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Abstract—This paper proposes an accurate force reflection method for a multi-d.o.f. haptic interface without a force sensor. Sensorless force reflection is possible using position–position (p–p) architecture. However, the conventional p–p architecture in the literature has limitations representing constraint space when it is applied to a multi-d.o.f. haptic interface in that it gives an inaccurate force direction. This paper demonstrates the limitation of the conventional p–p architecture through an example and proposes a novel force reflection method using the instantaneous restriction space (IRS) concept. The IRS can be calculated using the Jacobian and joint angle error of a slave manipulator. Since the proposed method has the form of an impedance two-port architecture in the sense of data flow, it can be easily combined with previous well-known results of two-port haptic display frameworks. The proposed method is especially useful when the slave manipulator collides with unexpected obstacles during motion, even though the slave does not have a force sensor. The performance of the proposed method is evaluated through experiments. Keywords: Haptic display; restriction space; kinematic dissimilarity; multi-d.o.f. haptic interface.
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1. INTRODUCTION



The objective of a haptic interface is to provide a human operator with the presence of the environment in a remote site (virtual reality). In recent decades, researchers have demonstrated the stability and transparency of haptic interfaces to increase the presence. However, the structures of haptic interfaces are little changed from position–position (p–p) architecture, position–force (p–f) architecture and their combinations such as general four-channel architecture. Hannaford used a twoport network model (p–f architecture) design framework in which the operator ∗ To
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commands the position, and the interaction force between the slave manipulator and the environment is reflected to the operator [1]. Anderson and Spong introduced passivity theory and the concept of the scattering matrix to overcome the stability problems resulting from the time delay in p–f architecture [2]. Lawrence defined transparency as a performance index to match the environment impedance and the impedance perceived by the human, and proved that all four information channels are required for high levels of transparency [3]. Yokokohji and Yoshikawa defined a performance index of maneuverability which quantified how well the transfer functions from operator force to master and slave positions and forces match in p–f architecture [4]. Colgate and Brown suggested the achievable impedance range, Z-width, as a measure of performance in sampled data systems in p–f architecture [5]. Adams and Hannaford applied virtual coupling to two-port impedance (p–f) and admittance (f–p) interfaces so as to find the Z-width to satisfy unconditional stability [6]. Hannaford and Ryu developed a passivity observer and passivity controller for a two-port network, p–f architecture, so as to increase the performance whilst maintaining stability [7]. Imaida demonstrated ground-space bilateral teleoperation under 7 s time delay using p–p architecture [8]. Cavusoglu compared p–p architecture and p–f architecture quantitatively using the defined performance index of fidelity [9]. Among the many above structures, p–f architecture has been normally used to give force reflection to the human operator. However, when the slave manipulator collides with unexpected obstacles and the force sensor cannot detect the obstacle, as in Fig. 1b, p–f architecture has a serious problem displaying the constraint force caused by the obstacle. This can happen during operation in unstructured environments like underwater manipulation, surgical operation and moving obstacles. For this typical p–f architecture, when the force sensor detects the obstacle, p–f architecture will work well (Fig. 1a). On the other hand, a serious problem occurs in Fig. 1b. In spite of the obstruction at the first link of the slave manipulator, there is no force reflection so that a human operator can still move the master device without any kinesthetic sensation. In this situation, the position-matching method in p–p architecture has some advantages to display the constraints since it is burdensome to distribute many force sensors at the slave side to detect every possible constraint. This problem can be handled by using general four-channel architecture. Figure 2 shows the master side of the conventional four-channel architecture which includes p–p and p–f architecture simultaneously. In Fig. 2, Fh is the human force command, Pm is the master device, Km is the position-tracking controller, xm is the position of the master device, xs is the position of the slave manipulator, Fe is the interaction force transmitted from the force sensor at the slave side and Fp is the reflecting force generated by the position-tracking controller. Fp and Fe are combined into FR so that a human operator feels FR and the dynamics of the master device. Although the problem in the p–f architecture in Fig. 1(b) can be avoided with the use of p–p architecture, conventional p–p architecture is applicable only when the haptic interface consists of a single-d.o.f. master/slave interface or kinematically
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Figure 1. Impedance two-port haptic interface: (a) when a force sensor detects interaction force and (b) when a force sensor does not detect interaction force.
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Figure 2. Four-channel architecture at the master side.



