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Abstract
A novel rotary series elastic actuator (RSEA) with a two-mode, or bimodal, elastic
element was designed and tested. This device was developed to eliminate the compromise
between human safety and robot performance. Rigid actuators can be dangerous to humans
within a robot’s workspace due to impacts or pinning scenarios. To increase safety, elastic
elements can soften impacts and allow for escape should pinning occur. However, adding
elasticity increases the complexity of the system, lowers the bandwidth, and can make control
of the actuator more difficult. To get the best of both types of actuators, a bimodal clutch was
designed to switch between rigid actuation for performance and elastic actuation for human
safety.
The actuator consisted of two main parts, a rigid rotary actuator using a harmonic
gearhead and a drum brake designed to act as a clutch. The 200 W rotary actuator provides
54.7 Nm of torque with a maximum speed of 41.4 rpm. The measured efficiency was 0.797 due
to a timing belt speed reduction that was then speed reduced with a harmonic gearhead. The
clutch was a drum brake actuated with a pantograph linkage and ACME lead screw. This
configuration produced 11 Nm of holding torque experimentally but was theoretically shown to
produce up to 51.4 Nm with larger motors. The elastic element was designed using finite
element analysis (FEA) and tested experimentally to find a measured stiffness of 290 Nm/rad.
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General Audience Abstract
A novel rotary series elastic actuator (RSEA) with a two-mode, or bimodal, elastic
element was designed and tested. The RSEA consists of a motor driven gearhead with a spring
between the gearhead and the load. This device was developed to eliminate the compromise
between human safety and robot performance. Rigid actuators can be dangerous to humans
within a robot’s workspace due to impacts or pinning scenarios. To increase safety, elastic
elements can soften impacts and allow for escape should pinning occur. However, adding
elasticity increases the complexity of the system and can make control of the actuator more
difficult. To get the best of both types of actuators, a bimodal clutch was designed to switch
between rigid actuation for performance and elastic actuation for human safety.
The actuator consisted of two main parts, a rigid rotary actuator using a harmonic
gearhead and a drum brake designed to act as a clutch. The 200 W rotary actuator provides
54.7 Nm of torque with a maximum speed of 41.4 rpm. The measured efficiency was 0.797 due
to a timing belt speed reduction that was then speed reduced with a harmonic gearhead. The
clutch was a drum brake actuated with a pantograph linkage and ACME lead screw. This
configuration produced 11 Nm of holding torque experimentally but was theoretically shown to
produce up to 51.4 Nm with larger motors. The elastic element was designed using finite
element analysis (FEA) and tested experimentally to find a measured stiffness of 290 Nm/rad.
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Chapter 1: Introduction
Series elastic actuators (SEAs) and rotary series elastic actuators (RSEAs) are becoming
commonplace in the field of robotics. These actuators implement an elastic element in series
with the output of a high force or high torque output and the load. Using these can create
several benefits for force controlled robotic applications, in particular, high bandwidth force
control, energy storage, and impact protection. [1-7]. These actuators can either be linear to
produce force and linear movement, or rotary, to produce torque and rotational movement.
This thesis proposes a new RSEA design that implements a two-mode, or bimodal,
elastic element that can be switched from elastic to rigid depending on the application. The
demand for this comes from the limitations of normal SEAs. Those being difficult controllability
for soft springs, poor impact resistance for stiff springs, and reduced bandwidth from the
introduction of an elastic element. This bimodal SEA is shown in Figure 1.1.

Figure 1. 1: Proposed bimodal series elastic actuator for safer human and robot interaction.

1.1 Motivation
Humans and robots working together has always been a goal for robotics, especially in
industry where limitations of robots force humans to assist in tasks. The development of a
bimodal RSEA was due to the downsides of having either purely rigid actuation or series elastic
movement. Rigid actuation can create dangerous situations for humans working in close
proximity or even doing maintenance on robots [8-10]. This can happen through impacts or
1

clamping scenarios where the introduction of an elastic element on actuators could reduce
injuries or allow escape. Elastic actuation creates issues of its own. Low-elasticity actuators can
be easier to control, but the stiff output has poor force control. High-elasticity are more
difficult to control, but can be much better at force control. However, by including any
compliance, the system becomes higher order, using more computing power and requiring
more complex algorithms [7, 11]. Measuring the output of an elastic actuator requires more
electronics, such as absolute encoders and force/torque sensors. While a bimodal system does
not completely eliminate the need for these sensors, it can reduce the power requirement by
disabling such sensors when in rigid operation.
To create the bimodal RSEA, an initial rotary actuator was designed. This was created to
match the capabilities of a human arm joint, thus, the development of the actuator, focused on
torque requirements and speed. Design of the actuator originally began with design of a 5
degree of freedom (DoF) robotic arm for a humanoid robot. This arm design is provided in
Appendix A but will not be discussed in detail for this thesis. However, due to the arm
limitations and timeline, several design features were selected over other possibly better
solutions. One aspect of the arm design that was important for design of the actuator was the
speed of actuation. In applications where a robot implements a full-body control algorithm, a
minimum speed was needed to react to disturbances and assist in bipedal locomotion [12]. A
minimum speed of 30 rpm (3.14 rad/s) was selected for control requirements. Since the
actuator was designed to be a shoulder joint, it needed to produce up to 50 Nm of torque.
Workspace was also important for the arms and actuators. The actuator had to provide a
workspace without obstacles such as cabling and free rotation of the motor. For reference, the
minimum requirements for the actuators and arm was based on a Robotis Dynamixel Pro arm.
The range of motion specifications and the minimum torque specifications are listed in Table
1.1 [13]. The limits are for the right arm; for the left arm the limits are mirrored.
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Table 1. 1: Range of motion and torque requirements for the right arm of a humanoid robot.

Joint Axis

Miniumum Maximum Range (deg) Torque (Nm)
(deg)
(deg)
Shoulder Pitch
-43
90
133
44.2
Shoulder Roll
-180
180
360
44.2
Shoulder Yaw
-180
180
360
24.8
Elbow Pitch
-158
0
128
24.8
Elbow Roll
-127
180
307
24.8
Wrist Pitch
-90
90
180
15.9
Wrist Yaw
-180
180
360
15.9

The actuators created for the arm are depicted in blue in Fig. 1.2 for the designed five
DoF arm. This design was built around two preexisting components, a two DoF wrist and an
under actuated hand created at Virginia Tech [14]. Circuit boards were also designed in house
and mounted to the exterior of the arm. This arm is explained more in depth in Appendix A1.

Figure 1. 2: Isometric view of designed 5-DoF arm. The designed actuators are highlighted in
blue.
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1.2 Literature Review
Series elastic actuators (SEAs), are otherwise rigid actuators that implement an elastic
element between the actuator and the load or base. A lumped mass model of a SEA is shown in
Fig. 1.3 from [4]. As depicted, any force exerted by the motor must pass through elastic
element before reaching the load. The original SEAs were designed around ball screw drives
with coil springs to provide the elastic element [1-3, 5, 6]. Using the principles from linear SEAs,
rotary series elastic actuators (RSEA) were built [15-17], with several variations in actuation
methods.

Figure 1. 3: Lumped mass model of series elastic actuator [4].

For the bimodal RSEA designed, the elastic element was designed to attach to the
output of a harmonic gearhead. This is fairly common among RSEA's as it allows any forces
from the load to encounter the spring before the actuator [18]. By doing so, high frequency
oscillations or impacts can be dampened and rejected [19]. There are multiple options for
elasticity, such as die springs [20], cables [15], and torsion springs [21]. Die springs offer
commercially available options and wide ranges of elasticity. However, they require more
space than other options and must be mounted to expand along their primary axis. Torsions
springs on the other hand must be custom made for each application, which can require hours
of simulation. However, they can be designed to be highly compact and fit several scenarios.
Due to their compact nature, and the allowable design space for the actuator, a torsion spring
elastic element was selected.

4

1.2.1 Variable Impedance Actuators
One method to increase the capabilities of a SEA is to use a variable impedance actuator
(VIA). This type of actuator uses an elastic element in series with the actuator; however, the
stiffness of the spring can be adjusted [22-24]. This is important for applications where
stiffness must change on demand, such as walking on softer terrain [25, 26]. With most VIAs,
two motors must be used: one to position the actuator and another to change the elasticity.
Usually changes in compliance are done with antagonistic motors where one motor is
actively pulling a spring tight. This can similarly be accomplished with a hydraulic or pneumatic
joint that stays pressurized to increase rigidity [27]. A large disadvantage for antagonistic
motors is that they must work in parallel to change position or stiffness. Another method of
changing elasticity is to use one motor to adjust the spring in use and then hold its position to
maintain the level of compliance. This can also be accomplished with a cam [22] or cable [28].
By using a motor adjusted spring, a VIA can be integrated into a robotic system with less size
and weight requirements.
However, with all of these mechanisms, the elastic element is not completely removed
from the system. This means that even at the stiffest setting, there would still be bandwidth
limitations and the system would require second order control schemes. Because of this
reason, the use of a two-mode elastic element was desired.

1.2.2 Bimodal Impedance Actuators
Through searching online databases and patents, no actuator was found with a series
elastic element that offers complete or partial lockout. To create such a device requires a very
high torque clutch with low weight and a small size. Also, such a clutch would have to interface
directly with the rotary actuator and provide room for a spring to be mounted. This section
details some of the clutch designs explored and what type was chosen.

5

The first area explored was a dog clutch or similar toothed engagement device. These
can be easy to implement and very customizable. Engagement can be as simple a rotating a
component in to place or driving a pin into a slot. However, this method requires the system to
be under small or no loads for transitioning. If friction is too high the teeth will stay engaged
and the system will have to wait until it has been unloaded. Also, if there is deflection from the
spring, features may not align, and the mechanism will not engage reliably.
To avoid mechanical meshing, hydraulic and pneumatic methods were investigated.
These can be complicated and prone to leaks, but they offered opportunities for extra research.
One option explored for this type of clutch was Magneto Rheological Fluid (MR Fluid) which can
change its viscosity through applying electrical current [29], [30]. MR Fluid can change the
performance of an actuator in several ways. If the fluid is left without current, it will act as a
light damper to eliminate any sudden impacts from reaching the actuator. If it is charged, it can
increase the damping directly in relation to the charge applied [31]. To turn it into a clutch, a
valve and piston system could be used to lock the spring, as shown in Figure 1.4. This acts
similar to a MR fluid damper [32], but this does not allow for flow around the piston plug.
However, this cannot ensure perfect rigidity of the spring unless a high enough pressure was
used on the fluid. To contain such a pressure would require a sturdy housing, pumps, and
components rated to that pressure. Because of this complexity and the imperfect rigidity for
the spring, this option was disregarded to look into friction based designs.

