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Abstract—This paper presents the design and development of a
novel compliant safe joint (CSJ). The principle of operation of the
CSJ is based on a cam-like transmission mechanism, which we call
the bridge. The cam profile on the stationary bridge is designed to
have multiple regions, which allow the CSJ to passively achieve
multiple working states. The proposed joint behaves as a normal
rigid joint when the load is smaller than a preset threshold, shifts
into the flexible state when the load exceeds the threshold, and
switches into the free state in which the motion cannot be trans-
mitted from the motor to the output shaft. In order to achieve a
compact modular assembly, the joint’s components are designed
to have the shape of a hollow cylinder and to be installed around
the motor. We analyze how the key dimension parameters affect
the torque threshold and the joint’s stiffness. Experiments are con-
ducted to validate the working principle and verify the performance
of the joint.

Index Terms—Compliant joint, mechanical design, physical
human-robot interaction, safety.

|. INTRODUCTION

With the incorporation of robotics into our daily life, many
researchers have paid a lot of attention to safety problems aris-
ing from physical human-robot interactions [1]-[3], especially
in service and surgical applications where safety requirements
are much stricter [4]. Note that most actuators available are es-
sentially rigid, therefore, their use in service and surgical robots
will inevitably cause safety problems when unwanted interac-
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tions or collisions occur [5]-[7]. The installation of compliant
joints in surgical robots can improve safety, as these passive
devices can absorb part of impact energy when a robot collides
with the human body.

In order to introduce compliance into our actuators, we can
mainly use two kinds of approaches: the active approach and
the passive approach. Compliance in the active approach is pro-
duced from an action of a control system, i.e., the control algo-
rithm guarantees that the closed-loop dynamics of the system
behaves like a flexible mechanical structure. Thus, an active
compliant system has high programmability [8], [9], however,
it completely relies on sensors and computer algorithm. Com-
pared to the active approach [10], the passive approach gen-
erates compliance from a mechanical design perspective, i.e.,
by introducing flexible mechanical structures into joint. Passive
compliant systems can provide a faster and sensor-less response
to unexpected collisions, and its implementation cost is rela-
tively low since there is no need for embedding various sensors
and controls.

There are a lot of compliant or flexible joints developed by
many researchers. The VSA and VSA-II were developed by
Schiavi and Tonietti et al. [11],[12]. The VS A has a timing trans-
mission belt tensioned by springs that connects the main shaft
to the antagonistic pair of actuators. In the design of VSA-II, the
nonlinear torque-displacement relationship can be achieved by
a combination of a four-bar mechanism and a linear spring. The
AWAS and AwAS-II were developed by Jafari et al. [13], [14].
And Tsagarakis et al. developed the CompAct-VSA [15]. In the
design of these systems, a lever mechanism and antagonistic
springs are used to generate compliance. Choi et al. developed
the VSJ, which has controllable stiffness using a leaf spring with
two motors [16]. Park and Chung in [17] developed the FIR, in
which a flexible unit, called Flexure Pivot, is connected in series
to produce compliance. In [18], Koganezawa et al. developed an
actuator with a nonlinear elastic system, which can achieve the
nonlinear elasticity by using a combination of a torsion spring
and a guide-shaft whose diameter gradually changes along the
rotation axis. The actuators mentioned above are capable of
generating flexibility in a passive way. However, there are some
drawbacks such as big volume, a single working state (i.e., these
joints only have a flexible working mode) and incapability of
automatic state switching.

In this paper, we propose a novel design of the compli-
ant safe joint (CSJ). The joint has passive adjustable compli-
ance: it can work as a common rigid motor when the working
load is smaller than a threshold, and shifts into a flexible state
when the working load exceeds the threshold. Instead of simply
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Fig. 1. Part sectioned view of the CSJ’s assembly showing the torque
transmission chain.

connecting a flexible unit to the front of the motor (e.g., in
[17]), part of the components are designed to have the shape of
a hollow cylinder so that they can be placed around the motor.
This kind of design results in a compact mechanical structure
(the joint has 60 mm diameter and 180 mm length). We report
experiments with robotic prototypes evaluate the performance
of the proposed device. Preliminary design concepts and simple
control methods of the CSJ were presented in [19]. We extend
our previous study by analyzing how the key dimension pa-
rameters affect the joint’s performance with experimental stud-
ies of the joint itself and the integration with a surgical robot
prototype.

The rest of this manuscript has the following structure: In
Section II, we present the design of the joint. In Section III,
we present the conducted experiments. Limitations and future
improvements are discussed in Section I'V.

Il. DESIGN OF THE CSJ

In this section, we detail the design of the proposed CSJ.