D



equivalent multi-d.o.f. master/slave interface. In other words, if a multi-d.o.f. haptic interface is kinematically dissimilar, this conventional position-matching method in p–p architecture will give the wrong information, as will be shown later. We propose a novel concept of instantaneous restriction space (IRS) without a force sensor. The motion of the slave manipulator is constrained by the restriction space created by the obstacle at the slave side. The constraints at the slave side make the restriction space interrupt the motion of the slave manipulator. The IRS can be calculated using the Jacobian and position-tracking error of the slave manipulator. Section 2 introduces a motivating example to show that the conventional p–p architecture cannot generate accurate direction of force reflection when the master device and the slave manipulator are kinematically dissimilar. In Section 3, the concept of IRS is introduced and classified by the source of constraints. The implementation of the proposed haptic interface thorough the restriction space
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projection (RSP) method is explained. In Section 4, experimental results show how RSP architecture is powerful to represent restriction space at the slave side to a human operator compared to the conventional force reflection method using position matching in p–p architecture. The conclusion follows in Section 5.



2. MOTIVATION



CO



PY



This section shows the limitation of conventional p–p architecture when the master device and slave manipulator are kinematically dissimilar, and an obstacle constrains the motion of the slave manipulator. We assume that the constraint cannot be detected by the force sensor so that the reflecting force is generated only by p–p architecture, i.e., Fp = 0 and Fe = 0 in Fig. 2. The kinematic dissimilarity is defined in the following definition when Jacobian of the master device, Jm : q˙ m ∈ R m → x˙ m ∈ R r and the Jacobian of the slave manipulator, Js : q˙ s ∈ R n → x˙ s ∈ R r , where qm and qs are the joint angles of the master and slave manipulator in the joint spaces, R m and R n , respectively. xm and xs are the position of the master and slave manipulator in the task space, R r .
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D EFINITION 1. A kinematic dissimilar haptic interface with the same d.o.f.: Jm = Js and m = n (e.g., Fig. 3a).



(a)
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D EFINITION 2. A kinematic dissimilar haptic interface with different d.o.f.:  Js and m = n (e.g., Fig. 3b). Jm =



(b) Figure 3. (a) A kinematic dissimilar haptic interface with the same d.o.f. (b) A kinematic dissimilar haptic interface with different d.o.f.
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Figure 4. Constrained condition by an obstacle which is not detectable with a force sensor using p–p architecture.
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Figure 4 shows a kinematically dissimilar 2-d.o.f. haptic interface in which the first joint of the slave manipulator is constrained by an obstacle. xm and xs are the positions of the master device and the slave manipulator, respectively. qm1 and qm2 are the lengths of the first and the second translational joint of the master device. qs1 and qs2 are the first and the second revolute joint angles of the slave manipulator. l1 and l2 are the lengths of the first and the second link of the slave manipulator. Initially, the position of the master device and the position of the slave manipulator are equivalent, i.e., xm (0) = xs (0). For the conventional p–p architecture, when a human operator tries to move the master device from xm to xd , the master receives reflection of the interaction force through the position-tracking controller according to the following typical force reflection procedure as shown in Fig. 5. (i) A new desired position caused by the variation of master device, xd , is transferred to the slave manipulator. (ii) The local position-tracking controller at the slave side generates control input to the slave manipulator. (iii) The position of the slave manipulator, xs (t), does not converge to the desired position, xd , by the obstacle. (iv) The actual position of the slave manipulator, xs (t), is transferred to the master device. (v) The master device reflects the force comparing the position error: FR = Km (xs (t) − xd ).