Figure 1. 4: Hydraulic clutch for MR fluid.
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Friction clutches and brakes are often used for automobiles or where reliable stopping is
required. An example of this could be a disk brake that clamps onto a rotating disk to stop a
wheel’s rotation. Then, by treating the wheel as an output to an actuator, this device could act
like a clutch. Since the design of wheel brakes is intended for operation under load, it was a
perfect design space to explore. By using a relatively simple mechanism, friction can be applied
to an area to lock out all movement. Also, since this is needed as a clutch for on-off operation,
heat dissipation is not critical. Because of these advantages, this method was selected to use in
the clutch design in this research.

1.3 Thesis Organization
This thesis contains the development and design of a bimodal rotary series elastic
actuator for use in a robotic arm. Chapter 2 contains the design process of the rigid actuator
and covers component selection. Chapter 3 includes the design developed for the clutch used
to create the bimodal RSEA. Chapter 4 provides the test setup used to validate the designs and
presents the testing done. Chapter 5 contains a presentation and discussion of the testing
results on the RSEA. Lastly, Chapter 5 is a summary of the work done, including
recommendations for improving the design of the actuator or clutch and possible future
research areas to explore with this bimodal RSEA.
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Chapter 2: Rigid Rotary Actuator Design
2.1 Introduction
To create enough torque to actuate a robotic arm, commercial motor options were not
high enough torque. Most motors within the desired power range, only offered torque options
of around 0.1 to 0.2 Nm of torque, but had speeds around 16,000 rpm. To get the desired
torque, a speed reduction, or gearing of the motor output had to occur. This principle looks to
the relationship between two gears to determine the input and output torques created. A
visual example of this is seen in Figure 2.1 for timing pulleys. With N as the number of teeth for
each of the pulleys shown.

Figure 2. 1: Example of speed reduction from pulley A to C.

From pulley A to B with the red belt, the reduction is N 2/N1:1. This means that the
torque at B is N2/N1 that of A and the speed, inversely related, is N1/N2 that of A. This also is
repeated between B and C. The total reduction is the product of the total reductions of A to B
and B to C, so the torque at C is
𝑁
𝑁
𝑇𝐶 = ( 2⁄𝑁 ∗ 4⁄𝑁 ) ∗ 𝑇𝐴
1

3

where TC and TA are the torques at C and A. To calculate the speed, ω, it is the inverse

8

(2.1)

𝑁
𝑁
𝜔𝐶 = ( 1⁄𝑁 ∗ 3⁄𝑁 ) ∗ 𝜔𝐴
2

4

(2.2)

The design of the rigid actuator in this thesis utilizes a brushless DC motor which is
speed reduced using a timing pulley and then a harmonic gearhead to increase the torque
output of the motor. This allowed for a smaller package for the actuator and a configuration
that was easier to design around. By using a small, medium torque motor with high speed and
then reducing speed up to 400:1, the design weight is reduced without losing torque. Fig. 2.2
shows the overall design of the actuator which will be discussed more in depth in this chapter.

Figure 2. 2: Rigid rotary actuator designed for a shoulder joint.

Due to the reduced timeline for designing the actuator, mostly commercial options were
investigated. Pneumatic and hydraulic actuators were not pursued simply due to their complex
nature, weight, and dangers of leaks. This left electric options such as speed reduced brushless
motors or all-in-one units that included both motor and gearhead. Most commercial all-in-one
units were designed for industrial applications where weight is less of an issue. An example of
options investigated were preassembled motor and gearhead options like the Moog BN2318MG brushless motor with a 195:1 planetary gear reduction. These were heavy, the lightest
was 1.99 kg, and 180 mm long, which meant design would be difficult to include without having
9

protruding motors. Also, they lacked built-in absolute encoding. This meant that a frame
would have to be built around the actuator to support an encoder and output bearing. After
exploring this concept, it was determined that preassembled gear trains and planetary
gearheads were too heavy, and did not improve the quality of designs. These actuators will be
used for comparison later in this chapter to prove this point. Due to the limitations of all-in-one
units and planetary gearheads, research focused on designing combinations of high speed, high
torque motors with cycloidal and harmonic gearheads.
Cycloidal gearheads have recently been improved in regards to weight and packaging to
become competitive [33]. These gearheads provide good torque at a low weight and good
efficiency. However, a major issue is that there are poor commercial options that meet the
torque and weight requirements. This meant that implementing a cycloidal gearhead would
have required careful machining in house to tolerances higher than the capabilities of our
machines. Because of the timeline and uncertainties, the final option a harmonic drive was
more thoroughly explored.
Harmonic drives are very lightweight gearheads with a wide range of available torques
that can be purchased. The operating principle behind a harmonic drive is a flexible cup like
spring that flexes into the teeth of an outside gear. With this, extremely large gear reductions
can occur, up to 120:1 for the gearhead in this thesis. The spring lowers efficiency to about
30% at lower torques and up to 80% efficiency at high torques [34]. To reduce weight further,
component sets can be purchased which are just the bare components needed to operate the
harmonic gearhead. This saves weight while at the same time allowing for custom housing and
bearing configurations. However, implementing these sets successfully requires high precision
and careful alignment. Due to this, a preassembled harmonic drive was selected for the rotary
actuator.
From this decision to use a harmonic gearhead, design of the actuator began. This
chapter will cover the design process involved with the rigid actuator and the expected
performance. The design strategy of the actuator, motor selection, gearhead selection and
encoder selection will be discussed in depth.
10

2.2 Mechanical Design
The actuator designed is illustrated in Fig. 2.3 with labels. As shown, the motor (a
Maxon EC 4-Pole) is reduced using a 3.33:1 speed reduction. Then, the output pulley is directly
connected to the input of the harmonic gearhead, which provides a 120:1 reduction. This
output is then fed through a Zettlex absolute inductive encoder and supported by a cross roller
bearing. The total reduction is 400:1. Fig. 2.3a includes the gear train without housing while
2.3b includes the housing and mounting locations.

(a)

(b)

Figure 2. 3: Diagram of rotary actuator components with (a) depicting the actuator without
housing to highlight interior components, while b) contains the housing details.
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2.2.1 Motor and Gearhead Selection

Motor and gearhead selection was the most important design choice for the actuator.
This process in the design procedure took the largest amount of time due to the magnitude of
options to explore and the design limitations of each. This section will cover the initial motor
selection process and will transition into the gear train options.
Motors were explored by focusing on four main areas: DC voltage, torque, speed, and
weight. The voltage needed to match that of the robot and thus, could not be AC and had to
match 48 V or 24 V. The torque and speed were critical in the design to ensure that at a given
speed reduction, it would produce enough torque. Weight also had to be accounted for since
most motors at the desired torque ranges were often designed for heavy industrial
applications. Table 2.2 shows a detailed list of motors and gearheads explored with
specifications that met design needs.
The gearhead to use for each actuator was thoroughly explored to ensure that the best
possible torque to weight ratio was achieved. The planetary gearheads were motor
manufacturer options that would mount directly to the motor. These gearheads were limited
depending on the motor selected and often did not meet the torque requirements. The
harmonic gearheads, on the other hand, had several options that could be customized for
almost any motor. To best illustrate gearhead options Table 2.1 was made to compare which
options would be viable. The options highlighted in green were the selected components which
were chosen based on quality and reusability for each actuator.

12

Table 2. 1: Gearhead comparison chart.
Gearhead
Planetary Gearheads:
Maxon GP 62 A 100:1
Maxon GP 52 C 91:1

Repeated Momentary Max Input Weight Torque/Weight
Peak (Nm) Peak (Nm) Speed (rpm)
(kg)
(Nm/kg)
50
30

70
45

3000
6000

1.50
0.77

33.3
39.0

50
60

n/a
n/a

5000
5000

1.6
2.5

31.3
24.0

Harmonic Gearheads:
CSG-17-2UH-LW 120:1
CSG-14-2UH-LW 100:1

70
36

112
70

10000
14000

0.46
0.32

152.2
112.5

CSF-11-2XH-F
CSF-14-2XH-F

11
28

25
54

8500
8500

0.15
0.295

73.3
94.9

Moog 62mm
Moog 81mm

100:1
46:1

100:1
100:1

Table 2. 2: Motor and gearhead combination comparison chart.
Max Torque Voltage Amperage Wattage Nominal
Output Weight
Motor Selection
(Nm)
(V)
(A)
(W)
Speed (rpm) (type) (kg)
Combination w/ Planetary Gearboxes
Maxon EC 90 48V + 26:1
15.0
48
2.3
90
61.9
Shaft
>.6
Maxon EC 90 48V + 66:1
30.0
48
2.3
90
24.4
Shaft
>.6
Moog NEMA 17 + 55:1 GB
Moog NEMA 23 + 100:1 GB

19.8
34.8

24
24

4.5
5.0

145
181

27.3
15.0

Shaft
Shaft

1.28
2.01

Moog BN23-28MG + 46:1
Moog BN23-28MG + 71:1
Moog BN23-28MG + 195:1

25.0
50.0
50.0

48
48
48

5.9
5.9
5.9

222
222
222

133.5
86.5
31.5

Shaft
Shaft
Shaft

1.89
2.29
2.29

Combination w/ CSG-LW Harmonic Gearbox:
Harmonic RH-14D
20.0

24

5.8

140

30

Shaft

0.77

Maxon EC 90 24V + 50:1
Maxon EC 90 24V + 80:1

44.0
56.0

24
24

6.1
6.1

90
90

51.8
32.4

Flange
Flange

1.06
1.06

Moog BN23-13MG + 50:1
Moog BN23-13MG + 120:1
Moog BN23-18MG + 120:1

12.4
29.6
74.5

48
48
48

2.4
2.4
4.9

82
82
174

183.8
76.6
59.4

Flange
Flange
Flange

0.55
0.55
0.85

Maxon ED Flat 70w + 100:1

12.8

24

3.2

70

61.1

Flange

0.29

Combination w/ CSG-LW Harmonic Gearbox and Timing Belt:
Maxon ED Flat 70w + 240:1
30.7
24
3.2
Maxon EC 4Pole 200w + 400:1
54.7
24
7.6

