
An Insect Inspired 

Robot 

Bernbaum, Anna 

Dyson School of Design Engineering, Imperial College London 

May 2017 

 

 

 

 

  



1 
 

Abstract 

Whegs are an alternative to traditional wheels for a small vehicle. They have 3 ‘legs’ and rotate 

at 60 degrees out of phase to one another to mimic the gait of a cockroach. This allows the 

robot to overcome an obstacle 1.7 times the radius of one leg, a much greater height than 

traditional wheels can overcome. 

A mini-wheg has been designed with the intended purpose of investigating difficult to reach 

spaces that humans cannot get to themselves. The design features LED’s to illuminate the 

path ahead and space to mount a small camera. There are many existing mini-whegs but 

none with this defined purpose. Research was gathered from these other vehicles to inform 

the design decisions in this project.  

There were approximately 4 defined iterations produced, each with increasing detail and 

feasibility. SolidWorks was heavily utilised to carry out research and produce a final model. 

Excel provided an excellent method of calculating various metrics and design considerations. 

The final designed Mini-Wheg was 160 mm long, 140 mm wide and had a mass of 191 g.  It 

could overcome an obstacle of height 55 mm and turn with radius 160 mm. It had a 

polypropylene casing that satisfied IP 53 and prevented damage from a drop height of 

300 mm. Any further developments of this design would require prototyping and testing to be 

undertaken. 

Nomenclature and Abbreviations 

CoM Centre of mass 
D Wheg diameter 
Dp Pitch diameter 
Dp Servo pinion diameter 
F Tractive force 
FEA Finite Element Analysis 
Fi Impact force 
FM Weight 
Fmax Maximum achievable tractive force 
FN Normal force 
FNG Normal force of gear 
FT Tangential force of gear 
g Acceleration due to gravity 
h Drop height 
ho Height of object 
LED Light emitting diode 
Lx Length X 

m Mass 
mg Gear mass 
mp Pulley mass 
RC Remote control 
RH1 Horizontal reaction force 1 (RH2, 
RV1, RV2) 
s Impact distance 
T1 Tension in belt 1 (T2) 
x Distance between rack and axle 
Γ Motor torque 
ΓG Gear torque 
Γp Servo pinion torque 
θ Pressure angle 
μ Coefficient of friction 
ω Angular velocity 

𝜏  Torsional shear stress 
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1.0 Introduction 

A mini-wheg is a small insect inspired robot. It 

features ‘whegs’ rather than wheels which are 

pronged appendages that mimic the gait of 

cockroaches (1). The aim of this project was to 

design a mini-wheg that met the parameters as 

shown in Table 1. The vehicle needed to carry an 

electronics package with dimensions as shown. 

This report details the design process and the 

decisions made leading to the final mini-wheg 

design. 

2.0 Research 

Research was undertaken at the beginning of the project to investigate what work has already 

been done and how it can be improved. The largest body of work done to date was completed 

by Bram G. A. Lambrecht. His master’s thesis focussed on developing the mini-wheg further 

and creating a jumping mechanism (2). The work contained in this publication informed many 

decisions throughout this project, as discussed later.  

Further research found that the gait of a 3 pronged wheg mimicked the gait of a cockroach. It 

has been shown that this allows the vehicle to traverse irregular terrain better than a vehicle 

with wheels (1). This emphasised the importance of a compliant mechanism to allow the 

wheels to come back into phase when an obstacle is encountered, as shown in Figure 1. 

Other areas of research focussed on 

technical aspects of the design and 

selecting the most cost effective and 

suitable components.  

3.0 Inspiration 

Areas of inspiration were primarily 

focussed around existing vehicles. 

Existing mini-whegs were investigated, in 

particular the design of the whegs. Figure 2 

shows the variety of whegs and appendages found. A wide range of materials were used 

including Delrin and carbon fibre. RC cars have also been a source of inspiration as they 

successfully fit highly effective components into a very small space, as was required in this 

project. 