(1)



In Fig. 4, if qs1 = 0, qs2 = 90◦ , the motion in the positive y-direction is constrained by an obstacle. Therefore, if a human operator tries to move the master device in the positive y-direction, i.e. xd = [0, δy]T , the reflecting force in the negative y-direction should be generated in order to represent the collision accurately at the slave side. However, in conventional p–p architecture, as shown in (1), the direction of the reflecting force, FR , is changed by the relative direction between xs (t) and xd as well as Km . Moreover, since xs (t) is determined by
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Figure 5. Typical force reflection procedure in the constrained condition by an obstacle using p–p architecture.
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the dynamics of the slave manipulator, environment and local position-tracking controller, it cannot be guaranteed that the direction of the reflecting force represents the accurate direction of the constraint at the slave side, i.e. positive y-direction. The following example shows that a wrong direction of the reflecting force can be generated in conventional p–p architecture. This example is verified by experimental results in Section 4. The Jacobian of the 2-d.o.f. slave manipulator can be expressed as:
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Js = ∂xs /∂qs   −l1 sin q1 − l2 sin(q1 + q2 ) −l2 sin(q1 + q2 ) = . l2 cos(q1 + q2 ) l1 cos q1 + l2 cos(q1 + q2 )
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Then the desired angle variation, δqd , is calculated as:   δqd1 δqd = = J−1 δx δqd2    1 l2 cos(q1 + q2 ) l2 sin(q1 + q2 ) δx = , C2 C1 δy l1 l2 sin q2



(2)



(3)
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where:



C1 = −l1 cos q1 − l2 cos(q1 + q2 ), C2 = l2 sin q1 − l2 sin(q1 + q2 ).



If the position-tracking controller at the slave manipulator is well tuned, the second joint angle, q2 (t), converges into the desired angle, q2 (0) + δqd2 . However, the motion of the first joint is constrained by the obstacle. Then the actual angle after control becomes qs (0) + [0, δqd2 ]T . The actual position of the slave manipulator can be calculated as:     0 x xs (t) = xs (0) + Js = s1 , (4) xs2 δqd2
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Figure 6. Wrong constraint space a human operator can imagine comparing their desired motion and the reflecting force generated by position matching in conventional p–p architecture.



where:



sin(q1 + q2 )  {−l1 cos q1 − l2 cos(q1 + q2 )}δx l1 sin q2  + {−l1 sin q1 − l2 sin(q1 + q2 )}δy , cos(q1 + q2 )  {−l1 cos q1 − l2 cos(q1 + q2 )}δx xs2 = − l1 sin q2  + {−l1 sin q1 − l2 sin(q1 + q2 )}δy .
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If the joint angles of the slave manipulator are q1 = 0 and q2 = π/2 as shown in Fig. 4, then the reflecting force becomes:  l2  δy . (5) FR = K(xs − xd ) = K l1 −δy
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We can notice that FR has the magnitude of the x-direction in (5). However, if we see the pose of the slave manipulator, the obstacle constrains its motion only in the y-direction, ‘instantaneously’. Therefore, the element of the first row in (5) should be zero. This problem comes from the application of the conventional p–p architecture, position matching between the master device and slave manipulator, into a kinematically dissimilar multi-d.o.f. interface without rigorous analysis. This force reflection strategy using the conventional p–p architecture induces the human operator to misunderstand the situation at the slave side as shown in Fig. 6. In the next section, we propose an accurate force reflection method for a multi-d.o.f. haptic interface to solve the above-mentioned problems caused by the position-matching method in kinematic dissimilarity in a haptic interface using the new concept, i.e., IRS.