70
200

25.5
41.7

Flange
Flange

0.60
0.76
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As shown in Table 2.2, several motor options were checked with three types of gear
reduction. The first option, planetary gearheads proved to be very heavy for the torque
provided and often only would have shafts for outputs. The problem with output shafts for this
application is that they increase total length, cannot be connected directly to structure, and are
difficult to mount to absolute encoders. The second option, directly driven harmonic
gearheads, were a good option due to their low weight, easy mounting, and flange output.
Finally, the third option, a second reduction using a timing pulley, proved to be the best option
in terms of weight saving, torque, and packaging. The multiple gearing options provided by
timing pulley allowed very precise selection of torques and speeds using varying gearheads and
motors. An example of this torque selection can be seen in Table 2.3. From the table, green
and yellow colors indicated an optimal speed or torque for the actuator being designed. The
“1:3 geared” indicates what ratio is selected for the timing belt. For the table, an example of a
good design would be a 1:120 initial reduction followed by a 1:3.33 timing belt to provide 41.79
rpm and 54.95 Nm.
Table 2. 3: Effect of timing belt reduction on final actuator output torque.
Motor Speed (rpm):
Gearhead
Reduction
Ratio: 1:40
Ratio: 1:80
Ratio: 1:90
Ratio: 1:100
Ratio: 1:110
Ratio: 1:120
Ratio: 1:130
Ratio: 1:140
Ratio: 1:150
Ratio: 1:160

16700

Motor Torque (Nm):

Reduced
Speed (rpm) 1:3 geared 1:3.33 geared 1:4 geared
417.50
139.17
125.38
104.38
208.75
69.58
62.69
52.19
185.56
61.85
55.72
46.39
167.00
55.67
50.15
41.75
151.82
50.61
45.59
37.95
139.17
46.39
41.79
34.79
128.46
42.82
38.58
32.12
119.29
39.76
35.82
29.82
111.33
37.11
33.43
27.83
104.38
34.79
31.34
26.09

0.135

Increased
Torque (Nm) 1:3 geared 1:3.33 geared 1:4 geared
5.40
16.20
17.98
21.60
10.80
32.40
35.96
43.20
12.15
36.45
40.46
48.60
13.50
40.50
44.96
54.00
14.85
44.55
49.45
59.40
16.20
48.60
53.95
64.80
17.55
52.65
58.44
70.20
18.90
56.70
62.94
75.60
20.25
60.75
67.43
81.00
21.60
64.80
71.93
86.40

2.2.2 Encoder Selection
There were multiple sensor options to investigate in terms of absolute positioning and
force sensing. Absolute positioning is important for any position controlled move sequence on
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a robot. A minimum bit count was chosen at 18 bits or 262k ticks per revolution to ensure that
the sensor would be overdesigned if future software changes were needed. To meet this high
bit count, optical, inductive, and capacitive encoders were explored. Optical encoders provide
very high absolute accuracy, bit counts, and precision. They can be simple, consisting of a high
precision marked ring and a single sensor. However, they are expensive and can be double the
cost of other encoders. Inductive encoders are a fairly new type of absolute encoder. They
operate well in dirty environments and are unaffected by heavy grease. They also are cost
effective and have multiple mounting options. However, they require a large amount of space
and weight. Lastly, capacitive encoders provide a good option that is lightweight and cost
effective, but they have limited mounting options. They also require very careful alignment and
cannot handle oil or dirt. From these options, an inductive encoder was selected from Zettlex
with a 21 bit count and an outer diameter of 70 mm. Table 2.4 shows a comparison between
these options.
Table 2. 4: Encoder comparison chart.

Encoder
Renishaw RESA
Netzer DS-90
Zettlex INC-4-75

Angular
Total
Max rpm Outer
Inner
Profile Approximate
Resolution Weight
Diam.
Diam.
Cost
23 bits
157 g 25,000 rpm
75 mm
55 mm 17 mm
$1,500
19 bits
50 g
750 rpm
90 mm
50 mm 10 mm
$700
21 bits
154 g 1000 rpm
75 mm
35 mm 22 mm
$600

2.2.3 Rotary Actuator Housing and Transmission
The housing for each actuator was designed to provide easy mounting to structure and
a rigid output to protect the encoder for reliable movement. To reduce cost and weight, all
machined components were fabricated with 6061 Aluminum with the exception of the stainless
steel bearing retaining ring. An exploded view of the housing is shown in Fig. 2.4 with number
callouts for each piece. Each piece is explained briefly in Table 2.5 and will be coved more in
depth in this section. Excluded from the figure is a small, compact radial bearing located
between Feature 9 and Feature 16. This is referred to as Feature 17 in the table.
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Figure 2. 4: Exploded actuator view with components labeled. List of details are in Table 2.5.

Table 2. 5: Actuator details for exploded view.
Label
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Category
Name
Transmission
Output Extender
Housing
Bearing Retaining Ring
Transmission
Cross Roller Bearing
Housing
Bearing Mount
Housing
Encoder Clamp
Motor
Maxon EC 4Pole
Housing
Motor Alignment Ring
Transmission
Input Timing Pulley
Transmission
Output Timing Pulley
Encoder
Zettlex Absolute Encoder
Housing
Gearhead Housing
Transmission Harmoic CSG-LW Gearhead
Housing
Motor Mount
Transmission
Gearhead Input Bearing
Transmission
Gearhead Input Shaft
Housing
Timing Belt Cover
Transmission
Mount Input Bearing

Details
Extends the output of the harmonic gearhead to allow for encoder
Clamps onto the cross roller bearing
Protects encoder and harmonic gearhead from axial and radial loads
Holds bearing
Clamps onto lip of absolute encoder stator
Motor for actuator
Rotates to ensure bolts line up and motor is flush with motor mount
18 tooth Gates timing pulley
60 tooth Gates timing pulley
21 bit absolute encoder
Protects gearhead and provides mounting surface for structure
120:1 gearhead
Supports motor and gearhead input bearing
Protects input of gearhead from radial load
Connects output timing pulley to gearhead input
Protects timing belt and provides mounting surface for structure
(Not Shown) Provides double support for gearhead input shaft
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The housing begins with the motor mount. This feature is where the motor connects to
the frame of the actuator and what ensures that the input to the harmonic gearhead is free of
radial and moment loads. To mount the motor, a slotted bolt pattern is shown in Figure 2.5
which allows for the installment of the motor with a timing belt. The bolt pattern is designed to
allow for pivoting around one bolt for 30 degrees of rotation. This rotation translates to about
a 5.7 mm shift between the input and output timing pulleys which tightens the belt and
eliminates backlash. The input timing pulley is single supported at the motor side while the
output pulley is double supported. This was due to the radial loads of 22.7 N generated by the
motor, which were within motor tolerance but not that of the harmonic gearhead. If radial
load is applied to the input of the harmonic gearhead, non-uniform deformation of the flexspring will occur resulting in damage. The motor mount also features a stepped surface where
the motor is attached. This serves two purposes: aligning timing pulleys and positioning the
motor clear of the actuator output.

Figure 2. 5: Slotted bolt pattern for timing belt tightening.

Connected to the motor mount is the timing belt cover. This prevents debris or other
things from easily entering the belt path. It also provides structural support by thick ridges
across the plate which can also serve as mounting locations.
Bolted to the harmonic gearhead and motor mount is the gearhead housing. This
feature was created to provide a strong mounting point for the actuator and support the
absolute encoder. The four bolt pattern on the side utilizes M4 x 0.7 bolts on each of its four
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sides. This ensures that the actuator can be used structurally if needed. Figure 2.6 presents an
isometric view of this housing. The area between each structural side is 1mm thick to save
weight without the need of perforating the structure.

Figure 2. 6: Actuator housing alignment features. Numbers match features from Fig 2.4 and
Table 2.5.

Protecting and securing the encoder are the two rings at the top of the actuator, the
cross roller bearing mount and the encoder clamp, depicted as Part 4 and 5 in Fig. 2.4 and 2.6.
These are housing parts which mount to the top of the gearhead housing and span the gap to
the cross roller bearing. Two rings had to be used due to the overlap with the bearing and the
absolute encoder rotor, seen in Fig. 2.3. The bearing is a THK split cross roller bearing rated for
5.68 kN of dynamic radial load. When used with the axial support of the harmonic gearhead,
the encoder stays protected from outside disturbances.
Due to the design of the housing, tolerance stacking was a major design concern. If the
output was not properly centered, there would be cyclic radial loads which could damage the
actuator. To deal with this, alignment features were used heavily to ensure that the output
would be precise. Some of these features are circled in Fig. 2.6.
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Once the rigid actuator was designed, the development of the elastic element began.
This process explored the options available and designed around ones that had more potential
for success. The elastic element assembly was created to mount directly to the output of the
rigid actuator so the system could be modular. This assembly also had to be designed to handle
any forces that the actuator could handle such as radial and axial loading. All of these details
will be presented in the following chapter.
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Chapter 3: Drum Clutch for Bimodal Elasticity
3.1 Introduction
Robot and human interaction will always be an important focus when designing robots.
When physical contact is a possibility, it is critical that robots do not injure humans or
themselves. To accomplish this and to protect the robot from impacts, series elastic actuators
were developed. These actuators can greatly reduce harm through active control of the
actuator via force sensing [13] or passive protection such as a spring and damper [22]. The
downside, however, is that any compliance reduces the level of precision for the actuator and
lowers the bandwidth available. Perfectly rigid actuators are ideal for industrial applications
where repeatability is needed.
To meet both of these requirements and improve the range of possibilities for an
actuator, a clutch has been designed to engage or disengage an elastic element while attached
to the actuator. Thus allowing the actuator to be either rigid or compliant. This clutch operates
by implementing an internal drum brake to lock out a torsional planar spring with a holding
torque of 51.4 Nm. This design can be seen in Figure 3.1 with the brake partially disassembled.

Figure 3. 1: Developed drum brake clutch with the top output not shown. Cylinder on the right
is the brake drum with the designed springs. Arrows indicate movement of clutch pads.
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This chapter will present the drum clutch design. The design will be discussed based on
the three main components: an internal drum brake, a pantograph linkage for actuation, and
the rotary spring designed specifically for this application. The motor selection and
transmission design of the system will also be discussed.

3.2 Mechanical Synthesis
The developed clutch, as shown without the outer drum in Figure 3.2, consists of an
actuated power screw which moves a pantograph linkage. This movement either engages or
disengages a high friction brake pad with the outside cup. This engagement directs any
actuator loads through the brake assembly and friction pad, and past the planar torsion spring.
Once disengaged, the planar torsion spring is free to rotate along the axis of the actuator and
deform to outside perturbations.