Metric Value 

Length ≤ 160 mm 

Width ≤ 80 mm 

Mass ≤ 200 g 

BoM cost ≤ 100 GBP 

Leg Length ≤ 40 mm 

Turning circle ≤ 160 mm 

Payload ≥ 200 g 

Speed ≥ 0.5 m/s 

Drop Height ≥ 300 mm 

Climb Obstacle ≤ 160 mm 

Electronics Package 45 x 20 x 10 mm 

Ingress Protection IP 53 

Table 1 - Target Metrics for the Mini-Wheg 

Figure 1 - Compliant mechanisms allow the whegs to align in 
phase when an obstacle is encountered (1) 
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Figure 2 - Existing wheg varieties (1, 3, 4, 5, 6, 7) 

4.0 Initial Designs 

The design process began by simply using paper cut 

outs of the components to be used, as shown in 

Figure 3. The dimensions used to do this were 

approximate as the component specifics had not 

been determined yet. The next step was sketching a 

wide variety of appropriate layouts and 

configurations, as shown in Figure 4.  

 

Figure 4 - Initial design sketches 

Figure 3 -  Paper cut out and rearrangement of components 
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A morphological analysis was used to narrow down which components should be used for 

each purpose. In order to do this and make decisions between the available options, a purpose 

for the mini-wheg needed to be selected. After brainstorming based around the different 

environments in which the wheg could be used, it was decided that it should be for exploring 

cavities which are too small for humans to fit into. This meant that a camera mount and lighting 

were essential. Furthermore, it highlighted the importance of the mini-wheg’s ability to flip over 

and continue moving. 

5.0 Iterative Development 

The first two iterations of the wheg were 

based on approximations of component 

size to get a rough feel for how the wheg 

would be arranged. As shown in Figure 5, 

this was done on SolidWorks using a 

basic block model system. Initially the 

components were stacked to minimise 

width and length of the wheg, however it 

is clear that this would cause the body to 

be too thick for the whegs to work 

effectively. In the next iteration, the 

components are compactly laid out all in 

one plane. 

Iteration 3 is far more detailed than these 

two initial ideas. It was completed after a 

substantial number of calculations had 

been undertaken (as discussed in 6.0 

Component Analysis). As shown in 

Figure 6, the components have been 

selected and laid out in a similar manner to Iteration 2. Key improvements on the prior 

version include: 

 Gearbox 

 Accurate dimensioning and component selection 

 Angled whegs to prevent them colliding with the body on tight turns 

 Compliant mechanism 

 Use of a single servo and a linkage to create Ackerman angles rather than 2 

separate servos 

 Universal joints to transfer the rotary motion whilst the wheels are turned 

Figure 5 - Block Models of Iterations 1 and 2 
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Figure 6 - SolidWorks model of Iteration 3 

The next iteration of the wheg is the final version. This is detailed in 8.0 Final Design. A key 

design decision was made at this point to not include a camera mount, allowing the user to 

attach their own that fits the camera that they have. The other improvements that were made 

include: 

 A more compact gearbox 

 Narrower whegs 

 A fully developed casing and mounting system 

 An improved torsional compliance system 

 An adjustable tensioner for the longer belt 

 LED’s on the front to illuminate the area for the camera 

6.0 Component Analysis 

6.1 Motor 

To select the most effective motor, excel was heavily utilised as a tool to do so. Firstly, the 

required tractive force was calculated using Equation 1. From this, the torque required by the 

motor was calculated for a variety of wheg diameters using Equation 2.  

𝐹 =
𝐹𝑚√𝐷ℎ𝑜−ℎ𝑜

2

𝐷

2
−ℎ𝑜

 Equation 1 

𝛤 =
𝐹𝐷𝑚𝑔

4
 Equation 2 
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The relationship displayed was that the larger the wheg, the more torque required but the 

greater the obstacle height that could be climbed. The selection of the motor and wheg 

diameter was a matter of balancing these metrics. A limiting factor was the wheg diameter to 

obstacle height ratio which needed to be above 1.176. This is to ensure that the wheg can 

climb an obstacle of height equal to 1.7 times its radius. 