3. HAPTIC DISPLAY USING IRS



In the previous p–p and p–f architectures, the objective of a haptic interface is to transmit to each other state and interaction force at the master and the slave manipulator and to follow the opposite side’s position and force, i.e., position
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and force tracking control so that the tracking controller represents the interaction force. However, in Section 2 we showed that such simple matching methods cannot represent the accurate direction of constraints. On the other hand, the proposed method has a different strategy to generate the reflecting force. The source of the kinesthetic sensation comes from the constraints of the motion. In other words, we can feel nothing in empty space. Therefore, the role of the master device is not the tracking of the interaction force and position of the slave manipulator, but creating a restriction space for a human operator. If the master device can generate a restriction space which is identical to the restriction space at the slave side, then a human operator who interacts with a master device can feel the presence as if they are in the space at the slave side. This concept is the main idea of the proposed force reflection method using IRS. Figure 7 shows examples of IRS of the slave manipulator in a two-dimensional (2-D) x–y task space, x ∈ R 2 . In Fig. 7a, the slave manipulator is constrained in the x-direction by obstacles. Therefore, the slave manipulator can make a motion only in the y-direction and we call the y-direction as an instantaneous motion space (IMS). The complementary subspace of IMS is defined as the IRS [10]. Therefore, the x-direction in Fig. 7a is in IRS. In Fig. 7b, the positive x-direction is in IRS. Figure 7c shows that the positive direction of the first joint is constrained by an obstacle and IRS is created in the positive y-direction, instantaneously. Figure 7d shows that IRS is created by the insufficient d.o.f. of the slave manipulator compared to the dimension of the task space. In this case, although the task space is two-dimensional x–y space, the slave manipulator has 1 d.o.f. so that its motion space cannot span the whole task space. IMS is the normal direction of the link, the x-direction. In Fig. 7a–c, IRS is created by the exogenous constraints. In Fig. 7d, IRS is generated by insufficient d.o.f. compared to the task space. IRS can be classified into two groups, IRSG and IRSE , as follows. IRS: The complementary subspace of IMS.



Figure 7. Examples of instantaneous restriction space in 2-D x–y task space.
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IRS1 ∈ C(IMS1 )⊥ = C(I − Js J#s ) = C
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IRSG : IRS caused by insufficient d.o.f. IRSE : IRS caused by interaction with the environment. Now, we will explain how to detect IRS (Fig. 8a) and how to implement IRS in a haptic interface (Fig. 8b) through some examples. Let us suppose that the motion of a 2-d.o.f. manipulator is constrained by obstacles as shown in Fig. 9, then only the second joint can be moved. From (2), the second column of Js spans the motion space. Then IMS and IRS can be calculated as follows.   −l2 sin(q1 + q2 ) , (6) IMS1 ∈ C l2 cos(q1 + q2 )



(7)
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where Js is from (2), ⊥ means the orthogonal complementary subspace and J#s means the generalized inverse of Js . From (7), when the manipulator has the
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Figure 8. The procedure to create IRS on the human side.



Figure 9. IRS when the first joint of a 2-d.o.f. manipulator is constrained in 2-D x–y task space.
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pose in Fig. 9, i.e. q1 = 0 and q2 = π/2:   −1 IMS1 ∈ C , 0



  0 IRS1 ∈ C . 1



(8)



In the same manner, if the second joint of a 2-d.o.f. manipulator is constrained:   −l1 sin q1 − l2 sin(q1 + q2 ) , (9) IMS2 ∈ C l1 cos q1 + l2 cos(q1 + q2 ) and:
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 {l1 cos(q1 ) + l2 cos(q1 + q2 )}/m , IRS2 ∈ C {l1 sin(q1 ) + l2 sin(q1 + q2 )}/m



where:



(10)



If q1 = 0 and q2 = π/2: 







−l2 , IMS2 ∈ C l1
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m2 = (−l1 sin(q1 ) − l2 sin(q1 + q2 ))2 + (l1 cos(q1 ) + l2 cos(q1 + q2 ))2 . 



IRS2 ∈ C







l1 / l12 + l22  l2 / l12 + l22







.



(11)
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When an obstacle constrains the motion of a manipulator, it causes a jointtracking error between the desired and the actual joint angle. Therefore, using the combination of joint control error signals, IRS can be calculated. In order to detect IRS, the RSP matrix, R, is introduced as:



N



R : eq ∈ R n → FR ∈ IRS,



O



where eq is the joint control error, n is the dimension of joint space of the slave manipulator and FR is the reflecting force. R is defined as:  R = C([J2 , J3 , . . . , Jn ])⊥ , C([J1 , J3 , . . . , Jn ])⊥ , . . . ,  C([J1 , J2 , . . . , Jn−1 ])⊥ , (12)
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where J = [J1 J2 · · · Jn ] : q˙ ∈ R n → x˙ ∈ R r . For example, Fig. 10 shows IRSs when each joint is constrained. IRS1 and IRS2 are IRSs generated by constraint of the first joint and the second joint, respectively. From (8), (11) and (12):    0 l1 / l12 + l22  R= , (13) 1 l2 / l12 + l22 FR = R · [ eq1



eq2 ]T .



