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Accurate load sensing of a manipulator becomes increasingly important in performing various tasks involving contact with an environment. Most of the research has been focused on improving the hardware of a force/torque sensor. The torque sensors for a manipulator suffer from crosstalk, which is difficult to compensate for even with sophisticated calibration. This research proposed a novel calibration method composed of two steps. Through the primary calibration, the torque sensor output can be related to the joint torques. The secondary calibration, which is based on a virtual load, is conducted to compensate for the crosstalk of a torque sensor. The virtual load is obtained from the sensed joint torques and manipulator configuration. Using the proposed calibration method, the external load acting on the end-effector of a manipulator can be accurately measured even with relatively lowquality torque sensors. The experimental results showed that the error in the load sensing was significantly reduced by the proposed calibration method. Manuscript received: October 21, 2008 / Accepted: November 23, 2009



1. Introduction Accurate sensing of the external load at the end-effector of a manipulator has become increasingly important as robots are required to perform the tasks involving contact with the environment. Service robots, which have drawn a lot of attention in recent years, especially need such load sensing capability in order to assist humans in various tasks1,2. Since expensive force/torque sensors are not suitable in service robots for economic reasons, load sensing should be conducted by means of relatively cheap load sensors. Various techniques have been used to measure the external load applied to the robot arm. Six-axis force/torque sensors3-5 or joint torque sensors are popular among these techniques. The six-axis force/torque sensor, which is frequently mounted at the wrist of a manipulator, can accurately sense the external load acting on the robot hand. However, its structure is very complicated for accurate sensing, and thus it is too expensive to be used in service robots. Therefore, joint torque sensors are usually adopted in the practical manipulators. The joint torque sensors require calibration for accurate sensing, where typical calibration methods include the compliance matrix computed by the structural analysis,6 the least-squares method5 and © KSPE and Springer 2010



the approach based on the motion of a robot arm,7,8 etc. However, the crosstalk error caused by the load components other than the target load (either force or torque) of the sensor cannot be compensated for by these calibration methods. Although the calibration method based on a neural network can cope with this problem,9 it cannot be applied to joint torque sensors. Therefore, most torque sensors have been designed so that the crosstalk is minimized by the structural consideration, 10-13 as shown in Fig. 1. In most cases, however, such crosstalk problems cannot be avoided due to both the manufacturing tolerances and the misalignment in strain gauge bonding.



Fig. 1 Hollow hexaform joint torque sensor13 To cope with this problem, a new calibration method consisting of the primary and secondary calibration schemes is proposed in this research. The joint torques can be obtained through the primary calibration from the torque sensor outputs, but these joint torques
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contain the crosstalk interference. Then, a virtual load acting on each joint torque sensor is estimated from the torque sensor output and manipulator configuration. This virtual load contains the components which cause the crosstalk interference. Then, the desired joint torque, which is free of crosstalk, can be obtained by the secondary calibration scheme. Once the primary and secondary calibration matrices are obtained off-line, an estimation of the desired joint torque, and thus the external load under consideration, can be conducted in real-time. The main contribution of this proposed calibration method is that the relatively cheap load sensors or the custom designed sensors, which have a simple structure and relatively low accuracy, can be used for accurate sensing of the external load. The rest of this paper is organized as follows. The concept of the crosstalk error related to the joint torque sensors is presented in section II. The proposed calibration method using the virtual load is detailed in section III and the experimental verification of the proposed scheme is discussed in section IV.



0.1mm, γFx becomes 0.011 from Eq. (1), which results in a crosstalk error of 0.011 Fx.



3. Sensor calibration using virtual load The crosstalk error of a load sensor discussed in the previous section cannot be compensated by means of general calibration methods. The novel calibration method minimizing this crosstalk is proposed in this section.



3.1 Primary calibration The purpose of the load sensor calibration is to accurately estimate the applied load (i.e., force and/or torque) from the sensor outputs. Consider a six-link serial manipulator with 6 revolute joints, as shown in Fig. 3. Assume that each link frame is assigned at the distal joint of each link and torque sensor i (i = 1, …, 6) is installed at each joint i. Suppose the external load F, which is accurately known in both magnitude and direction, is applied to the end-point E.