The power required by a motor to drive the different sized whegs was then calculated using 

Equation 3.  

𝑃 = 𝛤𝜔 Equation 3 

The required tractive force was compared with the maximum achievable tractive force, as 

calculated using Equation 4 to ensure that it was achievable. A conservative estimate for μ 

was selected as 0.8.  

𝐹𝑚𝑎𝑥 =
2𝜇𝐹𝑁𝛤(1+𝜇)

𝐷
 Equation 4 

It was found that the optimum option was a wheg with diameter 65 mm. With a safety factor 

of 1.75 applied, a motor with power 1.79 W would be needed. This is the smallest wheel 

diameter that can overcome an obstacle of height 55 mm, as specified in the project brief. 

From this information, the optimum motor could be selected which delivered the required 

power whilst minimised size, mass and cost. The RE-170 supplied by Como Drills was found 

to be the best option. This was mounted using an aluminium sheet metal mount, as shown in 

engineering drawing GIZ 004. 

6.2 Power 

Having selected the motor, it was then possible to select an appropriate power source. A 

design decision was made to use off the shelf batteries so that the user could easily replace 

or recharge them themselves. Four 1.5 V AAA batteries would be connected in series to supply 

6 V. Although the motor only requires 3 V, the servo requires 6 V (this is discussed in 6.5 

Servo). A voltage regulator circuit would be included in the electronics package. An off the 

shelf casing for 4 AAA batteries was used. 

6.3 Gearbox 

The selected motor had a speed of 8870 RPM when operating at its nominal voltage of 3 V. 

This means that for the vehicle to move at a speed of 5 m/s it needed a gear ratio of 60.38. 

This is a difficult ratio to achieve so ideally it should be this or slightly lower, allowing the whegs 

to go faster than required.  

To achieve this ratio, off the shelf compound spur gears have been used to significantly reduce 

the speed of the motor, as shown in Figure 7. Initially spur gears were used for the gear box 

and the gears were positioned perpendicular to the motor. This meant that the whole set up 

took up a lot of space. To minimise the space occupied, this was changed to using a crown 

gear to rotate the plane of rotation as shown in Figure 8. 
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Furthermore, the gears have been selected such that those being driven are loose on the shaft 

and those which are driving have an interference fit with the shaft. Nylon journal bearings have 

been used to allow the shafts to rotate smoothly. 

 

6.4 Belts 

The selection of the belts to be used followed the instructions provided by the ContiTech 

instruction manual (8). The loads on the belt and associated dimensions were analysed to 

give the deflection if the belt and ensure that it was properly tensioned. Again, excel was a 

vital tool in this analysis. A ratio of 1 was chosen between the pulleys 

meaning that the belt could sit linearly. After these calculations, the 

closest available off the shelf belts and pulleys were selected and 

relevant dimension adjustments made. To axially and radially constrain 

the pulleys an interference fit, (calculated using reference tables (9)) 

alongside e-clips were used. In iteration 4 an adjustable nylon tensioner 

as shown in Figure 9 was added. This compensates for any 

inaccuracies in manufacture of both the mini-wheg and belt.  

6.5 Servo 

A servo was selected after a calculation of the torque required was 

undertaken. Equation 5 was used to find the minimum servo torque. 

𝛤𝑝 =
𝐷𝐷𝑝𝜇𝑚𝑔

2𝑥
 Equation 5 

By approximating these values to give a worst-case scenario, it was 

found that the torque required was 0.04 Nm. This is well below the 

torque that most servos supplied meaning that the geometrically 

smallest and most cost effective could be selected. This was found 

to be the HS – 40 made by Hitec which provides a safety factor of 

2.1.  

A problem arose in trying to find a pinion to attach to the shaft. Most 

small servos come with several horns that fit on using an A1 spline 

and a bolt as shown in Figure 11. These horns do not include a gear 

of any sort. To attach the selected pinion gear, an off the shelf pinion 

gear was used and an appropriately sized hole to generate an interference fit would be drilled 

out.  

