji, COS 02(PL20 - PLZ) +ﬂps ), COS HZ(PRZO - PRZ) ( )
Fy = ﬂFl j21* COS‘%(PLlo - PLl) +ﬂF2 j21* Cosel(PRlo - PRl) +ﬂF3j21*(C0501 —COos 92)(P|_20 - PLZ) (33)
+ﬂ|:4 j21 (C0591 —Cos ‘92)(PR20 - PRz) +:BFS jzz Cos ez(PLzo - PLZ) + ﬁFG j22 cos ‘92(PR20 - PRZ)
where
and

BFl = r1k|.1(B|_1 _AILlO) ) ﬁFZ = _rlkm(BRl _AIRlO) ) BF3 = r2kL2(BL2 _AILZO)
BF4 = _rszz (BRZ _AIRZO) ) BFS = r2kL2(BL2 _AILZO) ) BFG = _rszz (BRZ _AIRZO)

These equations indicate that the magnitude of the applied force F can be expressed in terms of the
product of the triangular function derived from the Jacobian matrix, determined from the difference
between the directions of the force and each moment arm, and the difference in the pressure, Pjjo-Pij;,
before and after the force was applied. Note that the coefficients Bri-Brs and Pejj are not correlated with
the pressure, but rather with characteristics of the actuator, such as the spring coefficients kjj and the
length of the actuator before the force is applied. However, it is difficult to obtain these physical
parameters, and therefore, it is difficult to obtain the coefficients.
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3. Experiments
3.1. Developed 2-DoF Joint Mechanism

For the evaluation of the relationship between the contact information including the magnitudes of
the force components F,, F, and the joint angles 01, 6,, we developed a physical 2-DoF joint
mechanism. We confirmed the accuracy of the derived equations by comparing the calculated and
observed contact information. Figure 6a shows the developed 2-DoF test bed with a height of 0.590 m.
The length of the upper and bottom moment arms r; and r are 0.075 m and 0.035 m, respectively. The
heights h;, hy, and hs are 0.355, 0.130, and 0.065 m, respectively. As a single type of sensing
information, the pressure is measured by pressure sensors (SMC PSE530) that are located between the
actuator and the air valve, and the sensing signals are sent to a PC (OS:Ubuntu) via a controller
(iXs Research iMCs03). Note that the pressure sensors need not be attached to the contact point or the
joint; they can be attached at arbitrary positions between the actuator and the valve. In order to
evaluate the accuracy of the joint angle calculations, the actual joint angles are measured using a
potentiometer (COPAL ELECTRONICS JC22E2K).

Figure 6. Developed 2-DoF joint mechanism and experimental setup. (a) developed 2DoF
test bed; (b) experimental setup.
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3.2. Experimental Setup

The forces and the angles can be calculated using Equations (30-33). However, as explained in the
previous section, it is difficult to obtain the coefficients Be; and BriPrs in these equations.
In addition, physical parameters such as kj; in Equations (32) and (33) are different from each other as
mentioned in Section 1 because the elements of the actuator, such as length, are different. Therefore,
we first estimate the coefficients using the method of least squares.

The procedure for obtaining the contact information and the corresponding pressure data is as follows:

« Supplying compressed air. Compressed air is supplied to the actuators. The pressures Pjo are
measured by the pressure sensor;

« Applying an external force. The force F is applied to the contact point. In order to apply forces
of various magnitudes and directions, a weight is suspended from a movable pulley, as shown
in Figure 6b. The direction of the force is varied by moving the pulley;
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« Measuring contact information and pressure; After a certain interval of time subsequent to
applying a force, the joint mechanism adopts an equilibrium posture. The angles 61, 6, the
forces Fy, Fy, and the pressures Pj; are subsequently recorded.