Figure 3. 2: Clutch with cup removed. The red arrows indicate the direction of linkage forces
used to apply braking torque.
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The purpose of this clutch was to provide a quick, reliable mechanism to bypass an
elastic element under load. The ability to operate under load is important for the actuator so
that an actuator equipped with this device can change modes at any point in its move pattern.
This can be to either become elastic the moment a human enters the robot workspace or it can
lock out a robotic arm for a precise adjustment. More advanced operations can also occur if
the spring is preloaded prior to bypassing with the brake. With the spring deformed, the brake
can release the stored energy instantaneously to apply additional torque or movement to an
operation. An example of this could be turning a rusted door handle and having to overcome
stiction.
Design of the clutch focused on calculating mechanical responses to given inputs and
creating structure to support the expected loading. The initial calculations were to determine
the size of the brake pad needed to hold a 50 Nm load. From this calculation the actuation
forces could be found, and thus the mechanisms behind the brake were designed. From the
size of the desired brake pad, the internal capacity of the clutch could be determined, or the
space for which to build the mechanisms. After mechanisms were designed, the actuation
forces were derived and components could be fitted in to place within the brake. This section
will cover the synthesis behind the clutch.

3.2.1 Internal Drum Brake
The design for the clutch came from an internal drum brake that would normally be
outfitted to a car. The issue was reducing the size of the clutch so that it could mount
unobtrusively to the output of an actuator. In reducing the brake size, the maximum torque
was also reduced. To accomplish this design, first an initial calculation was made to roughly
determine the forces required to actuate the device. The calculation used for brake forces is
from Shigley’s Mechanical Engineering Design 9th Edition textbook [35] from Section 16-2. The
first calculations were to model the moments generated by the friction and normal forces of
the brake (Mf and MN respectively)
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𝑓 𝑝𝑎 𝑏 𝑟 Ɵ2
𝑀𝑓 =
∫ sin Ɵ (𝑟 − 𝑎 cos Ɵ) 𝑑Ɵ
sin Ɵ𝑎 Ɵ1
𝑀𝑓 =

(3.1)

𝑓 𝑝𝑎 𝑏 𝑟 1
[− (cos Ɵ1 − cos Ɵ2 )(−2𝑟 + 𝑎 cosƟ1 + 𝑎 cosƟ2 )]
sin Ɵ𝑎
2

(3.2)

𝑎 𝑝𝑎 𝑏 𝑟 Ɵ2 2
∫ sin Ɵ 𝑑Ɵ
sin Ɵ𝑎 Ɵ1

(3.3)

𝑎 𝑝𝑎 𝑏 𝑟 1
[ (−Ɵ1 + Ɵ2 + cos Ɵ1 sin Ɵ1 − cos Ɵ2 sin Ɵ2 )]
sin Ɵ𝑎 2

(3.4)

𝑀𝑁 =
𝑀𝑁 =

where f is the friction coefficient of brake pad and outer drum (f = 0.51 for material used), pa is
the maximum allowable pressure for the brake material (pa = 1380 kPa for material used), b is
the face width of the brake pad (b = 25.4 mm), r is the outer radius of the brake pad (r = 40
mm), a is the distance from the pad pivot point to the center of the brake (a = 28.35 mm), Ɵa is
the angle at which the maximum pressure pa occurs (Ɵa = 90° = π/2 radians), Ɵ1 is the angular
distance to the brake pad from the pivot point (Ɵ1 = 41.1°) and lastly, Ɵ2 is the angular length of
the brake pad from the pivot point (Ɵ2 = 166.2°). These variables are shown in Figure 3.3. All
numerical calculations are found in Appendix A-2.

Figure 3. 3: Brake diagram for Equations 3.1-3.11.
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From Equations 3.1-3.4, it was found that Mf = 53.13 Nm and MN = 57.84 Nm. After the
moments were calculated, the actuating force had to be calculated. This force balances these
moments over the length of the brake pads. This equation is
𝐹=

𝑀𝑁 − 𝑀𝑓
𝑐

(3.5)

where c is the length between the brake pad pivot and the point at which force is applied. For
the brake, c = 53.42 mm and from this calculation, F = 88.15 N. This force can then be used to
calculate the stopping torque of the brake. The first step in the stopping torque equation is to
determine the brake pad pressure in the leading left hand pad. This is proportional to the
moments Mf and MN and the maximum pressure of the material
𝑀𝑁𝐿 =

𝑝𝐿 𝑀𝑁
𝑝𝑎

𝑀𝑓𝐿 =

𝑝𝐿 𝑀𝑓
𝑝𝑎

(3.6)

Then, from Eqn. 3.5 and accounting for the opposite rotation:
𝑀𝑁𝐿 + 𝑀𝑓𝐿
𝑐
(𝑀𝑁 + 𝑀𝑓 ) 𝑝𝐿
𝐹=
×
𝑐
𝑝𝑎
𝐹=

(3.7)
(3.8)

Solving these equations makes pL = 58.56 kPa. Then, using the pressures derived, the right and
left torque can be calculated
𝑓𝑝𝑎 𝑏𝑟 2 (cos Ɵ1 − cos Ɵ2 )
𝑇𝑅 =
sin Ɵ𝑎

(3.9)

𝑓𝑝𝐿 𝑏𝑟 2 (cos Ɵ1 − cos Ɵ2 )
sin Ɵ𝑎

(3.10)

𝑇𝐿 =

These equations produce TR = 49.33 Nm and TL = 2.09 Nm. The total stopping torque is simply
the sum of these
𝑇 = 𝑇𝑅 + 𝑇𝐿 = 51.42 N ∙ m

(3.11)

As shown in these calculations, a total force of F = 88.15 N was required to maintain the
hold on each brake pad and ensure rigidity. This is normally accomplished with either
pressurized cylinders or with cables and lever arms in a traditional drum brake. Since the clutch
was designed to be self-contained, this was not desired. Some of the options investigated were
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designs such as cams and geared mechanisms. In the end, a pantograph linkage, or scissor
linkage was chosen. This is explained the next section.

3.2.2 Pantograph Linkage
A pantograph linkage is a commonly used device that uses linkages in a cross shaped
configuration to produce large forces. This is often used for scissor lifts or car jacks where a
small motor driven lead screw can produce large lifting forces in the correct configuration. This
mechanism can be seen in Figure 3.4, where the force out is directly related to the force in and
Ɵ. The equations behind this will be explained later in this section.

Figure 3. 4: General design of a pantograph linkage.

To implement this mechanism in the available space, it had to be specifically designed to
fit around each component and provide symmetric forces to each brake pad. The configuration
of linkages was designed off of easily purchased components and to provide quick engagement
and disengagement of the brake. With these requirements, a short (10 mm) link and a long (24
mm) link were designed. These connect to a 10 mm member which connects the whole
assembly to the brake pad arm. This can be seen in the following equations and figures.
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3.2.2.1 Pantograph Linkage Kinematics

Figure 3. 5: Linkage configuration used in brake.

As shown in Figure 3.5, each orange circle represents a pivot point for a linkage. This
can also be seen in the right diagram as white circles. The length of each linkage is denoted by
an Ln while each angle is denoted by a Greek letter. The center bar is attached to the ACME nut
which moves linearly in the direction denoted by Y. The ground points for the assembly are
located at A and C. Since link AE is curved, L1 denotes the distance between pivot points to be
used in calculations. To calculate how link AE moves in relation to the input Y, the assembly
was broken into two triangles as shown in Figure 3.6. To help solve the equations, L5 was
defined to represent the linear distance between point C and B; with L6 being the distance for
point A and D.
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Y

X

Figure 3. 6: Triangles used to solve pantograph linkage kinematics.

L5 can be found by Pythagorean’s theorem involving the change in distance, Y, by using
𝐿5 = √(𝐵𝑥 − 𝐶𝑥 )2 + (𝑌 − 𝐶𝑦 )

2

(3.12)

To calculate the angle ɣ, angles ρ and Ɵ had to be found using trigonometry and the law of
cosines
𝑌
𝜌 = cos −1 ( )
𝐿5

(3.13)

𝐿22 − 𝐿25 − 𝐿23
Ɵ = cos −1 (
)
2(𝐿5 )(𝐿3 )

(3.14)

From geometry, angle ɣ can be found as
ɣ=

𝜋
−𝜌−Ɵ
2

(3.15)

This angle is measured clockwise from the horizontal X-axis and defines the position of
the upper triangle. In order to find the angle α, the location of point D must be found in
regards to point C by using point A as the origin (i.e. X0 and Y0). Also, since ɣ was clockwise from
the horizontal x-axis, its relative angle is negative, as shown in the following D equations:

27

𝐷𝑥 = 𝐶𝑥 + 𝐿3 cos(−ɣ)

(3.16)

𝐷𝑦 = 𝐶𝑦 + 𝐿3 sin(−ɣ)

(3.17)

By using the location of D, the second triangle can be calculated. First, L6 must be found by
Pythagorean’s theorem
𝐿6 = √(𝐷𝑥 − 𝐴𝑥 )2 + (𝐷𝑌 − 𝐴𝑦 )

2

(3.18)

By using A as the origin of the model, this can be simplified to
𝐿6 = √(𝐷𝑥 )2 + (𝐷𝑌 )2

(3.19)

Then, similarly to the first triangle, angles µ and ψ can be found with trigonometry and the law
of cosines
𝐷𝑥
)
𝐷𝑦

(3.20)

𝐿24 − 𝐿26 − 𝐿21
(
)
2(𝐿6 )(𝐿1 )

(3.21)

µ = tan−1 (

ψ = cos

−1

Finally, angle α can be found by geometry
𝛼=

𝜋
−µ−𝜓
2

(3.22)

3.2.2.2 Pantograph Linkage Forces
By using a pantograph linkage in the configuration shown in Figure 3.5, the calculations
for forces become non-trivial. Similar to the general pantograph shown in Figure 3.4, the angle
Ɵ needs to be much greater than zero degrees to produce the most force. Thus, as the linkage
is actuated, Ɵ will increase to engage the brake pad and will be able to produce maximum force
as it extends. Figure 3.7 shows the basic free body diagram of the pantograph linkages in an
extended configuration.
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Figure 3. 7: Free body diagram of pantograph linkage.