A. Design Requirements

The design is based on the following requirements: First,
the CSJ should exhibit passive and adjustable stiffness. Second,
it should have multiple working states. Finally, it should be
compact. Passive compliance can be achieved by incorporating
a flexible unit (e.g., a spring) into the joint and the stiffness can
be adjusted by changing the effective length or initial load of the
spring. By introducing a cam-like transmission mechanism (here
called the bridge) whose cam profile has multiple regions such
that the joint can achieve multiple working states. This bridge
converts the linear compliance of the spring into a rotational one.
Instead of connecting the high-gear-ratio dc motor in series with
the compliant unit, we place the components surrounding the
motor so that the mechanical structure is much more compact.
The part sectioned view of the CSJ is shown in Fig. 1. The
working principle of the CSJ is shown in Fig. 2.

adjustable
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Fig. 2. Schematics of the joint’s working principle.

B. Torque Transmission Chain

As shown in Fig. 1, the output torque of the motor is transmit-
ted from the motor shaft to the CSJ’s output shaft through the
following torque transmission chain: 1 input axis — 2 movable
bridge — 3 wheels — 4 stationary bridge — 5 output axis.

The input axis connected to the dc-motor’s shaft has several
keys for providing a guide on which the movable bridge can
slide along. The movable bridge, which is circumferentially
mounted on the input axis, has an inner surface on which four
slide rails are provided for receiving the pins, such that the
movable bridge slides along the axial direction of the input axis.
Two wheels connect the movable and stationary bridge. Each of
the wheels has an inner ring and an outer ring. The inner ring is
fixed to the movable bridge and the outer ring stays in the slot or
moves along the helicoid surface of the stationary bridge. The
stationary bridge, mounted on the input axis by a circular slider,
can only rotate with respect to the input axis.

The concept of “movable” or “stationary” is defined accord-
ing to the relative motion of the bridges with respect to the input
axis. The movable bridge can only move along the axial direc-
tion of the input axis and the stationary bridge can only rotate
around the input axis.

The compliance of the CSJ is generated by a linear spring. We
introduce a special transmission mechanism, i.e., the bridge, to
convert linear compliance into rotational compliance. When the
working load is below the preset threshold, the bridges (both
stationary and movable) are static with respect to the motor
shaft, and the output torque 7csy equals to the output torque
T of the motor. When the working load is large and exceeds
the threshold, the wheels go out of the stationary bridge’s slots.
The stationary and movable bridges have relative rotational and
linear motion that compresses the spring with respect to the
motor shaft, respectively. Under this situation, the output torque
Tcsy of the CSJ roughly equals to the internal torque 7; produced
by the spring, which is much smaller than the maximum output
torque 7csj,,, of the CSJ.

C. Rigid, Flexible, and Free State

One of the innovative features of the CSJ is that it has mul-
tiple working states, which results from the cam profile of the
stationary bridge. There are totally six regions in our device, see
Fig. 3. The region 1 represents the rigid state; the region 1 « 2,

'We use « to represent the interval of a region.
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TABLE Il
MODEL PARAMETERS
Symbol Value Meaning
T, dep. var. Torque threshold
k 2000 N/m Stiffness of spring
0 10 mm Initial load of spring
x; [0,20] mm Adjustable initial load of spring
D 48 mm Diameter of stationary bridge
«a indep. var. Contact region between wheels and slots
121
—-—- Minimum
Fig. 3. Schematics of the dimensions of the stationary bridge and the —— Maximum |
characteristic positions of the wheels moving along the surface of the 101 :
stationary bridge. Only one quarter of the hollow cylinder is sketched in |
an unfolding view. Black solid arc and lines represent the slot and the |
helicoid surface of the stationary bridge, respectively. Red dashed circles 81 |
and points represent the wheels and their center points, respectively. g :
Blue dotted arc and lines represent the trajectory of the wheel’s center. Z el |
- |
TABLE | = Al
RIGID, FLEXIBLE, AND FREE REGIONS 4l |
| %
- ______D ,,Qr,,,%L
Regions Intervals 2k C: /.//
=T
Rigid: Ag=0 -T |
. . o . 0 === coo T T C L L 1 L A
Rigid < Flexible: Aq € (0, 3 (sin —sinf3)) 0 02 04 06 08 | 12 14
Flexible: Agq € (ZD—"(sin(y —sing),y — %sinﬂ) o rad
Flexible < Free: Ag e (v — 2sing, v . ) . R L
a¢€( b 5 ”) Fig. 4. Preset torque threshold profiles obtained by adjusting initial
Free: Age(v. 5 - %) load of the spring.

Mechanical limit: Agq = - %

2 < 3, and 3 < 4 represent the flexible state; the region 4 < 5
is free state, and the region 5 is the mechanical limit.