In order to obtain the coefficients, 90 sets of contact information including 61, 82, Fy, Fy, Pjjo, and Pj;
are measured. Because of construction issues in the experimental setup, the ranges of the measured
angles for 6, and 0, and the measured forces F, and Fy are different. Because the coefficients are
largely influenced by the measured ranges for the method of least squares, we set different coefficients
for each angle and force, i.e., Bor1 and Porrs for 01; Poar1, Pozris Pozrz, and Pozrz for 02; Brxa-Prxs for Fy;
and Bry1-Prys for Fy from Equations (30)—(33) as

. R P
6, =sin l(BHlLl [%_])"'Balm( Fzzlo _JJJ (34)
L1 RL
. P P R P
6, =sin I[Bezu [%_]}Jrﬁezm (%_1}439&2 (%‘Q‘BGZM( Fzzzo _1B (35)
L1 R L2 R2

Fx = BFxl j11* Ccos el(PLlo - PLl) + Bsz j11* cos el(PRlo - PRl) + BFx3 j11* (COS e1 - Cosez)(PLzo - PLZ)
+BF><4 j11* (COS 91 —Cos 92)(PR20 - PRZ) + BFXS jlz* cos 62 (PLZO - PLZ) + Ber jlz* Ccos 02 (PRZO - PRZ)
Fy = BFyl jz; cos el(PLlo - PLl) + BFyZ jZl* Cosel(PRlo - PRl) + BFyS jZl*(COS el —Cos 62)(PL20 - PLZ)
+BFy4 j21* (COS el —C0s 62)(PR20 - PRZ) + BFyS jzz* COS@Z (PLzo - PLZ) + BFyG jzz* Cos e2 (PRZO - PRZ)
After estimating the coefficients, another 18 sets of observed data are recorded to evaluate the
accuracy of the obtained multiple regression equations.

(36)

(37)

3.3. Result

By using the method of least squares, the coefficients are estimated as: Bg1 1 = 0.136, Perr1 = —1.587,
Bez|_1 = 1359, Bele = 1094, BQQLQ = 0766, Beng = —2972, BFxl = —75906, Bpxz = —5538,
Brxs = —2201.033, Brwa = —131.738, PBrs = 1.545, Brs = —21.865, PBry1 = 1.309, Brp = —75.973,
Brys = —642.995, Brys = —393.750, Brys = 1.196, PBrys = —21.697. From another 18 observed data sets,
the accuracy of the contact information is confirmed by comparing the calculated and observed values
as shown in Figure 7. In Figure 7a,b, the horizontal axis represents the observed angle values, and the
vertical axis represents the calculated angle using Equations (34) and (35). In Figure 7c,d, the
horizontal axis represents the observed force, and the vertical axis represents the calculated force using
Equations (36) and (37). The diagonal line in these figures indicates the set of points for which the
observed data match the calculated data. As shown in the figures, most of the data points are observed
near the diagonal line, and we can see that the contact information including angles and forces can be
accurately calculated by using the inner pressures of the pneumatic actuators.
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Figure 7. Accuracy of contact information. (a) angle 61; (b) angle 6,; (c)force Fy; (d) force F.
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4. Application

As an application to demonstrate the accuracy of the estimated contact information, this paper
shows that the compliance of some types of materials can be categorized by pushing the object as
shown in Figure 8a. In the first half of this section, we show that the stiffness of a given object can be
calculated even if the direction of push relative to the joint mechanism is unknown. In this study, we
used cylindrically shaped objects such as polyethylene terephthalate (PET) bottles and drinking cans.
Figure 8b shows the position of the joint mechanism before and after the object is pushed. As shown in
the figure, we adopt a simple 2-D cylindrical model that has a radial arrangement of springs. Before
the object is pushed, it is set such that it just makes contact with the contact point. In this situation, the
coordinates of the center of the object are given by O1(R,h,+hs)" , where R denotes the radius of the
object. When the object is pushed, the center of the object is moved from O; to Ox(Xo,Yo)', and the
direction of the force owing to the spring corresponds with the vector from O, to the contact point
C(Xe, yo)'. Consequently, the stiffness of the object k, is defined as
_IF]

AX

k

o]

(38)
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where |F| denotes the magnitude of the force given by |F| :(Fx2+Fy2)_l/2 , and 4x denotes the distance
of deformation of the object (see Figure 8b). When the object is pushed along any arbitrary direction ¢
for a known distance d, the coordinates of the center of the object O, can be expressed as:

X,| ( R-dcose
y. )" \h, +h,—dsing (39)
Figure 8. Position of the object and the joint mechanism before/after the object is pushed.