The angles ɸ and β were found using the same equations as above. By modeling the pin at D as
a point, the sum of forces at that location can be found as
∑ 𝐹𝑥 = 0 = 𝑅𝐵 cos( 𝛽) + 𝑅𝐶 cos(ɣ) − 𝐹𝑏𝑟𝑎𝑘𝑒 cos(ɸ − 𝜋)

(3.23)

∑ 𝐹𝑦 = 0 = 𝑅𝐵 sin( 𝛽) − 𝑅𝐶 sin(ɣ) − 𝐹𝑏𝑟𝑎𝑘𝑒 sin(ɸ − 𝜋)

(3.24)

where RB and Rc are the reaction forces at Pin B and C, respectively. Fbrake is the magnitude of
the brake force required to engage and disengage the brake. From previous calculations used
in drum brake design, Fbrake = 88.15 N. To calculate the force required by the lead screw, RB in
the Y direction, the brake was positioned in its maximum extension (the point where the pads
are fully engaged with the outside drum). The angle values of that position are
ɸ = 186.81°, 𝛽 = 84.84°, and ɣ = 58.95°

(3.25)

By inserting into Eqn. 2.23 and 2.24
𝑅𝐵 = 136.06 𝑁

(3.26)

𝑅𝐵𝑦 = sin(𝛽) 𝑅𝐵 = 135.51 𝑁

(3.27)

Since this force is from both sides of the assembly, the total force that the lead screw must
produce is 271.02 N. To accomplish this loading, a gear train had to be designed.
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3.2.2.3 Pantograph Linkage Actuation
To produce the force needed to actuate and maintain engagement for the brake, two
methods were used: a high pitch ACME screw and a 2:1 gear reduction. The ACME screw was
selected with a diameter of 6 mm and pitch of 0.61 mm. The matching nut was selected for its
dynamic load rating of 50 lbf or about 220 N. Since the nut will not be used to rapidly engage
loads or cycle loads, exceeding the dynamic rating was allowable. To calculate the required
torque needed by the ACME screw, the following equation was used
𝑇𝑅 =

𝐹𝑙
2𝜋 𝑒

(3.28)

where TR is the torque required to turn the screw into the load, e is the efficiency of the lead
screw (e = 0.28), F is the force to be generated (F = 271.02 N), and l is the lead (l = 0.61 mm).
From this equation TR = 93.97 mNm. Unfortunately, when this calculation was originally done,
the torque was miscalculated to be TR = 21.8 mNm and the motor was sized off of this value.
This reduction in torque will be addressed later in this section to determine the true braking
torque.
To achieve the 21.8 mNm load originally calculated, a gear train and motor were
selected. This procedure was similar to that of Chapter 2 for the rotary actuator where motor
torques and gear reductions were compared. The motor selected was a 24 VDC Portescap
16N78 Althlonix brushed motor. This motor can produce a stall torque of 11 mNm with a max
continuous torque of 6.3 mNm. Since the high torque would only be needed to engage the
brake, only the stall torque was used in motor selection. To reach the 21.8 mNm torque
requirement, a 2:1 gear reduction was used. This can be seen in Figure 3.8. To span the
distance between the motor and ACME screw, an idle gear was placed on the bottom brake
support. The smaller gears are 20 tooth gears while the larger gear is 40 tooth.
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Figure 3. 8: Spur gear train used in brake actuation.

The actual force that can be generated from this configuration was calculated based on
all of the methods described in this chapter. It was found that the maximum force from the
lead screw was 62.87 N. This meant that a maximum force of 20.45 N could be applied to each
brake pad. From Equations 3.9 and 3.10, this change in force is directly proportional to the
output torque that the brake can hold. Thus, the actual brake torque is 11.93 Nm. Since this
ends up being much lower than the output of the actuator, it will be more evident in the results
when that torque is reached. Due to the design of the clutch, there is room for a second motor
on the opposite side of the ACME screw. Adding a motor in parallel to the existing one would
produce double the torque. To increase the holding torque further, linkages can be redesigned
and the gear ratios can be modified. These changes and other fixes will be discussed in the
future work section.

3.2.3 Rotary Torsion Spring Bandwidth
The spring stiffness was selected from similar RSEAs and was also derived from the
desired bandwidth of the actuator. This was done by measuring a rough number for motor and
gear head inertias either through CAD or from data sheets of components. To lump the inertias
together for calculations, Equation 3.29 was used with Figure 3.9.
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Figure 3. 9: Simplified gear train of actuator used for calculating total inertia.

𝐽𝑡𝑜𝑡 = 𝐽𝑚 + 𝐽𝐴 + (

𝑁1 2
𝑁3 2
) (𝐽𝐵 + 𝐽𝐶 + ( ) (𝐽𝐷 + 𝐽𝐿 ))
𝑁2
𝑁4

(3.29)

For Eqn. 3.29, Jtot was the total inertial, Jm was the motor inertial, JL was the load inertia, JA-D
were the inertias of each of the gear train elements. N1-4 were the number of teeth per gear
reduction, thus N1/N2 and N3/N4 are the gear ratios between each gear set.
Once this inertia was found, a state space model was created using the lumped mass
model of a SEA, shown in Figure 3.10. The system dynamics equation was then derived and is
illustrated in Eqn. 3.30.

Figure 3. 10: Lumped mass system model of a SEA. For rotary actuation, mk becomes the total
inertia of the actuator (Jtot), as seen by the motor.

𝐽𝑡𝑜𝑡 Ɵ̈ + 𝑏𝑚 Ɵ̇ + 𝑘𝑠 Ɵ = 𝑢(𝑡)

(3.30)

where bm is the damping coefficient of the motor and ks is the spring coefficient of the rotary
torsion spring. Ɵ is used here in place of x to indicate rotational motion. From Eqn. 3.30, a
state space model can be created for simulation
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(3.32)

where x1 and x2 are state variables, u is the input to the system, and y is the system output.
This system was then simulated with incremental magnitude changes to ks to determine the
expected bandwidth for a given spring stiffness. A Bode plot of the system is shown in Figure
3.11 with an input amplitude of 1. A minimum frequency of 100 Hz was chosen for control of
the actuator. This was selected from reviewing papers on RSEAs [36,37]. From the plot, at a
stiffness of 10 Nm/rad the actuator bandwidth is approximately 200 Hz with a low dB gain at
100 Hz. However, due to the softness of the spring, this was not optimal for movement, as the
spring would deform 5 radians at 50 Nm of torque, or about 286 degrees. From this limitation,
the minimum stiffness was selected at 100 Nm/rad.

Figure 3. 11: Bode diagram depicting changes in bandwidth due to changes in spring stiffness.
Stiffness values are shown in the legend with units of Nm/rad.
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3.2.4 Rotary Torsion Spring Modeling
The elastic element of the actuator was developed by using finite element analysis (FEA)
and through research on similar torsion spring designs. Through the field of RSEAs, there are
many variations on spring designs. Often the spring designs will vary in stiffness and load
capacity, but they can also greatly vary in thickness. One common method of elasticity, is to
use die springs on a lever arm [18-22]. This can produce a cheaper spring, but can also have
higher weight than other designs. Other methods tend to use a single piece of metal with a
carefully cut pattern to reach the desired stiffness [36-38]. Since this allows for a very custom
spring, this was the method chosen for spring design in this clutch.
To model each developed spring, Siemens NX 8.5 Design Simulation environment was
used. This program uses an NX NASTRAN DESIGN solver to do structural analysis. The material
was modeled as “Titanium-Ti-6Al-4V Titanium Alloy” which is a close approximation to Grade 5
Titanium. The meshing scheme used CTETRA(10) elements, or 10 node tetrahedral. Element
size varied from 2 mm to 0.5 mm for a targeted convergence of 95%. To keep loading simple,
the outside bolts were constrained with pinned supports while a torque load was applied to the
center hole of the spring. Each result was checked for non-uniform stress concentrations to
rule out meshing errors.
The original design was based on a looped spring shape similar to the spring designed in
[36]. This was chosen due to the simple design of the spring and configurability, seen as
Designs 1 and 2 in Figure 3.9. From simulation, these designs were too stiff and had high stress
concentrations only at the radiuses. To deal with the stiffness, Designs 3 and 4 were
developed. These had more areas for material to deform, but to get the best performance a
non-symmetric spring had to be used. Symmetry was preferred so that the spring deformation
curve would be the same for clockwise or counter-clockwise rotation. However, as seen in
Designs 3 and 4, these shapes had just as many stress concentration points as Designs 1 and 2.
From further testing, Designs 5 and 6 were developed. These had only one radius per side and
had a long sweeping arm to deform with the load. This basic shape proved to be softer and
stronger than the other designs.
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Figure 3. 12: Spring designs tested and developed.

As shown in Figure 3.12, Design 6 has an inner radius near the center and then a large
sweeping arm that connects to the outside supports. Each of these features was designed to
distribute strain energy evenly across the shape to ensure maximum deformation. The extra
holes, which do not match the other shapes, were inserted to spread the strain evenly across
parts of the spring. This was inspired by the holes used in [37]. Each hole creates a localized
stress concentration which takes strain energy away from locations around it. This can be seen
in Figure 3.14 from the finite element simulation. To solve the problem of a non-symmetric
spring deformation, two springs were stacked upon one another in parallel.
From simulation it was found that, at 25 Nm of torque per spring (50 Nm total), the total
stress on the spring was 714.99 MPa, as depicted in Figure 3.13. This gave a total factor of
safety of 1.2 for the 860 MPa tensile strength of grade 5 titanium. At this stress, the total
spring deformation was approximately 0.124 radians, which equated to be a theoretical
stiffness of 402 Nm/rad. This was higher than the desired 100 Nm/rad minimum, but the
material was not able to deform further without risking the integrity of the spring.
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Figure 3. 13: Spring stress FEA.

Figure 3. 14: Spring strain energy FEA.
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3.3 Mechanical Design
To connect the pantograph linkage to the frame of the assembly, brass shoulder bolts
were used as pivoting points and to secure the entire mechanism. These bolts are shown in
Figure 3.15 as Features 8 and 9. This ensured there would be minimal friction on metal to
metal surfaces. To reduce friction further, bearings were used at locations where there would
be more angular travel or high radial load. To mount the linkage assembly and handle the
output of the actuator, two supports were designed. These can be seen in Figure 3.15. These
supports provide alignment and rigidity to the structure, but also act as bearing mounts, idle
gear support, and mechanical hard stops. The supports are referred to as the top and bottoms
supports. The top is the smaller one with basic features, while the bottom support has the
mounting spot for the idle gear. They are secured in place with a base plate which mounts to
the rotary actuator and a top spanner that acts as an output if the brake is disengaged.