2. Crosstalk interference When a specific load (either force or torque) component applied to the object is to be measured using a strain gauge load sensor, the other load components acting on the object also affect the sensor output to some extent. The sensor response to the unwanted load is called crosstalk. The crosstalk error of a load sensor is primarily caused by the error involved in the installment of strain gauges and the manufacturing tolerances of the structure. An example is given below in order to gain insight into the crosstalk interference.



Fig. 3 Coordinate systems and torque sensors for a 6-DOF serial manipulator As a result of the external load F, each joint will be subject to joint torque τi (i =1, .., 6). Without considering the crosstalk, the following relation holds. Cp ⋅ z = τ



Fig. 2 Error caused by position error Figure 2 represents a simple force sensor composed of a cantilever beam and a strain gauge. Suppose the strain gauge is bonded to the top of the beam with a position error δ. If the strain gauge was mounted on the centerline of the beam, then the lateral force Fx would not have affected the strain induced by the vertical force Fy. The position error δ, however, causes the crosstalk given by γF



x



2t = 2δ w



(1)



where γFx represents the signal-to-crosstalk ratio due to Fx, while t and w are the thickness and width of the cantilever beam, respectively. The force measured by the strain gauge is Fy + γFx Fx instead of Fy. That is, if δ = 0 in the ideal case, then γFx = 0, but if δ ≠ 0 in the practical case, then the non-zero Fx causes the measurement error. For example, with w = 6 mm, t = 2mm, and δ =



(2)



where z is the 6x1 sensor output vector, τ is the 6x1 joint torque vector, and Cp is the primary calibration matrix. The primary calibration problem is to find Cp that satisfies Eq. (2). Since the torque sensors are not yet calibrated, the joint torque vector τ should be computed from the known external load F by the following Jacobian relation.



τˆ = J T ⋅ F



(3)



where τˆ denotes the joint torque estimate computed from Eq. (3). The Jacobian matrix is computed from the geometric parameters of a manipulator and the manipulator configuration. The primary calibration matrix Cp is computed by the least-squares method as follows: M



C p = min ∑ (C p zm − τˆm ) 2 C p m =1



(4)



where M is the number of samples used for calibration, and zm and τˆ m are the sensor output vector and estimated joint torque vector of
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sample number m, respectively. Each sample is obtained by changing the manipulator configuration and/or the magnitude of the external load. For each sample, the corresponding joint torque vector τˆ m is computed by Eq. (3).8



3.2 Secondary calibration As discussed before, a load sensor suffers from crosstalk, and this crosstalk can be compensated for to some extent once the load causing it can be found. In this research, the load causing the crosstalk interference will be referred to as a virtual load because it cannot be physically measured by the sensors, but can only be estimated from the other sensor outputs. The method for finding a virtual load is presented below.
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The relationship between the virtual load iL and the desired torque τi at torque sensor i can be described by i



C ⋅ L =τ i



(9)



i



where iC is the 1x6 secondary calibration matrix associated with the virtual load at torque sensor i. The matrix iC can be obtained by i



M



C = min ∑ ( iC ⋅ i Lm − τˆi m ) i



2



(10)



,



C m =1



where M is the number of samples used for calibration, iLm is the virtual load vector for sample m, and τˆi m is the torque of sample m. ,



Each sample is obtained by moving the manipulator for a given external load F. τˆ corresponds to the i-th element of the joint i



torque vector τˆ, which is computed by Eq. (3). Once the secondary calibration matrix iC is obtained by Eq. (10), the crosstalk compensated joint torque τi is found from Eq. (9).



τ i′



3.3 Error analysis of sensor calibration using virtual load



τ 1′ Fig. 4 Free-body diagrams for a 6-axis serial manipulator Consider again a 6 DOF serial manipulator with 6 revolute joints in Fig. 4. For the external load F applied to the end-point, the torque sensors produce the torque values of τ′1, ..., τ′6 using Eq. (2) because the primary calibration matrix Cp was obtained during the primary calibration process. However, since these torque outputs are contaminated by crosstalk errors, they are different from the desired torque values, τ1, .., τ6, which would be measured for no crosstalk. Suppose the external load is computed from τ′1, …, τ′6 by the Jacobian relation. Then the estimate F′ of the external load will slightly differ from the original load F mainly because of the crosstalk errors contained in τ′1, …, τ′6. Now consider the free body diagram shown in Fig. 4. From the force and moment balance, the force (i-1f′ ) and torque (i-1τ′) acting on torque sensor i by the estimated load F′ can be obtained as follows: i −1 i −1
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where iC1, …, iC6 are the coefficients associated with the load components (i.e., ifx, …) acting on torque sensor i. Suppose the torque iτz is to be measured by the torque sensor. Then the other components cause the crosstalk interference. From Eq. (11), the desired torque component is given by C1 f + C2 f + C3 f + C4 τ + C5 τ z − C6 C6 i
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(12)



