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Constants

Pitch Diameter of all gears (Pd) = 0.01524 meters

θ = 0.3

β = 34.38

α = 34.86

q = 0.008636 meters

COMdist1 = 0.06985 meters

COMdist2 = 0.224282 meters

COMdist3 = 0.378714 meters

l2 = 0.030988 meters

l3 = 0.00508 meters

l4 = 0.041148 meters

l5 = 0.05588 meters

l6 = 0.02413 meters

Mass Values = 800, 810, 820, . . . , 940, 950 grams
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Equations and FBD’s

Using Motor Torque to Solve for fT4

Mass = Mass Values

WeightCOM = Mass * 0.0098

Max Stall Torque of the Motor in Nm @ 4.8V = Tm

TorqueEquation : Tm =
Pd

2
×−fT4

Tm = 0.42 Newton-Meters
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Figure 1: Spur Gear 1 Free Body Diagram

Spur Gear 1 Equations

Unknowns: fT3, P1x, fT1, P1y

F1x = 0 = fT3 + fT1 sin(β) + fT4 · 0.95 cos(α) + P1x

F1y = 0 = fT1 cos(β)− fT4 · 0.95 sin(α)− P1y

Mp1 = 0 = fT3 ·
Pd

2
− fT1 ·

Pd

2
− fT4 ·

Pd

2
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Figure 2: Upper Arm Free Body Diagram

Top Arm Equations

Unknowns: P2x, P2y

F2x = 0 = TA2 − TA sin(θ)− P2x − fT1 sin(β) · 0.95 = 0

F2y = 0 = TA cos(θ) + P2y − fT1 cos(β) · 0.95 = 0

Mp2 = 0 = −fT1 · 0.95 ·
Pd

2
− l6TA cos(θ)− l5TA sin(θ)
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Figure 3: Spur Gear 2 Free Body Diagram

Spur Gear 2 Equations (Bottom)

Unknowns: fT3, P3x, fT2, P3y

F3x = 0 = P3x + fT2 sin(β)− fT3 · 0.95

F3y = 0 = P3y − fT2 cos(β)

Mp3 = 0 = fT3 · 0.95 ·
Pd

2
+ fT2 ·

Pd

2
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Figure 4: Bottom Arm Free Body Diagram

Bottom Arm Equations

Unknowns: P4x, P4y, fT2

F4x = 0 = P4x − fT2 · 0.95 cos(β) +BA sin(θ)

F4y = 0 = −P4y + fT2 · 0.95 sin(β)−BA cos(θ)

Sum of moments about point P4

Mp4 = 0 = fT2 · 0.95 ·
Pd

2
− l5BA sin(θ) + l6BA cos(θ)
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Figure 5: Full System Free Body Diagrams
*Note: The bottom arm does not interact with the receiver in the

X direction when loaded

Full System Equations

F5x = 0 = BA sin(θ)− TA sin(θ) + TA2 − FR cos(θ)

F5y = 0 = −BA cos(θ) + TA cos(θ)−WCOM − FR sin(θ)

Sum of moments about point BA:

Mp5 = 0 = −q · FR cos(θ) + l2TA cos(θ)− l5FR sin(θ) +WCOM(COMdist1)− l4TA2
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Solving Parameters

Using MATLAB’s syms and solve functions, the 15 equations associated with
the Free Body Diagrams above were used to solve for the 15 unknown values.
These equations were then iterated through with masses of 800 grams to 950
grams in increments of 10. In addition, the actual gripper system has two
servo motors driving the gripper arms. However, because the math was done
in two dimensions and not three, the sum of the motor’s torque output was
used to solve for the forces throughout the system.

While these equations are the force interactions for one cube’s gripper
assembly holding one cube up, these were then scaled to determine the forces
on the gripper components when there are 2 and 3 robots overhanging.

To solve for 2 and 3 robot’s overhanging, the only equation used from the 15
equations above is the full system sum of moments equation about point BA.
Below are the iterations of the equations.

Sum of moments about point BA (2 Cube Overhang)

Mp5 = 0 = −q · FR cos(θ) + l2TA cos(θ)− l5FR sin(θ) +WCOM(COMdist1)− l4TA2

Sum of moments about point BA (3 Cube Overhang)

Mp5 = 0 = −q · FR cos(θ) + l2TA cos(θ)− l5FR sin(θ) +WCOM(COMdist1)− l4TA2

9



Force Results: One Cube

Figure 6: Example of 1 Cube held by One Gripper Assembly above

(a) External Forces on Gripper and Cube (b) Forces at Gears

Figure 7: Forces the Gripper and Cube experience **Note: TA2 and FR have
the same Force values (left plot)
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Force Results: Multiple Cube’s Held by Gripper