Figure 3. 15: Top and bottom supports of brake.
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Table 3. 1: Callouts from Figure 3.15.
Label
Name
1
Alignment Pin Locations
2
Magnetic Sensor Mount
3
Idle Gear Mount
4
Radial and Axial Bearings
5
Alignment Slot
6
Clearance for Motor and Gear
7
Output Spanner
8
Brake Pad Pivot Point
9
Upper Pantograph Pivot Point
10
Base Mounting Plate

Details
Aligns features in the assembly and ensures rigidity
Originally designed for magnetic sensor, but unused in final design
Shoulder bolt and nylon washer mounting point to hold rotating idle gear
Retains ACME lead screw
Aligns bottom support, had to be slotted for assembly
Allowed for larger input gear for actuation
Handles actuator load when brake is disengaged and supports assembly
Point A in Figure 3.6 where brake pad reaction forces take place
Point C in Figure 3.6
Plate which mounts to actuator output and provides mounting for motor

Figure 3. 16: Motor, gear train, and leadscrew assembled on rigid rotary actuator.

As shown in Figure 3.16 and 3.17, the lead screw is held in place by the top and bottom
supports. This was done through the use of axial thrust bearings to support actuation load and
radial bearings to handle radial loads caused by the gearing. Mounting the ACME screw
required careful machining to within 0.1 mm tolerances. If the screw flats were too short, the
screw would shift in place upon force application and could cause uncontrolled responses.
Alternatively, if the flats were too long, they would press up against the thrust bearings and
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would provide friction to the rotation. Figure 3.17 shows a diagram of the ACME screw and the
bearings used.

Figure 3. 17: Exploded view of motor, gear train, and ACME screw. Details are in Table 3.2.
Table 3. 2: Details for Figure 3.17.
Label
1
2
3
4
5
6
7
8
9
10

Name
Thrust Bearing
Linkage Base
ACME Nut
ACME Screw
ACME Spur Gear
Idle Gear
Motor Spur Gear
Motor Shaft Adapter
Motor Mount
Athlonix DC Motor

Details
Handles thrust loading from ACME screw
Input to the pantograph linkage. ACME nut screws into hole
ACME nut with static load capacity of 200 N
6 mm diameter, 0.61 mm lead ACME lead screw
Drives rotation of ACME screw
Spans the distance between motor and ACME spur gears
Output of motor
Adapts the 1.5 mm motor shaft to the 3 mm spur gear bore
Supports the motor
5 W, 24 VDC brushed motor

The motor was mounted to the base plate using a small 90° flange and the mounting
holes provided by the motor manufacturer. This configuration allowed for the wiring to run
under the ACME screw, shown in Figure 3.16, and up through the output of the clutch. The
output of the motor is a 1.5 mm shaft. To attach it to the 3mm bore of the spur gear, a shaft
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adapter was designed to fit within the limited workspace of the clutch. This can be seen as
Feature 8 in Figure 3.17
Linkages were mounted onto the top and bottom supports by clamping through the
output spanner with shoulder bolts. To avoid loose components or over tightening, nylon
washers and 0.1 mm shims were used at every joint. Since dowel pins were used for alignment,
a method to remove the output spanner from the top and bottom supports was necessary.
This can be seen as the small holes at the top of the part, called out as Feature 1 in Figure 3.18.
These are threaded holes which, when a bolt is inserted, will easily remove the output spanner.

Figure 3. 18: Linkages mounted to top and bottom supports. Callout 1 points to the threaded
disassembly holes.

The drum of the clutch was connected to the elastic element through the part shown in
Figure 3.19. This piece rigidly connects to the drum and elastically connects to the output
spanner from the linkage assembly. This means that when the brake engages, all of the load
transfers through the linkages, into the brake, and out the drum. When it disengages, torque
runs from the supports, through the output spanner, and into the elastic element. This final
output piece of the clutch can change for different applications, but for the testing needed, it
was given an output matching that of the rigid actuator. All combined, the clutch weighs a total
of 0.47 Kg with a maximum theoretical holding torque of 51.42 Nm. From the miscalculation,
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the actual holding torque is 11.93 Nm and will be discussed in the following chapters. Figure
3.20 shows the clutch mounted to the output of the rigid actuator.

Figure 3. 19: Top view of the clutch output with bottom view on the right. Note the stacked
torsion springs to create symmetry.

Figure 3. 20: Clutch mounted to output of rigid actuator.
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Chapter 4: Experimental Methods
To determine the capabilities of the rigid rotary actuator and drum brake clutch, several
tests were necessary. These tests were designed to test each aspect of the design by verifying
calculations and validating finite element models. Those aspects are the controllability of the
actuator, torque production of the actuator, holding torque of the clutch, and spring stiffness of
the elastic element. To ensure that each test had controlled inputs and outputs a rigid test
stand was designed. Inputs and outputs were measured with a motor controller, absolute
encoder, and force/torque (F/T) sensor and processed by a computer.

4.2 Test Stand
To test the designed actuator and clutch, a test stand had to be designed to form a rigid
base for all components and sensors to mount. This was done by using the setup illustrated in
Figure 4.1. A rigid base was needed to ensure that there was minimal noise in the system and
that all output data collected was only from measured inputs.

Figure 4. 1: Simplified model of actuator and clutch test stand.
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The designed test stand consisted 0.5 to 1 inch pieces of 6061 aluminum mounted into
slots on a rigid base plate. This plate is in Figure 4.3 as Part 1. Part 2, duplicated on both sides,
is the actuator mounting plate. This bolts directly to the side of the actuator and runs the
length of the test stand. Part 3 is the cross roller bearing mount. This was designed for testing
the actuator in the presence of radial loading. For the torque testing done, this was not
necessary as the loading was purely axial. The final part, Part 4, is the mounting plate for the
force-torque sensor used. This part was designed with alignment features to ensure that the
sensor would have minimal movement from loading. Part 4 and the F/T sensor locked out the
output of the actuator so that no radial or axial movement could occur. This allowed for the
measurement of the output torque produced by the actuator. This was also used to calculate
spring deflection when the clutch is disengaged.

Figure 4. 2: Test stand designed for rigidity.
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Figure 4. 3: Actuator test stand pieces without actuator mounted.

4.3 Electronics and Sensors
Collecting data and controlling the motor was accomplished with multiple devices.
Motor control was handled through a Maxon motor controller. To control the clutch, a more
basic circuit was used which allowed for rapid engagement and disengagement. Reading the
encoder data from the Zettlex encoder was accomplished through an Arduino microcontroller.
Finally, the motor torque was measured using an ATI force torque. This section will cover each
of these systems and explain how the data was gathered.
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4.3.1 Maxon EPOS Controller
To control the motor, and thus the actuator, a commercial motor controller was used.
The motor, as selected in Chapter 2, was a 200 watt Maxon EC 4-Pole with Hall effect sensors
and incremental encoders. The controller selected was a Maxon EPOS2 50/5 digital positioning
controller. This device, depicted in Figure 4.4, operates from 11 – 50 VDC and has a maximum
continuous current of 5 A, for a power range of 50 to 250 watts. It can read the Hall effect
sensor and incremental encoder from the motor for use in positioning control. Current control
is also possible and was used to determine the theoretical torque output of the actuator for
determining efficiency.

Figure 4. 4: Maxon EPOS2 50/5 digital position controller used for operating actuator.
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4.3.2 Clutch Control
Operating the clutch was done by powering on and off the brushed DC motor, as well
as, switching the direction of current to change the motor rotation. Current limiting was
originally done with a power supply but was removed as not enough torque was transmitted by
the motor. The circuit used to operate the motor is shown in Figure 4.5, with the motor
marked as block M. As illustrated, the circuit has two switches that are manually moved. In the
configuration labeled, Switch 1 is up and Switch 2 is down. This means that the motor has
positive voltage on its left terminal and is grounded on its right terminal. If both Switch 1 and 2
are in the same configuration, the motor has no voltage difference across its terminals and thus
no power. The voltage source depicted in the figure is a DC power supply operating at 24 VDC.

Figure 4. 5: Electrical circuit used for powering clutch motor and changing motor direction. As
depicted, the motor is receiving positive voltage from the left and is grounded on the right.

4.3.3 Absolute Encoder Reading
The absolute encoder, mounted at the output of the rigid actuator, was measured
through an Arduino microcontroller. The code for this is shown in Appendix A-3 [39]. The code
operates by reading the serial data written by the Zettlex Incoder and calculating the resulting
position reading. It then presents the resulting position with a sampling frequency of 5 kHz in a
format that can be easily saved for processing later.
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4.3.4 Force/Torque Sensor
To measure the torque created by the actuator, the clutch hold, and the spring
deflection, an ATI Mini58 6-axis Force/Torque (F/T) sensor was used. This sensor is capable of
measuring up to 120 Nm of torque and 2.8 kN of force. The resolution was 0.75 N for force and
0.0125 Nm for torque in the Z axis of the device, which was mounted such that the Z axis
aligned with the axis of the actuator. This sensor is seen below in Figure 4.6. This sensor was
read using the ATI board provided with the sensor. This board was powered at 10 W with a
voltage of 20 VDC. To read the data, an Ethernet cable was connected to a computer and the
resulting torques were recorded to a file. To ensure common ground, this device was
connected to the ground of the Maxon motor controller and with a CAN cable. The circuit
board can be seen in Figure 4.7. As labeled in this figure, Cable 1 is the data cable for the F/T,
Cable 2 is the CAN cable to the motor controller, Cable 3 is the power for the board, and Cable
4 is the Ethernet cable going to the operator’s computer.

Figure 4. 6: Force/Torque sensor used to measure actuator torque, clutch torque, and spring
deflection.
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Figure 4. 7: ATI board used for reading Force/Torque sensor and communicating with
computer.