However, the desired torque iτz cannot be obtained by Eq. (12) since the load components causing the crosstalk interference cannot be measured. Therefore, the primary calibration can be given by neglecting the second term of Eq. (12) as follows: τ ′z =



(6)



i −1



i



z



i



i −1



This virtual load vector can become more accurate with the replacement of the component i-1τ′z by the actual output of torque sensor i, since the round-off error is compensated as follows: i



z = C1 f + C2 f + C3 f + C4 τ + C5 τ + C6 τ



(5)



where i-1f′ and i-1τ′ are the internal force and torque vectors applied to the torque sensor i, respectively, i-1RE is the rotation matrix describing the end-effector frame E relative to link frame i-1 and i-1 rE is the position vector from the origin of link frame i-1 to the end-point E. The virtual load vector associated with joint torque sensor i can be described by i



The previous section explained the process of sensor calibration using a virtual load. This section shows how the crosstalk error can be reduced through the secondary calibration process. All the internal load (i.e., force and torque) components applied to torque sensor i have an effect on the torque sensor output. Therefore, the torque sensor output zi can be expressed by



i



zi C



(13)



6



where iτ'z is the sensed torque which includes the crosstalk error. The secondary calibration is given by C1 f ′ + C2 f ′ + C3 f ′ + C4 τ ′ + C5 τ ′ z − C6 C6 i
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(14)



where iτ′′z is the crosstalk-compensated torque, and if′x, …, iτ′y are the virtual load components computed from iτ′z to compensate for crosstalk. We conjecture that Eq. (14) provides a more accurate torque value than Eq. (13) because the former includes the load components (i.e., if′x, …) to compensate for the crosstalk although these load components are not the same as the actual ones. This conjecture will be proved below. A comparison of the torques from Eq. (13) and (14) with the theoretically correct sensed torque iτz yields
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From Eqs. (17) and (18), the error associated with f′x can be expressed by
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Substituting Eq. (15) into Eq. (19), the error associated with if′x can be obtained by i
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Secondary calibration matrix C i



Torque sensor output z
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Measured torque τ΄
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Fig. 5 Sensor calibration method using virtual load



4. Experiments 4.1 Experimental setup
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i



Encoder output θ



Encoder data



z



i



τˆ = J T F



Calibration process



where ih1, …, ih6 are the coefficients relating the joint torques to the internal load (in this case ifx). Since these coefficients depend on the manipulator configuration, the identical coefficients can be used to describe the virtual load, if′x , using τ′1, .., τ′6 as follows:



x



Usual process



(16)



z



where iep and ies are the normalized errors of the primary and secondary calibration, respectively. Note that iep represents the crosstalk error associated with iτ′z and ies is the error associated with i τ′′z after the crosstalk compensation. In order to compare iep and ies, the relationship between the internal load components applied to the torque sensors must be analyzed. One of the internal load components, say ifx, can be represented by a linear combination of joint torques as follows:



i



transparent box represents the calibration process. Each of these boxes was already detailed in the previous sections.



z



To verify the validity of the proposed calibration method, a 3DOF wrist composed of the roll, pitch, and yaw joints were constructed, as shown in Fig. 6. Each sensing frame was designed so that the strain gauges were properly bonded, as shown in Fig. 7. The torque τ1 is measured by the roll frame sensor, the torques τ2, τ 3 and the force F6 by the sensors installed at the roll-pitch connection frame and finally the torques τ 4, τ 5 by the sensors at the pitch-yaw connection frame. For the calibration based on the static force, the weight (500g) is installed at the end of the wrist, as shown in Fig. 8.



where max(iep) is the maximum value of iep for i = 1, .., 6. The crosstalk error associated with the other virtual load components can be described in the same manner. Substituting Eq. (20) into Eq. (16) yields the relationship between |iep| and |ies| as follows: i i
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Since both |iep| and |ies| are less than 1, we conclude that |ies| is less than or much less than |iep|. Therefore, the crosstalk error is reduced through the secondary calibration process. Furthermore, the overall error is affected by the max(iep) which is the error of the torque sensor at which the maximum crosstalk occurs.