Figure 7 - Gearbox using spur gears only 

Figure 10 - Dimension x 

Figure 11 - Servo horn attachment 
(10) 

Figure 8 - Final gearbox configuration 
(Crown gear has been approximated) 

Figure 9 - Tensioner arm for belts 
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6.6 Ackerman Angles 

The steering mechanism selected was a rack and pinion with a linkage to create the required 

Ackerman angles for smooth steering. The rack and pinion option was selected as superior to 

a 4-bar linkage due to its compact nature. A small servo motor was used to drive the pinion. 

To calculate the Ackerman angles required for a 160 mm turning circle, the following 

calculations were undertaken. The length of the rack was set at 26 mm and then the other 

dimensions selected around this knowledge. This length allowed sufficient movement in 

almost all cases for the desired angles to be achieved. Distances c, d and e were determined 

by the wheg design. Equations 6 and 7 were used to determine lengths a and b respectively. 

These dimensions are depicted in Figure 12.  

𝑎 =
𝑤

2
− 𝑒 𝑡𝑎𝑛(𝑦 − 90) −

𝐿

2
 Equation 6 

𝑏 =
𝑒

𝑐𝑜𝑠(𝑦−90)
 Equation 7 

The angle y was then altered and a trial and error method was used to achieve the optimal 

angle. An interactive, equation driven Solidworks sketch was used to do this.  

 

Figure 12 - Ackerman angle dimensions 

The desired outer Ackerman angle was calculated to be 31.36 ⁰. The 

final outer Ackerman angle of the mini-wheg was 31.41 ⁰ when the 

interior was set to its theoretical value, giving a 0.173 % difference. 

6.7 Universal Joint 

For the whegs to be driven by the belt and be turned by the servo, a universal joint was 

required. A traditional universal joint is comparatively chunky. An alternative solution was 

detailed by Bram Lambrecht as a ‘Simplified Universal Joint’ (2). The design used in this wheg 

is based on that and can be seen in Figure 13. This joint allows the desired Ackerman angle 

to be achieved.  

The ball is manufactured from steel and the cup out of nylon. As a self-lubricating material, 

this minimised the coefficent of friction to 0.10 (11). 

Figure 13 - Simplified Universal 
Joint 



10 
 

6.8 Compliant Mechanism 

When running on flat ground, the whegs are offset by 60 degrees from each other. A complaint 

mechanism is required to allow the whegs to come into phase when an obstacle is 

encountered. This doubles the torque available for the wheg to lift itself up. To do this, torsional 

springs mounted within the axle were used. Initially one per axle was used but later this was 

changed to one per wheg to give proper displacement.  

The springs were selected based on the deflection they gave when a force of 4 N was applied. 

This force was selected as it is approximately twice the weight of the wheg. The optimum 

spring was found to be a stainless steel, 4mm diameter, 6 coil spring made from 0.5 mm 

diameter wire. This aspect of the wheg would be fine-tuned through trial and error after 

manufacture. 

6.9 Whegs 

The wheg design went through several iterations. Initially, an asymmetrical 

hooked design was used to allow the whegs to overcome obstacles. However, 

this asymmetry meant that the feet would be facing the wrong direction if the 

wheg were to flip over. Furthermore, a suspension system was incorporated 

into the whegs themselves to reduce vibrations. RC shocks would be used in 

each leg. However, this was deemed over engineered and scrapped. 

In the next iteration, a more robust symmetrical design was used. Ridged 

rubber feet were added as shown in Figure 14. These allow water runoff in 

damp conditions, maintaining a high coefficient of friction. An angle was also 

added to the legs meaning that the whegs do not collide with the body of the 

wheg when they are turned.  

6.10 Ingress Protection 

This wheg needed to satisfy IP 53 meaning protection 

from limited dust ingress and water spray less than 60 

degrees from vertical. The polypropylene hard shell 

casing protects most the wheg from this. A hinged lid is 

firmly secured using a toggle latch. In the Solidworks 

model it appears that there are 2 large gaps at the front. 

Ideally, the casing would extend to these areas. 