4.4 Test Procedure
To test the actuator and clutch, a testing procedure was developed. Initial tests were
done to check motor calibration and control of the actuator. These were performed to verify
position and velocity command accuracy. After the actuator was determined to function as
desired, the output was locked and the actuator torque was measured. This was done with the
clutch disengaged so force only went through the elastic element. Once the torque was
measured and modeled, the spring deflection was measured. Lastly, the clutch was engaged
and the holding torque of the system was measured.
Position, velocity, and current control was accomplished with the Maxon EPOS Studio
and the EPOS 2 motor controller. The EPOS Studio is a graphical user interface that allows the
user to operate a Maxon motor in several modes. It also provides data collection from the
motor. This software was used to set limits on the motor to ensure the actuator could not
damage itself, such as maximum velocities or maximum current provided. To calibrate the
motor and actuator, a tuning interface was available with manual or automatic tuning options.
After tuning, current control of the motor was possible. This mode set the current, and thus
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the torque, of the motor to a set point and maintained the value. This was how the actuator
torque and spring deflection were measured.
Due to the design of the test stand, all of the torque generated by the actuator went
through the F/T sensor. With the clutch disengaged, the output moved proportionally to the
torque desired, deforming the elastic spring. The movement of the actuator was then
measured and the spring stiffness was calculated with
𝑘𝑠 =

∆𝑇
∆𝜃

(5.1)

where ks is the spring stiffness coefficient, ΔT is the change in torque, and ΔƟ is the change in
angle. Figure 4.8 contains a system model of the locked out actuator. As depicted, any force
from the motor will pass through the spring to reach the fixed, rigid support. If the clutch was
engaged, the force would bypass the spring and go directly to the F/T sensor. This also meant
that any torque would pass through the clutch element. By increasing this torque gradually,
the slipping point of the clutch could be measured and plotted.

Figure 4. 8: System model for locked actuator output. Used to measure spring deflection and
actuator torque production.
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Chapter 5: Results and Discussion
5.1 Actuator Control
As mentioned in the previous chapter, the motor was tuned through the use of Maxon
EPOS Studio. This tuning occurred while the actuator was fully assembled with the clutch so
that stiction and gear train inertias would be accounted for in the tuning. A plot of the tuning
results is shown below in Figure 5.1. This tuning focused on three main areas: current control,
velocity control, and position control. As depicted in Fig. 5.1, the tuning was able to achieve
control in each of the three main areas.

Figure 5. 1: Auto tuning implemented for actuator, using Maxon Epos Studio.
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5.1.1 Position Command Accuracy

To measure positioning command accuracy, the actuator was commanded a position
through Maxon EPOS Studio. This forced the motor to move to a defined position and the
output of the actuator to move accordingly. To ensure backlash could be measured, the data
from the absolute encoder was processed and plotted against the resulting move pattern. This
plot is seen in Figures 5.2 and 5.3. For each of the figures, the actuator was operating at a
maximum speed of 20 RPM, or 8000 RPM on the motor side due to the 400:1 gear reduction.
This was due to the limitations of the motor controller and power supply used, as each was
limited to 5 Amps. This meant the motor could not operate at its maximum power of 200 W.
As depicted in both figures, the position commanded by the motor controller is directly related
to the output position and motor position. This indicates there is minimal backlash or
imperfections in the gear train.

Figure 5. 2: Descending position plot reading motor and absolute encoder for one full rotation.
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Figure 5. 3: Ascending position plot reading motor and absolute encoder for a half rotation.

5.1.2 Velocity Command Accuracy

As with position commanding, velocity was commanded a set velocity through Maxon
EPOS Studio. This result can be seen in Figure 5.4 and 5.5. As depicted in Fig. 5.4, the actuator
closely follows the demanded velocity at low accelerations. Once higher accelerations were
used, i.e. in Fig. 5.5, the actual velocity lagged behind the demanded velocity, but still reached
the desired acceleration. Overall, the system reached the desired velocities and positions as
demanded with minimal overshoot.
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Figure 5. 4: Velocity and acceleration of actuator output compared with commanded levels with
angular acceleration at 25 rpm/s (2.618 rad/s2).

Figure 5. 5: Velocity and acceleration of actuator output compared with commanded levels with
angular acceleration at 100 rpm/s (10.47 rad/s2).
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5.2 Motor Torque
To measure motor torque, a set current was commanded through the EPOS Studio
interface while the actuator output was locked out. For the data in Figure 5.6, the demanded
current was 10 Amps. From the EPOS 2 motor controller, the maximum continuous current is 5
A. Thus, the current dropped to 5 A once the demanded peak of 10 A was reached. This can be
seen in Figure 5.6 as the drop in the blue curve. Due to the limited back-drivability of the
harmonic drive, the actuator torque could be maintained at 5 A. To calculate the theoretical
torque of the actuator at these points, the motor torque constant of 13.6 mNm/A was used.
For the peak current of 10 A, the motor produced 108.8 mNm. For the continuous current of 5
A, the motor produced 68 mNm. Due to the 400:1 gear reduction, this translates to a
theoretical maximum actuator torque of 54.4 Nm and 27.2 Nm for 10 A and 5 A, respectively, at
the output. From the data in Figure 5.6, it can be seen that the actuator output torque
maximum is at 43.34 Nm and reduces to 33.8 Nm. This equates to an efficiency of 0.797 at the
peak torque and 1.24 at the 5 A continuous current range. This means that the actuator can
hold larger torques than it can actually produce, but only by using the limited back-drivability of
the harmonic drive.

Figure 5. 6: Actuator current comparison with output torque. Note the current ramp up to 8 A
and then the drop down to 5 A for holding the torque.
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5.3 Clutch Performance
5.3.1 Spring Deflection
Since the actuator output was locked out for the torque testing and the clutch was
disengaged, all of the torque went through the elastic element. The loading caused a
measurable deformation as shown in Figure 5.7. Note that both Fig. 5.7 and 5.6 use the same
test data. This deformation closely follows the torque curve of the actuator output except at
the beginning and end points of the deformation curve. This is from initial stiffness of the
spring being softer than the final stiffness. To measure the deformation in regards to the
torque Equation 4.1 was used. The resulting plot is shown in Figure 5.8. Note the initial
softness of the spring at low torques, but linearity at high torques.
From Fig. 5.8, the maximum spring stiffness was found to be 290.6 Nm/rad which was
much lower than the to the modeled 402 Nm/rad value found from finite element analysis.
This may have been from modeling the spring with CTETRA(10) elements, which are
traditionally stiffer than cubic elements. Other possibilities include improperly machined
radiuses or heat affected material with a lower Young’s modulus than the modeled material.
The spring stiffness versus torque curve can be seen in Figure 5.9. Note the low stiffness at
small torques, but a linear trend in stiffness once high torques are reached.

Figure 5. 7: Actuator position versus actuator output torque.
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Figure 5. 8: Spring stiffness versus torque commanded in relation to time. Note the high value
of stiffness at the end of the plot. This indicates backlash in the system.

Figure 5. 9: Spring stiffness versus torque in relation to applying load (ascending) or removing
load (descending).
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5.3.2 Clutch Holding Torque

The holding torque of the clutch was measured by driving a set current through the
motor and finding what torque level begins to cause slipping. Slipping defined in this case as
the output of the clutch not maintaining position under a set load. It was found that the
maximum holding torque of the clutch was around 11 Nm as depicted in Figures 5.10 and 5.11.
Fig. 5.10 contains the actuator current and the torque generated at the output of the clutch. As
illustrated, the current plateaus at 3 A continuous and maintains that current level. The torque
also plateaus at around 11 Nm but shows small drops, which indicates the clutch is slipping.
Fig. 5.11 depicts the actuator position in this test. As illustrated, the position moves initially
while the clutch is not fully engaged, once engagement happens, at around the 1.5 second
mark, the position halts movement except for a small slip. This slip indicates that 11 Nm of
torque is close to the limit of the holding torque of the clutch for a perfectly rigid output.

Figure 5. 10: Current versus output torque when clutch is engaged and constant current is
applied.
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Figure 5. 11: Actuator position and output torque for when clutch is engaged and constant
current is applied. Note the halt in position at the 1.5 second mark once clutch fully engages.

After testing holding torque, the clutch was engaged and a position was demanded from
the actuator without a limit on current, or actuator torque. The desired response of the system
would be to show a rapid increase in output torque until 11 Nm when the clutch would slip.
This can be seen in Figures 5.12 and 5.13 for a counter-clockwise rotation of the actuator
output. Note that there is a spike in torque that reaches just above 15 Nm of torque. This spike
then drops down to 11 Nm for the rest of the move pattern, at which point the clutch is
slipping. After movement finishes, the clutch slips down to around 8 Nm. This curve matches
the expected results with a slightly higher peak torque than expected. The drop in torque at
the end of the move pattern can be explained as the actuator is no longer moving, thus, less
drag torque is exerted on the system.
An unexpected result was measured for the clutch performance when operated in the
clockwise direction, as depicted in Figures 5.14 and 5.15. This was the exact same total rotation
of 8 degrees as the previous test, but the clutch torque reached upwards of 30 Nm of torque
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without large slipping. Slipping does occur after the actuator halts movement, but at a similar
rate to the counter-clockwise positioning test.
The clockwise rotation test was started while the initial torque was at negative 5 Nm,
which only affected the initial data, as seen by the rapid increase in torque up to 1 second.
After this time period, the torque plot matches the profile of the counter-clockwise rotation
plot. The significantly larger torque could be attributed to a better brake pad engagement
when the clutch is rotating in the clockwise rotation. This is most likely from the trailing brake
pad locking up with the rotation of the drum. The locking would force a pad to be rotated into
the drum with more force than what the clutch can produce on its own. While this is optimal in
terms of holding torque, it can potentially cause issues where the clutch cannot disengage
while under loading.

Figure 5. 12: Clutch holding torque for a forced counter-clockwise position plotted with
actuator current.
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Figure 5. 13: Clutch holding torque for a forced counter-clockwise position plotted with
actuator position.

Figure 5. 14: Clutch holding torque for a forced clockwise position plotted with actuator
current.
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Figure 5. 15: Clutch holding torque for a forced clockwise position plotted with actuator
position.
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Chapter 6: Conclusion
A bimodal rotary series elastic actuator was developed for use in robotic applications
where there is a compromise between human safety and robot performance. The 200 W
actuator provided up to 54.7 Nm of torque with a maximum speed of 41.4 rpm and measured
efficiency of 0.797. The actuator utilizes a brushless DC motor with a 400:1 gear reduction from
a timing belt and harmonic gearhead. This actuator produces torque similar to a human
shoulder joint and could be implemented in a robotic arm with the mounting surfaces provided.
The rotary actuator was attached to an electric drum brake clutch to allow for rapid
switching between rigid and elastic actuation. The clutch was designed with a maximum
theoretical holding torque of 51.4 Nm, but due to miscalculations, the actual clutch only held
up to 11 Nm of torque. The clutch was actuated with an ACME lead screw driven pantograph
linkage packaged to fit within the confines of the brake device. The elastic element was two
grade 5 titanium torsion springs designed with finite element modeling to provide a minimum
of 50 Nm of torque when stacked. They had a theoretical combined stiffness of 402 Nm/rad
and an experimental combined stiffness of 290 Nm/rad. Overall, the clutch was weaker than
desired, but still met theoretical calculations and has space for improvements.

