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Abstract. Haptic device manipulators are used for generating haptic
feedback. This feedback is composed of force which is regulated with
respect to motion information. Accurate generation of the feedback re-
quires exact position acquisition of the end-effector. Due to the compli-
ant bodies of a manipulator, a stiffness model is needed to predict this
position. Previously, Virtual Joint Method was adopted to obtain the
stiffness model of an R-CUBE parallel haptic mechanism. In this paper,
experimental test setup and experimental procedure are described for
validating this stiffness model, its engineering feasibility and soundness
of the proposed model.

Keywords: Virtual Joint Method, Parallel Mechanism, Experimental
Stiffness Validation

1 Introduction

A haptic device reflects force/motion information to a user to generate haptic
stimuli [1]. This information is generated by making use of the end-effector posi-
tion. It is common to use forward kinematics and joint sensor data (e.g. encoders)
to compute this position. However, joint sensors cannot detect the compliant
displacements of compliant manipulators. Hence, the kinematic model is not
sufficient to compute the actual position. Correspondingly, force/torque infor-
mation to be displayed to the user is generated inaccurately. Since the accuracy
of haptic stimulus is related to the accurate acquisition of position information,
a stiffness model is required to estimate the actual end-effector position.

A stiffness model is an ideal mathematical model. However, the manufac-
tured manipulators may have imperfectness in their geometry, sub-component,
and material. These imperfectnesses causes divergence in compliant deflections
between the model and the manipulator. In order to reduce this divergence, the
stiffness model has to be verified and modified via experiments. A general pro-
cedure is described in [2] to obtain an exact stiffness model. Another procedure
is proposed in [3] to verify and modify the stiffness model of robotic systems
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experimentally. In [4], stiffness model of a parallel manipulator that has sagging
cables was experimentally verified.

In an experiment of stiffness mapping, the manipulator is positioned at sev-
eral poses or followed a pre-defined trajectory with a relatively low speed. Simul-
taneously, an external wrench is applied to the end-effector. Meanwhile, com-
pliant displacements are measured. The measurement instrument type defines
the type of experiment method. Some merits and standards on the measurement
of geometric errors and instrument types are given in [5]. Comparison of posi-
tion measurement sensors are given in [6]. These position sensors may be used
to obtain compliant displacements for stiffness experiments. Also, they may or
may not require contact with the test subject. In addition, some of these sensors
directly measure the end-effector position while other ones measure indirectly.
This indirect measurement requires a model that relates the measured data in
sensor-space to the compliant displacement in task space.

In [7], and [8], a camera is used for contactless and direct measurement ap-
proach. In this method, a reference picture is attached to the end-effector. Then,
the pose information of this picture is computed via image processing. Depend-
ing on the change in the pose of the reference image, the compliant displacement
is computed. The accuracy of the results in this technique is dependent on the
lighting conditions, and the resolution of the camera. However, the computation
cost is relatively higher compared to the other methods.

In [9], coordinate measuring machines (CMM) are used to measure the posi-
tion via its probe directly. Hence, CMM needs physical contact. This may expose
additional external wrench on the end-effector. Nevertheless, if this contact force
is relatively smaller than the designated minimum force output, then the wrench
of the probe cannot neglected.

An indirect measurement approach is proposed in [10]. In this study, a cable-
based parallel manipulator called Milli-CaTraSys is coupled with the mobile
platform of CaPaMan parallel manipulator. Then, the change in mobile plat-
form position/orientation is computed by measuring the displacements of cables.
Although this system is highly accurate, it requires precise calibration to begin
the tests.

In [11], and [12] laser distance sensors are used to measure the end-effector po-
sition. This laser sensor demands a reference surface to observe the displacement.
One drawback of the laser sensor is that it can only measure the translational
displacements along the axis of the laser beam. Therefore, several of them must
be used to get the translational and rotational deflections. Despite this draw-
back, a laser sensor is easy to use, has high resolution, and gives accurate and
precise data.

Virtual Joint Method (VJM) is one of the methods to obtain an analytical
stiffness model. It has a relatively shorter computation time. Therefore, it can
run in a real-time control loop [13]. In this regard, this study is devoted to the
construction of a test setup for the experimental validation of the VJM model
of an R-CUBE mechanism [14]. A laser sensor is used to measure the compliant
displacements directly from the mobile platform. First, a short description of
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the R-CUBE mechanism is given in Section 2. In Section 3, VJM model of the
manipulator is briefly explained. In Section 4 and 5, experimental setup and
procedure are described. In Section 6 results of experiments are illustrated and
in Section 7 conclusion is addressed.