However, the steering linkage would collide with it as the 

whegs are turned to their maximum angle. To combat 

this problem, a silicone membrane would be attached at 

the red points shown in Figure 15 using cyanoacrylate 

and a weatherproof sealant to make the joint water tight.  

6.11 Lights 

2 LED’s have been mounted to the front of the wheg to illuminate the area ahead. This function 

is for a camera that may be mounted so it produces a clear image in dark spaces. A heat sink 

is required for each LED which is included in the off the shelf parts. 

Figure 14 - The final Wheg 
design 

Figure 157 - Silicone membrane attachment points 
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6.12 Drop Height 

For the mini-wheg to survive a drop height of 300 mm, the casing wall thickness was made to 

be 2 mm. The casing is manufactured from injection moulded polypropylene. All interior parts 

are 1.5 mm thick and the internal protrusions have been filleted and ribbing added to provide 

further structural integrity. This is also facilitated injection moulding of the parts. Furthermore, 

bosses have been used where self-tapping screws will affix components. All the internal 

components are firmly fitted into the case through use of one or more of the following; self-

tapping screws, interference fits, encasing, glue (this has been used only on the nylon support 

blocks). 

7.0 Engineering Analysis 

7.1 Shaft 

The failure of the shaft driving both pulleys was analysed to ensure that it could withstand the 

forces applied. The most likely failure mode for this part would be buckling under excessive 

load. The free body force diagrams of the shaft can be seen in Figure 16. The forces were 

calculated as shown in Table 2.  

 

Figure 16 - Free body force diagrams of belt shaft 

Table 2 - Method of metric calculation 

Force Method of Calculation 

Reaction forces Derived 

Belt Tension ContiTech belt calculations 

Tangential force of gear Equation 8 

Normal Force of gear Equation 9 

 

𝐹𝑇 =
2𝛤𝐺

𝐷𝑃
 Equation 8 

𝐹𝑁𝐺 = 𝐹𝑇 𝑡𝑎𝑛 𝜃 Equation 9 

This information then informed the calculation of the bending moment diagrams, as well as 

the shear force diagram, all of which can be seen in Figure 17. Note that there is no horizontal 

force at E as the gear which sits there is not driving the axle.  
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Figure 17 - Bending moment and shear force diagrams 

The torsional shear stress was calculated using Equation 10. 

𝜏 =
𝛤𝐺𝑟

𝐽
 Equation 10 

The final outcomes of this analysis show that a 2 mm diameter steel shaft would survive as all 

internal stresses are below the yield strength of steel. The final metrics can be found in Table 

3. 

Table 3 - Final metrics of stress analysis 

Stress Value (MPa) 

Bending 2.70 

Shear 1.40 

Torsion 98.9 

Steel yield strength 620 

 

7.2 Wheg 

The most likely failure mode for one of the whegs would be fracture. This is most likely to 

happen if the mini-wheg is dropped from a height of 300 mm, as specified by the brief. To 

analyse the possibility of this failure, FEA has been used. Firstly, the force of impact was 

calculated using Equation 11, derived using the work energy principle. 

F =
mgh

s
 Equation 11 

The distance of impact, s, is the distance for which the wheg is in contact with the ground 

whilst it is still travelling downwards. This equation shows that the wheg acts much like the 

crumple zone of a car, absorbing the impact force. FEA was used to find an approximate 

displacement of one wheg leg when a force of 1.5 N was applied. 15 mm was found to be the 

maximum displacement of the leg. The design of the wheg in Figure 18 was shown to fail 
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under this load. To combat the problem, and reduce the stress shown in Figure 19, the part 

was thickened and fully filleted to reduce stress raisers. In this new design the wheg still fails 

as shown in Figure 20. However, this analysis assumes that the entire impact force is on the 

wheg. In reality this would not be the case; a proportion of the force would be transferred to 

the main body of the wheg. To fully analyse this aspect, prototyping and testing would need 

to be carried out. 

8.0 Final Design 

The components used in the final design can be found in Table 4. The total cost of the wheg 

came to £70.59. This excludes the cost of postage and packaging, manufacture and fasteners. 