(14)



From a RSP matrix, R in (12) and joint control error signal, eq , IRS of a manipulator can be detected if its IRS consists of only IRSE . However, if IRS includes IRSG , we need more considerations to calculate IRS. If a 2-d.o.f. manipulator in Fig. 10
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Figure 10. IMSi , IRSi (i = 1, 2): IMS and IRS when the ith joint of a 2-d.o.f. manipulator is constrained.
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is operated in 3-d.o.f. task space, i.e. x–y–θ space, not 2-d.o.f. x–y space, then its Jacobian is represented as:   −l1 sin q1 − l2 sin(q1 + q2 ) −l2 sin(q1 + q2 ) (15) J = −l1 cos q1 + l2 cos(q1 + q2 ) l2 cos(q1 + q2 ) . 1 1
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If q1 = 0, q2 = π/2, l1 = l2 = 1, the IMS and IRS can be represented from (15):   −1 −1 IMSG ∈ C(J|q1 =0,q2 =π/2,l1 =l2 =1 ) = C , (16) 1 0 1 1 and
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  1 . IRSG ∈ R  C(J|q1 =0,q2 =π/2,l1 =l2 =1 ) = C 0 1



N



3



(17)



Figure 11 illustrates IMSG and IRSG in (16) and (17). Therefore, IRSG comes from the insufficient d.o.f. compared to the task space. It is defined as: (18)



O



IRSG ∈ R r  C(J)
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where J ∈ R r×n and n is the d.o.f. of the manipulator. From the above results, two RSP matrices can be defined to detect IRSG and IRSE . RSP matrices for IRSG and IRSE are represented as: RG : x ∈ R r → FRG ∈ IRSG RE : eq ∈ R n → FRE ∈ IRSE .



(19) (20)



RG and RE are calculated as: (21) RG = C(J)⊥ ∈ IRSG  RE = {C([J2 , J3 , . . . , Jn ]) ⊕ IRSG }⊥ , {C([J1 , J3 , . . . , Jn ]) ⊕ IRSG }⊥ , . . . ,  (22) {C([J1 , J2 , . . . , Jn−1 ]) ⊕ IRSG }⊥ , using C(J)⊥ = C(I − JJ# ).
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Figure 11. IRSG of a 2-d.o.f. manipulator in 3-D task space.
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Figure 12. Implementation of IRS in a haptic interface.



D



O



The proposed algorithm can be implemented without using a force sensor. However, if we can use a force sensor, this sensor can also be incorporated into our interface framework and will give more information at the expense of an expensive force sensor. Then, the proposed haptic interface can be implemented as shown in Fig. 12. The information from the slave side to the master side includes (i) the interaction force sensed by force sensors at the slave manipulator (optional), (ii) IRSG caused by insufficient d.o.f. and (iii) IRSE cause by exogenous constraints. This architecture is comparable to the impedance two-port haptic interface in the sense of data flow. Fortunately, a number of results for performance and stability analysis of two-port haptic display methods in the literature can be applied in the same manner to the proposed RSP architecture to the design channel in Fig. 12.



4. EXPERIMENT



This section shows experimental results to compare p–p architecture and RSP architecture.
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(a)