2 R-CUBE Mechanism

The R-CUBE manipulator is introduced by [14]. This manipulator comprises
only revolute joints. It has 3 serial chains. Each chain actuates one of the trans-
lational degree of freedom (DOF) of the mobile platform. In Fig. 1 kinematic
model of the manipulator is illustrated.
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Fig. 1. Kinematic sketches and frames of the R-CUBE mechanism: a) the manipulator,
b) variables of ith serial chain where i is one of the serial chains.

In Fig. 1 a), initial frames of the serial chains are located on ~u
(0)
k orthogonal

unit vectors along kth axis for k = 1, 2, 3. ~u
(ij)
k denotes the unit vector belonging

ith serial chain and jth frame as shown in Fig. 1 b). Due the kinematic con-

straints, ~u
(0)
k ‖ ~u(p)k where p is mobile platform frame. Also, ~u

(15)
3 , ~u

(25)
3 , ~u

(35)
3 are

always aligned with ~u
(35)
1 , ~u

(15)
1 , ~u

(25)
1 vectors, respectively. The forward kinemat-

ics of the mechanism is simply given as:

ri = S + l1 sinϕi1 for i = 1, 2, 3 and r̄ =
[
r1 r2 r3

]T
(1)

where S is a constant length between the 0th frame and ~u
(i0)
3 axis. r̄ denotes the

column matrix form of position vector with respect to the origin.

3 Stiffness Model

VJM is a lumped model approach based on the Jacobian matrix mapping and the
virtual work principle. The stiffness information of a link is lumped on virtual
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springs defined on the virtual joints at the tip of this link. A lumped model
approach for parallel manipulators is described for the first time in [15]. In
[16], VJM approach is systematized for parallel manipulators, and the effects of
passive joints on stiffness are considered.

In this regard, the compliant kinematic model of R-CUBE mechanism is
obtained through virtual joints. Given in Fig. 2, compliance model of a single
serial kinematic chain of R-CUBE is presented. Each virtual joint has 6 DOF
that are 3 translations and 3 rotations. Kinematics of a virtual joint is defined
as:

Hv(θ̄ij) = T 1(θ1ij)T 2(θ2ij)T 3(θ3ij)R1(θ4ij)R2(θ5ij)R3(θ6ij) (2)

where Hv denotes the homogeneous transformation matrix, T k and Rk denote
homogeneous transformation matrices for pure translation along and pure rota-
tion about ~uk

th axis for k = 1, 2, 3. θ̄ij is virtual joint variables that includes the
translational and rotational DOF. Superscripts of θij denote element number.
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Fig. 2. Compliant kinematics of the manipulator where AJ is active joint, PJ is passive
joint, VJ is virtual joint, MP is mobile Platform, and B is base.

Stiffness matrix of ith serial chain, KCi, is obtained via the compliant kine-
matics in Fig. 2. This matrix is given in Cartesian space coordinates as derived
in [13]. Then, Cartesian stiffness matrix of the manipulator, KC , is computed

as KC =
∑3

i=1 KCi. Components of KC is given in Eq. 3 for small amount of
deflections. This matrix must be re-computed if external load

∣∣F̄ext

∣∣ >> 0.
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4 Experimental Setup

The test setup is composed of a 3D printed R-CUBE manipulator, a laser range
sensor, a reference plane to reflect the laser light, and a pulley-guide system to
apply an external wrench to the manipulator. In Fig. 3 a), the constructed test
setup is shown. In Fig. 3 b), a sketch of the CAD model of the test setup is given
denoting some components of the setup.

