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Abstract. This paper details the mechanical design and control of a human
safety robotic arm with variable stiffness, starting from conceptual design to
prototype. The mechanism designed is based on parallel guided beam with a
roller slider actuated by a power screw and a DC motor with an encoder for
position feedback. Unlike conventional robotic systems that control the stiffness
in joints, this design introduces compliance to the robotic arm link itself. By
controlling the slider position, the effective length of the link can be adjusted to
provide the necessary stiffness change. A PID position controller is employed
and the position accuracy is experimentally evaluated. The stiffness variation of
the prototype is validated by experiments and FEA simulation. The overall
stiffness change achieved is 20-fold.
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1 Introduction

Collaborative robot or Co-robots [1] have been widely used in automotive industries
and material handling. These co-robots are designed to work with human workers side
by side. However safety has been a major concern and challenges. The current methods
of addressing the safety are mostly by reducing execution speed upon detection of
impact or proximity of human workers via force or vision sensors [2—4]. The main
concern of this method is that the co-robot safety highly relies on the sensing system or
requires initial contact between the operators and the robots. If any of the electronic
modules fail, the co-robots may injure operators by accident.

An alternative method for addressing the safety is by mechanical design approach
[5, 6]. The mechanical design based co-robot mainly focuses on reducing the stiffness
of the mechanism. The use of variable stiffness or compliance has been introduced to
co-robot designs. She er al. [7] and Avadhanula et al. [8] already discussed the
importance of design methods in achieving the necessary stiffness change. The con-
ventional approach is to manipulate the stiffness of robotic arm joint. Kobayashi [9]
designed a variable stiffness joint driver to realize joint angle control. Bicchi et al. [10]
developed a compliant nonlinear actuator to realize intrinsic safety of the robotic
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system. Other methods in mechanical design of co-robot joints are energy-based or
material oriented shown by Wolf er al. [11] and Chen et al. [12]. Introducing com-
pliance to kinematic joints and actuators has been demonstrated as a major approach to
achieve the stiffness change in mechanical design based co-robot research [13]. And
our recent comparative study [14] showed that compliant links generally have a higher
effect than compliant joints in reducing the maximum impact force.

The design presented in this work introduces variable compliance to the robotic arm
link itself. The stiffness variation of the robotic arm is derived by controlling the
effective length of the parallel guided mechanism. As a added contribution to existing
designs, this paper provides a new solution for robot inherently safety with fewer
actuators and simple control method.

2 Concept of the Design

The concept of the variable stiffness robotic arm design is based on the parallel guided
beam, consisting of two single end-guided flexures with a rigid connection in between.
Figure 1 shows the parallel guided mechanism with angular constraints at the free end.

Fig. 1. Top view of parallel guided beam with free end constraints.

When a concentrated force F is applied at the free end, the angular deflection 6 of
the beam at the tip is zero and the deflection along with direction of the force is d. The
deflection in horizontal direction y is negligible. The stiffness of the beam is calculated
as [15]:

24EI
k=—5 (1)
In the equation above, E is the elastic modulus of the beam material, and [ is the
cross section moment of inertia of each beam. L is the effective beam length. The
concept of the proposed design is to change the effective length of the parallel guided
beam with fixed E and I to implement stiffness variation.
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3 Prototype of the Robotic Arm Design

The design of the variable stiffness robotic arm is shown in Fig. 2. The arm has two
parallel Al 7075 sheet flexures with a distance of 49.7 mm in between, each with a
thickness of 0.79375 mm and height of 73.5 mm. The fixed end is designed to be the
motor and transmission housing. A power screw with a lead of 4 mm is assembled
through the slider. To allow the bending of the two flexures, a small nut featuring with
grooves is added to the free end containing spherical balls as rolling supports. The
section from the free end to the slider is the effective length and is free to move. The
reminder of the arm is rigidly supported by the power screw. The two sheet flexures are
constrained by linear bearings on the slider shaft, with retaining rings coupled as
stoppers. The overall dimensions of the prototype are 406 mm x 95 mm x 104 mm
and the total weight is 952 g. A timing belt transmission with teeth ratio of 19:21 was
designed to drive the power screw.

Free end

Nut with grooves

Moving slider

Sheet flexures

Linear bearings with
retaining rings

Motor housing

Transmission cover Transmission System

Fig. 2. CAD design of the variable stiffness robotic arm.

4 FEA Simulation

An FEA model was created for concept validation. The model used wire features and
beam elements in a 2D planar workspace. There were two sections assigned in the FEA
simulation. The two sheet flexures were assigned an elastic modulus of 71.7 GPa, for
Al 7075. The connector at the free end was assumed to be rigid.

The boundary conditions applied at the fixed end were displacement Ul = U2 =
UR3 = 0 in directions of x, y, and the rotation around z-axis. At the slider position, the
roller constraints were simulated as Ul = 0 in x direction. The linear displacement U2
in the axial direction and the rotational displacement UR3 around z-axis were not
constrained. A concentrated force was applied in x direction at the free end and the tip
deflection was recorded to calculate stiffness. The comparison between the stiffness
simulation result and theoretical calculation is plotted in Fig. 3.
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4 Theoretical Stiffness vs. FEA Simulation

K(Nim)

L(m)

Fig. 3. FEA simulation stiffness result compared to theoretical calculation. L is the effective
length of the beams.