2 Cube Force Results

Figure 8: Example of 2 Cubes held by One Gripper Assembly

(a) External Forces on Gripper and Cube (b) Forces at Gears

Figure 9: Forces the Gripper and Cube experience **Note: TA2 and FR have
the same Force values (left plot)
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3 Cube Force Results

Figure 10: Example of 3 Cubes held by One Gripper Assembly

(a) External Forces on Gripper and Cube (b) Forces at Gears

Figure 11: Forces the Gripper and Cube experience **Note: TA2 and FR have
the same Force values (left plot)
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Force Results Summary

The more cubes that one gripper assembly/cube try to hold up the greater the
forces are on the gripper arms (TA, TA2, BA), cube face (FR), and gripper
assembly gears (fT1, fT2, fT3, fT4). The graphs show large jumps in force
values with each additional cube added, this is due to the moment that the
cubes generate. The more cubes, the longer the moment arm, and in turn
larger forces on the gripper.

The force values seen across these plots for the gears, arms, and cube frame
were used in Solidworks FEA to better understand how the forces the parts
will theoretically experience and the part’s max force it can withstand before
reaching maximum yield.

The forces that one gripper holding 3 other cubes up experiences far exceeds
what the part’s maximum yield is (based on Solidworks FEA). These
calculations serve as a way to understand theoretically what is the ”max” load
one gripper/cube system can endure. However, the theoretical math does not
account for the fact, the gripper will not be continuously ”gripping” the
receiver. The gripper actuation is for the purpose of move the arms into the
”connected” position on the receiver. Once in this place, the gripper no longer
requires actuation. This is because the receiver and gripper were designed in a
way that once ”connected” the cube faces keep the cubes locked together.
Additionally, when completing the demonstration, at minimum the same
number of cubes overhanging while crossing the gap will be connected to each
other on a flat surface.
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Static Force Calculations of Wheels

Constants

WheelRadius = 0.022225 meters = 0.875inches

Max Torque for Blue Motors = 0.146 Newton-Meters @ 11.1 Volts

1 Cube: Mass Values = 0.80, 0.81, 0.82, . . . , 0.94, 0.95 kilograms

2 Cubes: Mass Values = 1.60, 1.62, 1.63, . . . , 1.88, 1.90 kilograms

2 Cubes: Mass Values = 2.40, 2.43, 2.46, . . . , 2.82, 2.85 kilograms

Gravity = 9.8 m/s
2

Weight = Mass Values×Gravity

Static Coefficients of Friction

Soft Rubber on Dry Wood: SRonDW = µ1 = 0.95

Soft Plastic on Dry Wood: SPonDW = µ1 = 0.7

Soft Rubber on Dry Concrete: SRonDC = µ1 = 0.6

Soft Plastic on Dry Concrete: SPonDC = µ1 = 0.85
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FBD

Figure 12: Wheel Free Body Diagram

Fw = Friction Force acting on the wheel
FN = Normal Force Acting on the wheel

Ry and Rx are the pin forces acting on the wheel’s hub/axle
Nw is the net weight of the cube acting down due to gravity

This FBD shows all forces that the wheel experiences, internal and external.
The sum of force equations and sum of moment equations are not needed to
solve for the Torque value that would result in wheel slippage.

Instead, knowing when the force experienced at the wheel (Fw) is greater than
the coefficient of friction * the weight of the cube, slippage occurs in
combination with the equation Torque = Force*radius the torque value output
by the blue motors that causes slippage can be calculated.
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Force Equations

Fw must be Less than or Equal to µ * Weight
All values for one of the two wheels

All values in Nm

Force Equations for Fw: Soft Rubber on Dry Wood

Fw1 =
SRonDW ×Weight

2

Force Equations for Fw: Soft Plastic on Dry Wood

Fw2 =
SPonDW ×Weight

2

Force Equations for Fw: Soft Plastic on Dry Concrete

Fw3 =
SRonDC ×Weight

2

Force Equations for Fw: Soft Plastic on Dry Concrete

Fw4 =
SPonDC ×Weight

2
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Torque Equations

Max Torque (Nm) before experiencing slippage for (one of the two wheels) for
different material combinations

Torque Equations for T: Soft Rubber on Dry Wood

T1 = WheelRadius× Fw1

Torque Equations for T: Soft Plastic on Dry Wood

T2 = WheelRadius× Fw2

Torque Equations for T: Soft Rubber on Dry Concrete

T3 = WheelRadius× Fw3

Torque Equations for T: Soft Plastic on Dry Concrete

T4 = WheelRadius× Fw4

Solving Parameters

To generate the equations above, it was assumed that all cube weight values
were only acting on one wheel directly above its axle. This allowed for analysis
of what the blue motors were capable of moving if one of the two motors were
to stop functioning. In addition, the mass of one cube was iterated from 800
grams to 950 grams to detail the flexibility the robot has if the weight were to
fluctuate during design changes. To complete the calculations, these
assumptions were made. If one robot was pushing/pulling another, the second
and/or third robot’s masses would be directly over the axles. Therefore, not
generating a moment, nor having the force of friction increase from the driving
robot dragging the other robots wheels.