6.1 Recommendations
The rigid actuator was developed with only commercially available components that
could be purchased and assembled on a short timeline. This led to several design choices that
increased the weight and size of the actuator. To drastically reduce weight, a harmonic
gearhead component set could be used. These are the bare components needed to operate a
harmonic gearhead without bearings. Using a custom housing for these components would
reduce the number of bearings in the system and would allow for more custom mounting
options for the absolute encoder. To save more weight and size, a frameless motor designed to

62

directly drive the actuator should be used. This would reduce the actuator profile and, again,
would reduce the number of bearings.
Secondly, the clutch was weaker than the actuator torque due to a miscalculation and
under sizing of the motor. To increase the torque output of the clutch, two motors could be
implemented in parallel to drive the ACME lead screw or operate a CAM mechanism. To
further increase the output torque, the pantograph linkage could be redesigned to provide
higher force on the brake pads. Also, to reduce backlash in the system, the linkage arms could
be redesigned with sheet metal and more rigid pivoting points.

6.2 Future Work
The designed bimodal actuator had many unexplored research areas which may prove
useful for other applications. One such area is using the drum brake of the clutch as a friction
dampener. The drum brake can be partially engaged to provide friction in parallel to the elastic
element. This would change the dynamics of the system and could produce novel control
strategies. Another area of clutch research could be engaging and disengaging the clutch while
doing manipulation tasks and determining if using a clutch can enhance precision over a purely
elastic system. This may prove to be viable especially where robot manipulation happens
within the workspace of humans.
The rigid actuator was designed for robotic applications, and as such, could be designed
into a robotic arm. A proposed design is described in Appendix A, but it can be greatly
improved upon if a new rotary actuator was designed with lighter weight and more compact
components. If a smaller actuator of similar torque was designed for each joint, the total
payload capacity of the arm would increase due to the reduction in arm weight. Routing wires
could be improved with slip rings within each actuator to create a sealed robotic arm, which
would also protect the system from dust and debris. Also, by driving the motors at a higher
voltage and water cooling the system, higher torques could be achieved.
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Appendix A
A-1: Theoretical Arm Design Using Rigid Actuator
This section will cover the development process of the 5 DoF upper arm and detail how
the actuators were designed for use. Each joint was designed around the actuator housing or
with the housing to ensure rigidity. Figure A.1 highlights the locations of each actuator in
relation to the arm and linkages.

Figure A. 1: Actuator locations in five DoF arm.
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As shown in the figure, the shoulder roll is the start point for the arm. This is where the
arm would mount to a torso or other platform. The output of the shoulder roll connects
directly to the sides of the shoulder pitch through two linkages. These linkages shield the pitch
motor and are short to reduce moment loads. The shoulder pitch is mounted in double support
to the upper arm. This is accomplished by using a radial bearing mounted to the timing belt
cover as mentioned in Chapter 2. The upper arm consists of a bicep yaw actuator and then a
bare aluminum frame which connects to the elbow. The bicep yaw connects to the shoulder
pitch through the double support bracket which keeps the arm mass closer to the shoulder. In
doing so, this reduces the overall moment of inertia for the arm and raises the center of mass.
The upper arm linkages are designed to mount to the elbow at a 45° angle and be offset
by 50 mm from the central axis of the arm. This was intentional to give the elbow a more
human-like range of motion. Shown in Fig. A.2 are the minimum and maximum extensions of
the elbow. Note that if the elbow was not angled, the minimum and maximum would be
symmetric. To limit the total angle of rotation in the arm, mechanical hard stops were
implemented by extruding portions of linkages. Due to the shape of the upper arm there is
more room to mount electronics and force sensing circuit boards. The shape was also used for
the design of the elbow motor location (motor is gray in the bottom image). This allowed for a
more compact actuator, and thus, a more compact elbow joint.
After the elbow was the forearm yaw. This was the smallest actuator designed and the
only one to use a directly driven gearhead. It, like the bicep yaw, connected directly to the
double support bracket to raise the weight of the actuator up the arm. The actuator is
connected to the wrist through two linkages which also act to shield the motor and provide a
mounting surface for circuit boards.
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Figure A. 2: Elbow design for 5 DoF arm.
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A-2: Calculations for Drum Brake
This section will cover the numerical calculations for the drum brake. Note that these
are the calculations for the theoretical maximum holding torque that the brake can exert. The
first calculations were to model the moments generated by the friction and normal forces of
the brake (Mf and MN respectively).
𝑓 𝑝𝑎 𝑏 𝑟 Ɵ2
∫ sin Ɵ (𝑟 − 𝑎 cos Ɵ) 𝑑Ɵ
sin Ɵ𝑎 Ɵ1

(A2.1)

𝑀𝑓 =

𝑓 𝑝𝑎 𝑏 𝑟 1
[− (cos Ɵ1 − cos Ɵ2 )(−2𝑟 + 𝑎 cosƟ1 + 𝑎 cosƟ2 )]
sin Ɵ𝑎
2

(A2.2)

𝑀𝑓 =

0.51(1380)(0.254)(0.04) 1
[− (cos(41.4°) − cos (166.2°))
sin(90°)
2
∗ (−2(0.04) + (0.02835) cos(41.1°)

𝑀𝑓 =

(A2.3)

+ (0.02835) cos(166.2°))]
𝑀𝑓 = 53.13 𝑁𝑚

(A2.4)

𝑎 𝑝𝑎 𝑏 𝑟 Ɵ2 2
𝑀𝑁 =
∫ sin Ɵ 𝑑Ɵ
sin Ɵ𝑎 Ɵ1

(A2.5)

𝑎 𝑝𝑎 𝑏 𝑟 1
[ (−Ɵ1 + Ɵ2 + cos Ɵ1 sin Ɵ1 − cos Ɵ2 sin Ɵ2 )]
sin Ɵ𝑎 2
(0.02835)(1380)(0.254)(0.04) 1
𝑀𝑁 =
[ (−41.1° + 166.2°
sin(90°)
2
𝑀𝑁 =

(A2.6)

(A2.7)

+ cos(41.1°) sin(41.1°) − cos(166.2°) sin(166.2°))]
(A2.8)

𝑀𝑁 = 57.84 𝑁𝑚
After the moments were calculated, the actuating force had to be calculated. This force
balances these moments over the length of the brake pads. This equation is
𝑀𝑁 − 𝑀𝑓
𝑐
57.84 𝑁𝑚 − 53.13 𝑁𝑚
𝐹=
0.05342 𝑚
𝐹=

𝐹 = 88.15 𝑁
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(A2.9)
(A2.10)
(A2.11)

To calculate the braking torque, the brake pad pressure in the left hand pad must be
determined. This is proportional to the moments Mf and MN and the maximum pressure of the
material
𝑀𝑁𝐿 =

𝑝𝐿 𝑀𝑁
𝑝𝑎

𝑀𝑓𝐿 =

𝑝𝐿 𝑀𝑓
𝑝𝑎

(A2.12)

Then, from Eqn. A2.10 and accounting for the opposite rotation
𝑀𝑁𝐿 + 𝑀𝑓𝐿
𝑐
(𝑀𝑁 + 𝑀𝑓 ) 𝑝𝐿
𝐹=
×
𝑐
𝑝𝑎
𝐹=

(A2.14)

𝐹 𝑐 𝑝𝑎
(𝑀𝑁 + 𝑀𝑓 )

(A2.15)

88.15 (0.05342) (1380)
57.84 + 53.13

(A2.16)

𝑝𝐿 =
𝑝𝐿 =

(A2.13)

𝑝𝐿 = 58.56 𝑘𝑃𝑎

(A2.17)

Using the pressures derived the right and left torque can be calculated
𝑓𝑝𝑎 𝑏𝑟 2 (cos Ɵ1 − cos Ɵ2 )
𝑇𝑅 =
sin Ɵ𝑎
𝑇𝑅 =

0.51(1380)(0.254)(0.04)2 (cos(41.4°) − cos (166.2°))
sin(90°)
𝑇𝑅 = 49.33 𝑁𝑚

(A2.18)
(A2.19)
(A2.20)

𝑓𝑝𝐿 𝑏𝑟 2 (cos Ɵ1 − cos Ɵ2 )
𝑇𝐿 =
sin Ɵ𝑎

(A2.21)

0.51(58.56)(0.254)(0.04)2 (cos(41.4°) − cos (166.2°))
𝑇𝐿 =
sin(90°)

(A2.22)

𝑇𝐿 = 2.09 𝑁𝑚

(A2.23)

The total braking torque is simply the sum of these
𝑇 = 𝑇𝑅 + 𝑇𝐿 = 51.42 N ∙ m
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(A2.24)

A-3: Absolute Encoder Reading Code
Code by Shriya Shah
//Read 21 bit Zettlex Incoders
#include "SPI.h"
long result = 0;
long result1 = 0;
long result2 = 0;
long result3 = 0;
const int clck = 13;
const int data = 12;
SPISettings mySettings(1000000, MSBFIRST, SPI_MODE2);
void setup() {
Serial.begin(115200);
SPI.begin();
pinMode(clck, OUTPUT);
pinMode(data, INPUT);
digitalWrite(13, HIGH);
}
void loop() {
SPI.beginTransaction(mySettings);
digitalWrite(13, LOW);
//Reading 8 bit frame (the first half of 16-bit SPI transfer) - data sent does not matter
result1 = SPI.transfer(0b00000000);
// getting next 8 bits (the last half of 16-bit SPI transfer)
result2 = SPI.transfer(0b00000000);
// getting lst 8 bits (the last half of 16-bit SPI transfer)
result3 = SPI.transfer(0b00000000);
// release SPI
digitalWrite(13, HIGH);
SPI.endTransaction();
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// removing (masking) first 3 bits
result1 &= 0b00011111;
//shifting 8 bit to left. to create emty space for last 8 bit transfer
result1 = result1 << 8;
// merging
result = result1 | result2;
result = result << 8;
result = result | result3;
Serial.print("Position reading is: ");
Serial.print(" = ");
//Serial.println(result1, DEC);
//Serial.println();
//Serial.println(result2, DEC);
//Serial.println();
//Serial.println(result3, DEC);
//Serial.println();
Serial.println(result, DEC);
Serial.println();
delayMicroseconds(200);
}
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