The prototype is manufactured with Polylactic acid (PLA) material via a 3D
printer. Each 3D printed part has 15% infill. PLA material results in relatively
larger compliant displacements compared to composite and metals. However, this
behavior of PLA makes it more convenient to be used in stiffness evaluation tests
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Fig. 3. Test setup in different. a) Built setup, b) CAD model where 1: Laser sensor, 2:
Mobile platform, 3: Reference plane, 4: Guide, 5: Weights, 6: Stoppers, 7: Pulley.

because it is easier to measure larger compliant displacements (from 0.1 to 1 mm)
with higher accuracy. In this range of displacements, the sensor noise during the
measurements becomes insignificant and thus, it can be neglected. PLA differs
from metals by being thermoplastic material that has visco-elastic properties.
This behavior requires the consideration of the rate of applying the external
wrenches. If there is a quick loading-unloading scenario such as operation in
high frequencies, viscous forces become more dominant than the elastic forces.
Hence, a damping model is also required in addition to stiffness model. However,
the study focuses on structural stiffness. Hence, the measurements are obtained
when the manipulator is in its final position and stabilized, and thus, the viscous
forces are abolished.

M5 screws are used at the joint structures to connect the links. Screw con-
nection increases the static friction in the joints. In the stiffness model, it was
assumed that there was no friction in the passive joints. Accordingly, this fric-
tion induces errors in the stiffness model. Nonetheless, these joints have less joint
clearance compared to a joint structure with bearings. This property minimizes
the level of uncertainty in the manipulator’s pose. The friction force, on the
other hand, is smaller compared to applied external wrenches. Hence, neglecting
the friction forces do not generate a significant error.

A Nippon brand LAS-5010V model laser range sensor is used for measuring
the compliant displacements. Laser range sensor signals are acquired via a Na-
tional Instruments data acquisition card. These distances are measured from the
reference plane. This reference plane is located depending on the test poses of
the manipulator.
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The intention is to measure the translational compliant displacements along

~u
(p)
k for k = 1, 2, 3. For this purpose, the mobile platform of R-CUBE mecha-

nism is designed to align the laser sensor with motion axes. The orientation of
the mobile platform is changed to measure compliant displacements along the
respective motion axis. That way, compliant translational displacement parallel

to ~u
(p)
k for k = 1, 2, 3 axes can be determined, separately. The orientation of the

mobile platform changes due to the weight of the laser range sensor and exter-
nal wrench. However, these orientation changes are assumed to be close to zero.
Hence, orientation effects on the measurements are neglected since a relative
measurement is done for compliant displacements.

~Fext(2)~Fext(1)

~Fext(3)

Fig. 4. External wrench components and
their application points.

External force vectors are aligned

with ~u
(p)
1 , ~u

(p)
2 and ~u

(p)
3 axes as shown

in Fig. 4. This alignment ensures
that there is no external torque in-
put to the manipulator. These exter-
nal forces are generated by calibrated
weights hung by a cable-pulley sys-
tem. One end of the cable is connected
to a mass, and the other end is con-
nected to last frames of 1st and 2nd se-
rial chains. This cable passes through
a pulley and the 2 holes of the guide
system. Location and the height of the
guide system are adjusted so that the
cable passes through the centers of
these holes, so it is aligned with the
respective motion axis. Guides allow
us to adjust the height so that this
test system can be used for any test
pose.

Since hung masses generate the external forces, force vectors along ~u
(p)
1 and

~u
(p)
2 are always applied in a positive direction. The external force vector along

~u
(p)
3 is always in the negative direction and aligned with the gravity vector.

These directions of external force vectors do not change during the test proce-
dure. Hence, the validation of stiffness model is conducted only for this force
combination.

The manipulator should be tested throughout its workspace to capture its
stiffness characteristics. These tests are often conducted by following a test tra-
jectory in the workspace with low speeds. However, measurements in such a
scenario include the stiffness property of the actuator. Since the objective of this
study is to obtain structural stiffness, the mobile platform should be positioned
and locked at several discrete poses in the workspace. Unfortunately, there are
infinitely many discrete poses in the workspace. However, some of these poses
have unique stiffness characteristics. By testing the manipulator at these poses,
desired stiffness properties may be obtained. Therefore, some critical poses are
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identified to run the experiment. 27 poses are determined in total depending on
the fully folded, fully expanded, and nominal poses of active links. 10 critical
test poses (TPs) are selected for experiments. These TPs are given in Table 1.
Later, the results at these TPs may be used to generate full stiffness model of
the manipulator via interpolation. The manipulator is positioned to these poses
manually by the help of mechanical limits on the first links and stopper parts.
Stoppers are designed to lock the manipulator when the active joint is located
at 0◦ or ±30◦.