Fig. 6 3DOF wrist composed of roll, pitch and yaw joints



3.4 Overall calibration process In this research, the new calibration method consisting of the primary and secondary calibration is proposed to cope with the crosstalk problem. The overall process of the proposed calibration scheme is illustrated in Fig. 5. The shaded box (usual process) is the real-time process for sensing of the external load, and the



(a)



(b)



(c)



Fig. 7 Wrist frames for strain gauges (a) Roll frame, (b) roll-pitch connection frame, and (c) pitch-yaw connection frame
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 4τ x   −τ1′ cosθ 4  1 fz  4       τ y  =  −τ 4′  + ( d1 + l3 )sin θ 4  0   4τ z   −τ 5′  0    



For analysis, link frames are assigned to the wrist and hand according to the D-H convention,14 as shown in Fig. 9 and Table 1.



(24)



Note that although the virtual load vector can be calculated for each torque sensor, the identical virtual load vector can be used for the torque sensors which are installed in the same rigid frame.



4.2 Experimental results In this experiment, a weight of 500 g is attached to the endeffector to obtain sample data for calibration. A total of 200 sample data (the sensor outputs and joint angles) were collected for various configurations of the manipulator. Substituting these data into Eq. (4) and (10) yields the primary and secondary calibration matrices. The torques and force (i.e., τ΄1, τ΄2, τ΄3, τ΄4, τ΄5, F΄6) which include the crosstalk error can be given by Fig. 8 Experimental setup for calibration of load sensors



0 0 0 0 0   z1   τ1′  1.31 τ ′    z  − − 0 0.92 0.05 0 0 0.16  2    2 τ 3′   0 0.03 0.86 0 0 0.01   z3   =    0 0 0.49 0 0   z4  τ 4′   0 τ ′   0 0 0 0 0.32 0   z5   5     0 0 27.42   z6   0 −4.46 1.47  F6′   



(25)



Cp



where z1 is the sensor output of the roll frame, z2, z3, and z6 are the sensor outputs of the roll-pitch connection frame, and z4, and z5 are the sensor outputs of the pitch-yaw connection frame. The results of the secondary calibration can be described as follows:



0 0 0 −0.03 −0.06 −1.04] [τ1 ] = [ 



Fig. 9 Coordinate systems for force and torque sensors (D-H convention)



C1



 0 Fx  0   Fy   0 Fz  0   τx   0τ   y τ1′   1



Table 1 Link parameters for wrist and hand Link #
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In this experiment, the torque components (i.e., i-1τx, of the virtual load vector iL in Eq. (8) can be obtained by



 0τ x  cosθ1 0 − sin θ1  0     τ y  =  sin θ1 0 cosθ1   0τ z   0 0  −1  
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2
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L



where L, L, and L are the virtual load vectors of each frame and C1, C236, and C45 are the secondary calibration matrixes computed by Eq. (10).
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In the secondary calibration matrix, the elements associated with the load causing the crosstalk have relatively large values. For example, if torque τ4 sensed in the pitch-yaw connection frame did not contain the crosstalk error, the first row of the secondary calibration matrix of (28) would be [0 0 0 0 1 0]. However, since crosstalk occurs due to 4τx , 4Fz, and so on, this row is calculated as [0 0 -0.03 0.11 -0.78 0.03]. In other words, 11% of 4τx affects τ4 as a crosstalk error. Table 2 Comparison of forces estimated by primary and secondary calibrations Roll axis angle



0°



60°



120°



180°



240°



300°



Primary calibration



3.75



4.52



Error (%)



27.9



7.7



5.12



5.71



5.38



4.45



4.5



21.4



9.7



9.1



Secondary calibration



4.54



Error (%)



7.3



4.89



5.05



4.70



4.99



5.30



0.2



3.1



4.1



1.8



8.1



A comparison of the external force after the primary calibration with that after the secondary calibration is shown in Table 2 and Fig. 10. For this comparison, a weight of 4.9N was applied to the origin of link frame 5 pointing downward, meaning the gripper grasped the weight. When only the primary calibration was conducted without the crosstalk compensation, the maximum sensor error reached 28%. However, after the secondary calibration, the maximum sensor error was significantly reduced to 8% since the crosstalk errors were minimized.



quality load sensors can be reliably used to accurately measure the external load applied at the end-effector of a manipulator.
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