(a) posture change before and after the object is pushed; (b) geometrical position of the
object and joint mechanism.
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The coordinates of the contact point C are given by
X, | _(—h,sin6, —hysin(6, +6,)
y. )\ h,cos6, +h,cos(6, +6,)
Note that the coordinates of C can be estimated using pressures P2, Pro, PL1, and Pkgs.
Let the vector e be the normal vector of the link at which the force is applied such that

e = (—cos (01+6,), —sin(01+65))", and therefore, the angle O between the vector e and the direction of
the force O,C can be expressed as

e-0,C

ng_ =——=—— 40
" lelloC| (40)

The angle O is also acquired by using the estimated force Fy and Fy as
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O =tan™ — (41)

From Equations (40) and (41), the direction ¢ can be numerically calculated. By using ¢, the
coordinates of O, can be calculated using Equation (40). Therefore, the distance of deformation of the
object 4x can be calculated as

Ax=R-|O,C|

By using Equations (38) and (42), and the estimated force F, the stiffness of the object can be
calculated. In the experiment, six objects made of three materials are chosen (three plastic bottles, two
aluminum cans, and one steel can). In this experiment, we let the position of the object, i.e., O, be
known. The stiffness is subsequently calculated from Equations (38) and (42). From the inner
pressures of the actuator before and after the object has been pushed, the stiffness of the object is
obtained. Each of the selected objects is pushed, the stiffness in each case is calculated several times,
and the variation in the calculated stiffness is observed. Figure 9 shows a plot of the stiffness
calculated for each sample. The horizontal axis indicates the type of sample object, and the vertical
axis represents the calculated softness of the object. For each object, contact information is measured
ten times. The stiffness values in the figure indicate that the stiffness of an object can be categorized
based on the measured pressures.

Figure 9. Acquired softness of the sample objects.
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5. Conclusions

In this study, in order to acquire varied contact information by using a single type of sensor for
a durable joint mechanism used in robots, we focused on the passivity of a pneumatic actuator wherein
the pressure of the actuator changes passively owing to the applied force. We employed a 2-DoF joint
mechanism driven by McKibben pneumatic actuators, and we aimed at obtaining contact information
including the magnitude and direction of the applied force and the joint angles by using the pressures
in the actuators. Because the sensors used to measure the pressures need not to be set at the contact
point and the joint, it is possible to obtain sensor durability, thereby avoiding sensor damage due to
excessive magnitude of force or iterative contact, which is the case in conventional joint mechanisms.
Because only one type of sensor as pressure sensor is required to obtain the contact information, such
multi-modal information can be obtained by a simple device system. In order to obtain the relationship
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between the contact information and the pressures, we constructed a 2-DoF joint model and imposed
certain conditions. Using the model and conditions, we found that the joint angles can be expressed via
multiple regression equations involving the ratio of the pressures before and after the force is applied.
We also found that the applied forces can be expressed via multiple regression equations involving the
product of the triangular function derived from the Jacobian matrix, which was determined from the
difference between the directions of the force and each moment arm, and difference in the pressure
before and after the force is applied.

In order to evaluate the regression models, we performed experiments using a physical 2-DoF joint
mechanism. Before conducing the experiments, we estimated the coefficients in the regression
equations mentioned above by using the least squares method, because it is very difficult to obtain
certain physical values represented by the coefficients. By using the estimated coefficients, we found
that the angles of two joints and the forces perpendicular and parallel to the link could be calculated
accurately. In terms of application, three types of materials were categorized by pushing objects made
of these materials with the 2-DoF joint mechanism through a certain distance in an arbitrary direction.

There are some applications on this joint mechanism. One of the remarkable characteristics of the
McKibben pneumatic actuator is that the viscoelasticity can be changed by tuning the inner pressure.
The joint mechanism in this paper is driven by antagonistic pneumatic actuators, and then the stiffness
of the joint can be changed by tuning the inner pressure of the actuators. For example, in [5], the
bipedal robot driven by antagonistic pneumatic actuators obtained multiple types of locomotion such
as walking and jumping by tuning the inner pressure of the actuators. The joint mechanism in this
paper will be able to estimate a wider range of the softness of the object as explained in Section 4 by
tuning its joint stiffness. For example, when the joint mechanism touches a soft material, the joint
stiffness is set lower in response to the softness of the object in order to avoid the damage of the object
while pushing.
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