Table 1. Active joint values (AJV) of selected TPs, TP=TP(ϕ11,ϕ21,ϕ31), −30⇒
−30◦, +30⇒ +30◦, 0⇒ 0◦

AJV TP1 TP2 TP3 TP4 TP5 TP6 TP7 TP8 TP9 TP10

ϕ11 -30 0 +30 0 0 0 0 +30 +30 0
ϕ21 -30 0 +30 0 0 +30 -30 -30 -30 -30
ϕ31 -30 0 +30 +30 -30 +30 -30 -30 +30 +30

5 Experimental Procedure

In this section, the experimental procedure is described. First, the experiment
factors are determined to conduct a comprehensive experiment. These factors are
laser range sensor orientation (a), test pose (b), attached mass (c), and recorded
sample (d), where a, b, c, d are their labels. The laser sensor orientation is aligned
with motion axes to measure compliant deflections in these directions. A test pose
is selected from Table 1. In each test pose, the manipulator is locked via stoppers.
Then, the masses are attached to end-effector by using the pulley-guide system
for each motion axis. Different masses enable to observe the effect of different
wrenches on compliant deflections. In each set value of a, b, c, a measurement
is recorded for 3 times and each recording is labeled with d parameter. This
repetitive recording is done to increase confidence on the measured data. Table
2 shows the possible values of these factors and their ranges. These values are
presented with respect to their selection order.

Table 2. Experiment factors.

Factors Range of Labels Values of Factors in Order

Laser orientation, a 1-3 ~u
(0)
1 , ~u

(0)
2 , ~u

(0)
3

Test pose, b 1-10 TP1-TP10
Attached mass, c 1-4 285g, 185g, 85g, 0g

Sample number, d 1-3 1, 2, 3

The experimental test procedure starts by setting all factor labels to 1 (a =
1, b = 1, c = 1, d = 1). Hence, the initial test configuration measures the de-

flections along ~u
(p)
1 axis at TP1 with 285g forces in all directions. After the

manipulator is stabilized (when the visco-elastic behavior diminishes), the dis-
tance between the laser sensor and reference plane is recorded with label d = 1.
Next, masses are removed, and reattached 2 more times to record the data for
d = 2, and d = 3. This attach-and-remove procedure prevents incorrect data
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measurement that might be caused by nonlinear effects at joints such as friction
and joint clearance. Then, 185g, 85g, and 0g masses are attached for c = 2, 3, 4
and 3, and measurements are recorded for d = 1, 2, 3. This higher to lower load-
ing sequence for c ensures that the mechanism is in its final compliant pose, and
there is no displacement due to joint clearance. Notice that, when c = 4, there
is no mass attached. This measurement determines the distance to the reference
plane for the unloaded case. Hence, this value is used to subtract the offset value
of the sensor data to compute compliant displacement. Then, same procedure is
conducted for TP2 to TP10 for b = 2, 3, ..., 10 and in different motion axes for
a = 2, 3 for measurement at different poses in different directions. A flow chart
of the procedure is described in Fig. 5.

Set a = 1, b = 1, c = 1, d = 1

Start

Set laser sensor orientation to a

Position the manipulator at bth TP

Lock the active links via stoppers

Place the reference
plane at a distance

Align the cables
with the motion axes

Set cth Mass Combination

Apply loads

Record data via DAQ
and set file name “abcd”

Is d = 3?
Release load and

set d = d + 1

Is c = 4?
c = c + 1
and d = 1

Is b = 10?

b = b + 1 and
d = 1, c = 1

Is a = 3?

a = a + 1
and d =

1, c = 1, b = 1

End

No

Yes

Yes

Yes

Yes

No

No

No

Fig. 5. Flow chart of experimental procedure.
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6 Test Results and Comparison with the VJM model

Obtained raw data (voltage readings) from laser range sensor are recorded in
LabVIEW. Then, they are post-processed in MATLAB for conversion of the raw
data into distance information. The compliant displacements are computed by
subtracting the unloaded distance from loaded distances. The numerical results
are given in Table 3 for deflections along ~u1, ~u2, and ~u3 motion axes, respectively.

Table 3. Absolute values of experimental deflection measurements along ~u1, ~u2, and
~u3 in mm.