Raw material costs have also not been included, for example the steel used to manufacture 

the axles. 

Table 4 - Purchased components 

Part Product Identifier Total Cost (GBP) 

DC Motor RE - 170 3.35 

Crown Gear GCG0.5-20-2 3.25 

Driven Pinion GM0.5-10-19 2.08 

Driving Pinion GM0.5-09-19 2.08 

Spin Fit Compound 
Gear GC0.5-9/44-20 6.06 

Figure 18 - Initial wheg displacement under 1.5 N Figure 19 - Stress concentrations in initial 
wheg design 

Figure 20 -Thickened wheg design stress 
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Final Tight Fit gear GS0.5-44-19 2.93 

Torsion Spring N/A 8.99 

Servo HS-40 Servo 12.99 

Rack 

Actobotics Beam Gear Rack (32 
Pitch, Acetyl) 7.79 

Pinion 
32 Pitch Plain Bore Gears 
(Acetyl) 4.29 

Batteries N/A 1.52 

Battery box N/A 1.69 

Long Belt 03M-0204-06 4.63 

Short Belt 03M-0105-06 3.97 

Pulleys 12-03M-06 1F 0.00 

LED N79JQ 4.98 

Wheg Axle e-clips 209-6839 0.14 

Catch plate  03-531SS 0.50 

Toggle Latch 18-2204SS 2.75 

E-clips for gearbox D1500-0012 8.85 

  70.59 

 

The total mass of the wheg was 191.02 g; 4.5 % lower than the target mass. The CoM was 

central, as shown in Figure 21. This was achieved by locating the heaviest components such 

as the battery and motor as close to the centre as possible. With a CoM equidistant between 

the top and bottom, it allows the wheg to successfully flip over and continue travelling without 

trouble. 

The final wheg metrics are summarised in Table 5. 

The general assembly drawing for the final mini-wheg 
as well as 3 part drawings can be found at the end of 
this report. The BoM on the general assembly drawing 
excludes fasteners. The full Solidworks Model is 
available at https://imperialcollegelondon.box.com/s/1 
pnvvvvrq24ci8zv4ublltag9v08zi10. The main Assembly 
is titled ‘MiniWheg 2.0’. 

9.0 Conclusion 

Despite the extensive analysis carried out on this design, future developments would be 

required for it to function optimally. Prototyping and testing is an essential step to be taken. 

The casing needs to be designed with manufacture in mind, incorporating a 0.5 degree draft 

angle. Overall, the design of this mini-wheg successfully met all the criteria set by the brief.  

Metric Value 

Overall length 140 mm 

Overall width 80 mm 

Mass 191.1 g 

BoM cost £70.59 

Leg Length 32.5 mm 

Turning circle 160 mm 

Obstacle height 55 mm 

Ingress protection IP 53 

Figure 21 - Centre of mass of the wheg     Table 5 - Final Mini-Wheg Metrics 

https://imperialcollegelondon.box.com/s/1pnvvvvrq24ci8zv4ublltag9v08zi10
https://imperialcollegelondon.box.com/s/1pnvvvvrq24ci8zv4ublltag9v08zi10
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1 Tensioner Arm 1
2 Tensioner Wheel 1
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4 LED 2
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8 Casing Bottom 1
9 Hinged Lid 1
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13 RE 170 Bracket 1
14 Rear Wheg Bearing 2
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16 Gearbox Bearing 6
17 Wheg Axle Bearings 4
18 Nylon Block for Lid 2
19 Gearbox e-clip 8
20 Wheg Axle E-Clip 6
21 Electronics Package 1
22 RE - 170 1
23 Gear Box 1

24 Axial Torsion Spring 
Rear 2

25 Wheg 4
26 Rear Axle 1
27 Rear End Cups 2
28 Wheg Feet 12
29 Steering Cup 2
30 Outer cup 2
31 Linkage 1
32 Rack 1

33 Axial Torsion Spring 
Front 2

34 Ball 2
35 Front Axle 1
36 Battery Holder 1
37 AAA Battery 4
38 Long Belt 1
39 Short Belt 1
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