5 Actuation Module and PID Control

The motor used in the prototype is a DC gear motor with an encoder which provided a
feedback of motor shaft rotation. The primary objective was to control the motor shaft
rotation steps to achieve effective length changes. The DC motor is controlled by an
Arduino Uno microcontroller which has a maximum output of 5 V voltage and 20 mA
current. The motor operating conditions are 6.5 V voltage with 200 mA current. Thus
an external power and a dual motor drive were included in the circuit. The circuit
wiring schematic is shown in Fig. 4.

6.5V DC .
Arduino
Power Encoder
. Uno

Supply
Motor

R Motor
Drive

Fig. 4. Wiring schematic of Arduino circuit.

The motor driver communicates with the Arduino Uno board and provides the
operating voltage to the DC motor. The Arduino controller generates PWM signals
according to the feedback from the encoder. A conventional PID controller was used to
directly control the armature voltage input according to the motor step error between
the desired and actual positions. Similar strategy of PID closed loop position control
has been discussed in literature [16]:
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e(k) = Yq(k) — Y (k) (2)
PID(k) = Kye(k) + Kale(k) — e(k — 1)) /tiogp + Kitioop 3 s (i) (3)
PWM _val(k) = PID(k) )

Y(k) is the actual step of the motor armature. Y,(k) is the desired step value at k™
time step. The PID controller continuously calculates the position error e(k) and applies
a correction. PWM _val(k) is the duty ratio of the pulse-width modulation. The
parameters K,,, K; and K; were tuned until the steady state error of the motor shaft
position was small by observation.

6 Prototype Performance Evaluation

The slippage and backlash of the transmission introduced proportional error to the
slider position output. The system was calibrated by compensating the error with a gain
added to the controller. The position accuracy was tested using a digital caliper.
Figure 5 shows the experimental setup.

- Bigital

caliper

Fig. 5. Experimental setup of PID position calibration.

The digital caliper was arranged parallel to the length of the robotic arm and
attached to the slider via a hook. When the slider moved to a desired position, the
digital caliper recorded the actual travelling distance. The increment of the motor shaft
rotation was broken into half a revolution n and the slope of the desired travelling
distance vs. n should be 2 mm. Figure 6 shows the test result after calibration in
forward direction with PID position calibration as an example. The slope of the actual
travelling distance vs. n is around 1.997 mm in both forward and backward directions
which matches well with the desired value.
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Fig. 6. PID position control forward accuracy test results.

A static and a dynamic stiffness test were performed on the prototype. The
experimental setup is shown in Fig. 7. The measurement system consisted of a single
axis force sensor and a displacement sensor arranged in parallel. The robotic arm was
clamped in a stationary fixture with no support at the free end.

Fig. 7. Stiffness test experiment setup for prototype.

In the static stiffness test, the motor drove the slider to the desired position and a
continuously increasing displacement input was provided at the tip position after the
slider completely stopped. The test was performed for 16 positions of the slider,
repeated 3 times. The force-displacement data was fit into a linear curve to calculate the
slope, which is the experimental stiffness. The dynamic stiffness test was conducted
with the slider running at a constant mode. The dynamic stiffness test was performed at
four fixed tip deflections from 0.5 mm to 2 mm. Figure 8 shows the experimental
results compared with the Theoretical stiffness calculation.
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Fig. 8. Stiffness comparison of prototype experimental results and theoretical calculation.

Theoretically the stiffness goes to infinity when the effective length is zero, which is
not realistic on the physical model. The experimental stiffness of the prototype is close
to theoretical calculation at high effective lengths but starts deviating significantly from
L.s= 8 cm. The error was introduced by the slippage between subassemblies in the
prototype and deformation of other parts which were 3D printed by PLA. The angular
displacement at the tip and the longitudinal deformation of free end were not negligible
under large load. The dynamic stiffness test result is overall consistent with the static
test except for the values at L,z = 0.21 cm due to inertia of the slider. The maximum
static stiffness is 10048.67 N/m and the minimum value is 499.85 N/m, showing that
the current design is capable of stiffness change by 20 fold.

7 Conclusions

In this paper, we present the mechanism design of a variable stiffness robotic arm with
two parallel guided beams. The stiffness change is enabled by changing the effective
length of beams through a roller carriage which is actuated by a screw drive and an
electric motor. Our experimental tests show that the design can achieve a stiffness
change ratio of 20 times. By a closed-loop PID position control, we successfully
achieved an accurate and stable stiffness variation.

For future work, the DC motor was selected conservatively for a large torque,
which can be replaced by one with higher RPM. A lighter power screw with larger lead
and smaller pitch diameter should be considered. The overall design can be more
compact with reduced weight and size. The dynamic performance of impact load must
be tested on this design as a criterion to evaluate impact injuries. Also, the robotic arm
designed can be developed into stiffness variation in multiple directions by cascading
integration.
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