TP1 TP2 TP3 TP4 TP5 TP6 TP7 TP8 TP9 TP10

~u1 85g 0,23 0,34 0,40 0,51 0,19 0,72 0,18 0,26 0,54 0,92
~u1 185g 0,34 0,76 0,94 1,02 0,41 1,44 0,46 0,47 1,05 1,70
~u1 285g 0,51 1,22 1,39 1,64 0,85 2,23 0,87 0,71 1,47 2,46

~u2 85g 0,37 0,34 0,46 0,47 0,46 0,56 0,13 0,40 0,92 0,77
~u2 185g 0,45 0,58 0,90 0,93 0,83 0,92 0,60 0,82 1,70 1,48
~u2 285g 0,66 0,85 1,14 1,25 1,23 1,35 0,89 1,30 2,50 2,01

~u3 85g 0,02 0,63 0,68 0,88 0,38 0,87 0,41 0,17 0,80 0,56
~u3 185g 0,23 1,66 1,62 1,70 0,81 1,74 0,63 0,51 1,63 1,29
~u3 285g 0,39 2,34 2,30 2,44 1,33 2,16 0,81 0,77 2,56 2,15

In stiffness modeling, it is assumed that the compliant deflections are linearly
proportional to applied force/torque. Hence, force to deflection ratio (the stiff-
ness) is constant for small deflections. If the measured deflections are normalized
with respect to their corresponding wrenches, the resultant ratio of different de-
flections and forces should be equal in the same test pose. When the compliant
deflection results with 85g, 185g, and 285g of loads are plotted with respect to
test poses, they should overlap on each other in normalized space. In an ideal
case, the VJM model and the experiment measurements should also overlap in
normalized space. However, a perfect overlap should not be expected due to man-
ufacturing errors, joint clearances, etc. Yet, a correlation is still expected with
minor errors. The normalization of VJM deflections and experimental ones are
achieved by dividing each deflection set to their maximum value. Also, overall
deflections are computed and normalized for comparison. Fig. 6 shows the VJM
and experimental results in normalized space. It can be observed that measure-
ments are a close correlation. However, VJM deflections are less correlated with
the experiment results as expected.

The best fit between VJM and experiments are observed for ~u1 deflections,
as shown in Fig. 6 a). Except for TP4 and TP10, VJM exhibits identical de-
flection behavior with the experiments. The maximum error between VJM and
experiment is observed at TP3 and TP10. However, TP1, TP2, TP4, TP5, TP6,
and TP9 results are close to each other.

~u2 deflections are shown in Fig. 6 b). It has been observed that the experi-
mental and VJM deflection data have a similar trend. In both data set, deflec-
tions increase or decrease about in same TPs. TP1 and TP2 results of VJM
and experiment have the minimum relative error compared to the other TPs.
VJM-experiment deflections in other TPs highly differ from each other.
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Fig. 6. Normalized VJM and experimental deflections.

Fig. 6 c) shows deflections along ~u3. Experimental results of TP2 highly differ
in terms of general behavior that needs careful attention. Also, TP2, TP4, TP9,
and TP10 have high relative errors between experiment and VJM results.

Finally, overall deflections are illustrated in Fig. 6. In VJM, TP3 has its
highest deflection while experiments show that maximum deflection occurs at
TP9. Besides, TP3 has a lower value for experiments than TP4 while TP3 in
VJM is the most compliant pose. In overall deflections, the dominant axis is ~u3.
TP6 for all poses, however, is the best fitting pose with the VJM results.
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7 Conclusion

In this study, experimental test setup and procedure are described to measure
the compliant deflections of a mechanism. The results of these test are used for
VJM stiffness model verification that was previously procured.

VJM and experimental results are compared in normalized space to validate
the analytical model. Except for a few test poses, VJM and experimental results
have a similar stiffness behavior. One of the reasons for the discrepancy of the
calculated and measured data is the weight of the laser range sensor, which is not
taken into account in the simulation test with the VJM model. Another reason
is the assumption that the orientation of the mobile platform does not change
during the application of different loads. One last reason is the flexion of the
base of the manipulator since it is not produced from high-strength material.
Nevertheless, the experimental test setup and its procedure are proposed in this
study. The future work includes the addition of an inclinometer to the mobile
platform to measure the orientation change and fix the laser range sensor reading
accordingly, including sensor weight to the VJM model, and carrying out the
experimentation with the actual prototype of the mechanism produced from
aluminum material and carbon composite tubes.
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