The CSJ behaves as a rigid joint when the wheels are sitting
inside the slots (region 1). The CSJ exhibits compliance when
the wheels are out of the slots (region 1 < 2,2 < 3,and 3 < 4).
The CSJ cannot transmit torque to the output shaft when the
wheels are in the region 4 < 5. This case should be avoided,
because the mechanical limit can be reached. In that case, there
will be a big impulse of interaction force which is dangerous.
(The regions can be found in Table I)

By designing the cam profile of the stationary bridge hav-
ing these multiple regions, as shown in Fig. 3, we can fulfill
the second requirement mentioned in the Section II-A. The di-
mensions of the stationary bridge affect some characteristics
such as the effective range of the flexible states, the adjustable
interval of the preset threshold, and the compliance under the
flexible states. The parameter v determines the effective range
of flexible states. Selection of other dimensions like o and (3
will be discussed in the following sections. See Fig. 3 for a
conceptual representation.

D. Preset Threshold

When the working load exceeds the preset threshold, the CSJ
will shift from the rigid state into the flexible state; selecting

an appropriate threshold is a crucial issue in the joint design.
The value of torque threshold is a function of the geometric
dimensions of the stationary bridge, the stiffness, and the initial
load of the spring. We can model the torque threshold under a
static situation as follows (see Fig. 3)

T, = k(xzg 4+ x;)D tan(«). (1)

Table II defines parameters and details are shown in
Appendix A.

Our purpose here is to calculate the contact region o given
desired threshold value according to (1). Visualization of the
relationship is shown in Fig. 4. The sequence of determining the
contact region « can be summarized as follows:

1) Draw a horizontal line according to the desired thresh-
old, e.g., 3 Nm, intersecting with minimum and maximum
curves at point B and D, respectively.

2) Draw a vertical line intersecting with minimum (z; =0
mm) and maximum (z; = 20 mm) curves at point C and
A, respectively. The parameter « can be obtained by letting
[IOA] = ]|OC]|, so that the desired threshold sits at the
optimal midpoint of adjustable interval.

By following the steps above, we can only get an estimation
of the desired threshold instead of the practical one. So putting
the desired threshold at the midpoint of the adjustable interval
gives us enough flexibility to compensate the modeling error.
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Fig. 5. CAD models of the CSJ showing that the CSJ works under the
rigid state (top) and works under the flexible state (bottom).

E. Compliance Under Flexible State

The parameter 3 determines the compliance of the CSJ when
it is working under flexible state. To model the output torque
of CSJ, we assume that the joint rotates at slow speed (which
often holds in surgical applications). The torque of the joint is
as follows:

Ty = k(xo + x; + Az)D tan(3) )

where the distance Ax satisfies
Az = <§Aq — (rsin(a) — rsin(ﬁ)))

+ (rcos(B) — rcos(a)) 3)

for Aq = ¢o — ¢ as an angular displacement error. See Fig. 5.
By substituting (3) into (2), we can get the linear relationship
between 1Ty and Ag as

Ty =alAq+b “)
where,
2
a =" tan(9) 5)
b = [r(cos(B) + sin(B) — cos(a) — sin(«)) + (zo + ;)]
kD tan(p). 6)

From (5) and (6), we notice that both slope a and intercept
b increase at rate of tangent with respect to (3. Selection of 3
should observe the following criterion:
1) Torque at critical position from rigid state to flexible state
is smaller than 7.
Tf|Aq: 2 (sin(a)—sin(B)) <T. N

D

ATT Mini 40

Fig. 6. Fabricated prototype of the CSJ used for the collision experi-
ments. An ATl force transducer was used to measure the contact force.

Mini 40

Fig. 7. Experiment setup used for the human—robot -collision
experiment.

2) Torque at critical position from flexible state to free state is
smaller than some known safety value T’

Tf|Aq:’yf% sin(/3) <T. ®)

IIl. EXPERIMENTS

In this section, we present several experiments to evaluate the
performance of the CSJ.

A. Setup

The experimental platform for initial load varying experiment
consists of a one-DOF robot manipulator, a CSJ, and an ATI
Mini 40 force transducer (see Fig. 6). The experimental system
for the collision experiment is a surgical robot prototype (see
[20] and Fig. 7). The first two joints are actuated by the CSJs.
We control the velocities of these CSJs using a Linux-based PC
with a Galil DMC-4040 Digital Motion Controller.

B. Initial Load Varying Experiment

The link actuated by the CSJ moved at a constant speed. The
link collided with a plate instrumented with the force transducer.
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Fig. 8. Force profiles obtained during the initial load varying exper-

iment. The change of the interaction force has three stages: A (rigid
state); B (flexible state); and C (free state).

We conducted this experiment several times with different initial
loads of the spring. The initial load was manually adjusted with
the screws that compress the spring; we incrementally adjusted
them in steps of 1.5 mm. The experimental result is shown in
Fig. 8. The collision force represents the magnitude of resultant
force acting at the force transducer. According to the measure-
ments of the experiment, we observe that the threshold can be
adjusted in a range from 10 to 16 N.