(b)
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Figure 13. (a) Master device, 4D4M. (b) Slave manipulator, SOAR.
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A 3-d.o.f. master device, 4D4M (3-d.o.f. translational force reflection) [11], and a 4-d.o.f. slave manipulator, SOAR, are used for the experiment as shown in Fig. 13. SOAR is the prototype of an O2 lance manipulator for an electric furnace in a steel company, POSCO [12]. In this experiment, the third and forth joints of SOAR are fixed, and only the first and the second joints are used in order to make the problem simple and plain. Therefore, the slave manipulator is a planar 2-d.o.f. manipulator, while the master device has 3 d.o.f.. The lengths of the first and the second link are 100 and 100 mm, respectively. The local position controller at the slave manipulator is optimized using the PID tuning method developed by Choi [13]. The initial position is xm = 100 mm and ym = 127 mm. Figure 14 shows the position of the master device and the calculated desired joint angle for the slave manipulator using inverse kinematics. A human operator moves the master device to the negative y-direction (Fig. l4a). Since a rigid obstacle is located at x = 50 mm and y = 0 mm as shown in Fig. 15, the first link is constrained around at 2.7 s as shown in Fig. 16. Before the slave manipulator is constrained by the obstacle, it follows the desired position maintaining control error-bound control. After the collision, the first joint does not follow the desired angle any more as shown in Fig. 16. The error causes the force reflection under the conventional position-matching method in p–p architecture in (1) (Fig. 17a) and RSP architecture (Fig. 17b). The proposed RSP architecture reflects only the force along the y-direction. Note that the obstacle constrains the motion of the y-direction when a human operator tries to move the master device in the negative y-direction. On the other hand, p–p architecture reflects the force along the x-direction as well as the y-direction like the reflection force of (5) as shown in Fig. 17a. The amplitude and direction of the force are shown in Fig. 18. After the collision, the force directions under p–p architecture and RSP architecture are 135◦ and 90◦ , respectively. From the results, we conclude that the RSP architecture reflects the
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(a)



(b)
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Figure 14. (a) Master position. (b) Calculated desired joint angle using inverse kinematics of the slave manipulator from the master position.
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Figure 15. Visualization of the master device, the slave manipulator and the reflecting forces under p–p architecture and RSP architecture captured from the GUI.



accurate direction of force, while the conventional p–p architecture does not, as already shown in Section 2. The master and the slave manipulator have different d.o.f. as well as kinematic dissimilarity. Therefore, RSPG in Fig. 12 generates the restriction space caused by insufficient d.o.f. of the slave manipulator (planar 2 d.o.f.) compared to the master device (spatial 3 d.o.f.). Since the slave manipulator has planar 2 d.o.f. which is insufficient to span the 3-d.o.f. x–y–z task space, IRSG is the z-direction from (18). In Fig. 19, the human operator tries to make a meaningless motion in the z-direction, i.e., IRSG at the slave side, during operation. RSPG generates a reflecting force to
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Figure 16. (a) Position error. (b) Joint angle error.



(a)



(b)
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Figure 17. (a) Force reflection in p–p architecture. (b) Force reflection in RSP architecture.



(a)



(b)



Figure 18. (a) The amplitude of force reflection. (b) The direction of force reflection.
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(a)



(b)
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Figure 19. (a) The reflecting force along the z-direction in the proposed architecture. (b) Position error along the z-direction.
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compensate for the human operator’s motion in the z-direction (Fig. 19a) so that the motion is constrained in the desired error bound as shown in Fig. 19b. As a result, a human operator can move the master device in the equivalent IMS and IRS at the slave side, even if a multi-d.o.f. haptic interface has kinematic dissimilarity and different d.o.f.



5. CONCLUSIONS
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For an unstructured environment, the slave manipulator can collide with unexpected obstacles at any point of the body of the slave manipulator. This paper proposed a useful solution to this problem without a force sensor. We showed that the conventional position-matching method in p–p architecture has limitations to provide the accurate direction of force reflection for a kinematically dissimilar and/or different d.o.f. master and slave interface. The proposed novel concept uses IRS. IRS can be classified by the source of constraints, IRSG and IRSE . Using the Jacobian and joint angle errors, RSP architecture is implemented to create IRS. Another strong point of the architecture is that the architecture is comparable to the two-port haptic interface in the sense of data flow. The reflecting force in RSP architecture includes position information in the form of force data and force information if there is a force sensor. Therefore, a number of results in the literature related to the performance and stability analysis of the two-port haptic interface can be applied to RSP architecture. From experiments in Section 5, we can say that RSP architecture generates the accurate direction of the force reflection, whereas the conventional p–p architecture does not. Also, it effectively generates the restriction space when the master device and slave manipulator have different d.o.f.
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