Using these results, the forces and torques were extrapolated to for
understanding what the force and torque values would be when the weight is
distributed to the two drive wheels. The marble/caster wheel on the back of
the robot was not considered for load distribution in the calculations.
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Iterating Mass of 1 Cube: Friction Force, Torque,
and Percent Stall Torque Results

(a) 1 Cube 1 Wheel/Motor (b) 1 Cube 1 Wheel/Motor

Figure 13: Max Friction Force and Torque Plots Before Wheel Slippage Based
on Varying 1 Cube Mass

Figure 14: 1 Cube 1 Wheel/Motor Friction Force and Torque Values
*If a box is red: Indicates more than 50 Percent of Blue Motor Stall Torque is

being used
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(a) 1 Cube 2 Wheels/Motors (b) 1 Cube 2 Wheels/Motors

Figure 15: Max Friction Force and Torque Plots Before Wheel Slippage Based
on Varying 1 Cube Mass

Figure 16: 1 Cube 2 Wheels/Motors Friction Force and Torque Values
*If a box is red: Indicates more than 50 Percent of Blue Motor Stall Torque is

being used
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(a) 1 Cube 1 Wheel/Motor (b) 1 Cube 1 Wheel/Motor

Figure 17: Percent Stall Torque Used for Different Material Combinations
*If a box is red: Indicates more than 50 Percent of Blue Motor Stall Torque is
being used
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Iterating Mass of 2 Cubes: Friction Force,
Torque, and Percent Stall Torque Results

(a) 2 Cubes 1 Wheel/Motor (b) 2 Cubes 1 Wheel/Motor

Figure 18: Max Friction Force and Torque Plots Before Wheel Slippage Based
on Varying 2 Cube Mass

Figure 19: 2 Cubes 1 Wheel/Motor Friction Force and Torque Values
*If a box is red: Indicates more than 50 Percent of Blue Motor Stall Torque is

being used
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(a) 2 Cubes 2 Wheels/Motors (b) 2 Cubes 2 Wheels/Motors

Figure 20: Max Friction Force and Torque Plots Before Wheel Slippage Based
on Varying 2 Cube Mass

Figure 21: 2 Cubes 2 Wheels/Motors Friction Force and Torque Values
*If a box is red: Indicates more than 50 Percent of Blue Motor Stall Torque is

being used
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(a) 2 Cubes 1 Wheel/Motor (b) 2 Cubes 2 Wheels/Motors

Figure 22: Percent Stall Torque Used for Different Material Combinations
*If a box is red: Indicates more than 50 Percent of Blue Motor Stall Torque is
being used

23



Iterating Mass of 3 Cubes: Friction Force,
Torque, and Percent Stall Torque Results

(a) 3 Cubes 1 Wheel/Motor (b) 3 Cubes 1 Wheel/Motor

Figure 23: Max Friction Force and Torque Plots Before Wheel Slippage Based
on Varying 3 Cube Mass

Figure 24: 3 Cubes 1 Wheel/Motor Friction Force and Torque Values
*If a box is red: Indicates more than 50 Percent of Blue Motor Stall Torque is

being used
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(a) 3 Cube 2 Wheels/Motors (b) 2 Cube 2 Wheels/Motors

Figure 25: Max Friction Force and Torque Plots Before Wheel Slippage Based
on Varying 3 Cube Mass

Figure 26: 3 Cube 2 Wheels/Motors Friction Force and Torque Values
*If a box is red: Indicates more than 50 Percent of Blue Motor Stall Torque is

being used
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(a) 3 Cubes 1 Wheel/Motor (b) 3 Cubes 2 Wheels/Motors

Figure 27: Percent Stall Torque Used for Different Material Combinations
*If a box is red: Indicates more than 50 Percent of Blue Motor Stall Torque is
being used
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Force, Torque, Stall Torque Results Summary

Based on the plots and tables, the tire material and driving terrain material
combinations that had the best outcomes were soft rubber on dry concrete
(SR on DC) and soft plastic on dry wood (SP on DW). This held true for
calculations where only one wheel/motor would be moving the weight of
cubes, and for calculations with two wheels/motors moving the weight.

The blue motors were able to handle moving the weight of 2 cubes (varying
from 800g to 950 gram individual cube mass), without exceeding 50 Percent of
the motor’s stall torque. Furthermore, all the torque values seen in the tables
are the maximum torque value that can be used before the wheels experience
slippage. Therefore, one cube robot, based on the math and assumptions
made, can push/pull one additional cube.
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