When the working load exceeded the threshold, the output
torque dropped to a lower safe value and the CSJ shifted into
flexible state, in which the output torque was proportional to the
angular position difference between motor and joint. When the
CSJ shifted from the flexible state into the free state, the output
torque dropped to zero since the mechanical structure at that
state could not transmit any torque from the motor to the output
axis. The residual torque shown in the experimental result was
caused by friction inside the CSJ’s mechanical structure.

C. Impact Velocity Varying Experiment

In this experiment, the link actuated by the CSJ moved with
a fixed initial spring load. The link collided with a plate instru-
mented with the force transducer. We conducted this experiment
several times with different impact velocities. The experimental
result is shown in Fig. 9. We kept the same angular displace-
ment from the link’s initial position to the plate for each time.
Therefore, the impact with higher velocity took place earlier
than those with lower velocities.

According to the results, we notice that the impact pulse with
higher impact velocity is larger than those with lower velocities.
The duration of flexible state with higher velocity is shorter than
those with lower velocities, and the slop of force profile under
flexible state is higher than those with lower velocities. All the
previous results are the effects of the inertia of the link and
joint. When the CSJ is triggered, the impact force will drop into
a lower safe value since the CSJ shifts under flexible state.

The residual force caused by the friction only appears in the
case of lower velocity (blue line) because big vibrations caused

18
1 rad/s
161 2 rad/s
3 rad/s
14+
121
—~ 101
&
w8t
6 .
4+
2 .
0 2 4 6 8 10 12 14 16
t (sec)
Fig. 9. Force profiles obtained during the impact velocity varying
experiment.
Horizontal direction
128 - : : - 40
T Aq135
0 60 A o BEG
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Fig. 10. Force profiles obtained during the human-robot collision
experiment.

by higher velocities let the link go back a little bit and there is
no physical contact between the plate and the link.

D. Collision Experiment

We also tested the performance of the joint when colliding
with a human. During these collisions, the interaction force
was measured by the force sensor in real time, see Fig. 7. The
experimental results are shown in Fig. 10, in which the blue line
represents the angular position difference between the motor
and the joint and the red solid line represents the interaction
force between the human and the robot measured by the force
Sensor.

According to the experimental results, the change of the in-
teraction force has four stages:

1) A: The interaction force increases, because the CSJs are
working under rigid state (i.e., Ag = 0) and the robot col-
lides with the human.

2) B: The interaction force stops increasing and is fixed at a
certain value, because the CSJs shift into the flexible state
(i.e., Ag > 0). Since the friction between the circular slider
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Fig. 11.  Free body diagrams of the bridge, which is operating under
both rigid and flexible states.

and the stationary bridge is too big, the force remains a
constant small value.

3) C: The interaction force increases again, because the CSJs
reach the mechanical limit. In the experiment, the spring
is fully compressed, which limits the travel of the movable
bridge. Hence, the CSJs directly reach mechanical limit
instead of shifting into the free state and then reaching the
mechanical limit.

4) D: The interaction force decreases to zero, because the robot
is commanded to move backward. Finally, the CSJs shift
back to the rigid state (i.e., Ag = 0).

Although the period of the stage B is short, the Agq is big
enough to be an indicator for stopping the robot immediately.
For example, in the hysterectomy assisted by the surgical robot
assistant mentioned in the Section III-A, we implement the al-
gorithm to stop the robot when the Agq is greater than a certain
value such that the robot will be automatically disabled when it
collides with the patient’s body.

IV. CONCLUSION

In this paper, we first introduce a novel design of CSJ. The
joint is designed for high gear ratio dc motors and has passive
adjustable compliance. The mechanical structure of the CSJ is
compact, i.e., the joint diameter is 60 mm and the joint length
is 180 mm. The CSJ has multiple working states so that it can
work as common rigid motor when the working load is smaller
than a threshold and shifts into flexible state when the working
load exceeds the threshold. Finally, we validated the proposed
device and verified the performance by experiments.

In contrast with other compliant or flexible joints, the CSJ
introduced in this paper has multiple working states so that
the compliance only appears when needed, i.e., working load
exceeds a predetermined threshold. Moreover, its compact size
allows it to be easily installed on robotic systems.

In the future, we plan to modularize the CSJ and develop a
multidegree-freedom robot with the CSJ installed on each of its
joint. We would also like to develop a motion control algorithm
for this new mechatronic device.

APPENDIX A

According the free body diagram shown in Fig. 11(a), we can obtain

BT = k(xo + z;)tan(a).

Similarly, we can obtain the equation for flexible state

Ty

D= k(zo + z; + Az)tan(5).

The angles in the tangent functions above are different because of
the different slopes under rigid and flexible states.
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