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Abstract 

 

Market Study and Design of an Induction Heating Product  

to Warm Weightlifting Barbells 

 

Jean Marie Doglio, M.S.E. 

The University of Texas at Austin, 2014 

 

Supervisor:  Richard H. Crawford 

 

 In order to solve the problem of discomfort and injury caused by weightlifting 

with barbells in cold temperatures, an induction heater product was designed to warm 

cold barbells in 15 minutes or less; currently no other product exists to address this issue. 

The primary market identified for the product is lifters located in cold climates who train 

in their home garages, and the secondary market is unheated membership-based gyms. 

Product development steps documented in this thesis include customer needs gathering 

and analysis, concept generation and variant development, and heating performance 

simulation.  
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Chapter 1: Introduction 

1.1 Motivation and Objectives 

This thesis reports on the design of a new product opportunity that was identified 

for use while weight training in cold temperatures. Many lifters train in their home 

garages or other unheated locations all year long, even when temperatures drop below 

freezing. They choose these locations for a variety of reasons such as convenience, 

control over the atmosphere, avoiding crowds, and saving money. A problem these 

athletes face, for which a good solution does not currently exist, is the fact that 

weightlifting equipment (primarily metal barbells) can become uncomfortably to 

unbearably cold to the touch. Furthermore, sustained contact with the cold bar can cause 

muscles to cramp and increase the chance for injury. Other side effects, such as 

decreased grip strength or compromised lifting technique can have a negative impact on 

useful work output during a workout session. According to a survey conducted for this 

research, cold barbells are the most common complaint from athletes lifting in an 

unheated location. People have tried various home-made solutions, including torches, 

microwaved wet towels, and electric blankets, but very few are satisfied with the 

results. Despite the fact that cold barbells affect even the most serious lifters, most 

people do not bother trying to warm them for lack of a practical method. At this point, 

using cold barbells is simply considered a price to be paid for the benefit of lifting in 

their preferred location. 
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Beyond home garage lifters, many gyms in warmer climates which offer weight-

training based fitness classes operate out of warehouse or industrial type buildings 

which are not climate controlled and have little insulation. For most of the year, it stays 

warm enough for cold barbells not to be an issue; however, when the temperature does 

drop, it has been observed that attendance is consistently lower. Many people will skip 

workouts or stay away all together, which is bad for business. Additionally, workouts 

are sometimes modified to avoid exercises that utilize barbells. 

The end goal for this research was to design a marketable product to address the 

issue of cold barbells being used in unheated locations. Taking a product to market is 

expected to be a multi-year process, and this research project was meant to cover the 

early stages of the potential product’s development. The first objectives were to find out 

whether a market exists for the product, assemble and rank a list of initial customer 

needs, and translate customer needs into product requirements. The next step was to 

determine the most suitable method of heating, and make use of various concept 

generation techniques to achieve a breadth and depth of potential solutions to the more 

specific product requirements. Another important step for efficiently designing a 

thermal system was to develop a numerical simulation that predicts the performance of 

the heating system. The final objective of the research was to establish a preferred 

embodiment of the heating system which can be constructed into a full prototype.   
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1.2 Strength Training Introduction 

Strength training is a form of physical exercise that uses resistance to induce 

muscular contraction, which builds the strength, anaerobic endurance, and size of 

muscles. There can be many benefits of including strength training in an exercise 

regimen, including overall improvement in health and well-being, as well as increased 

bone, muscle, tendon and ligament strength.  Some of the most common strength 

training implements include the following:  

- Free weights: barbells, plates, dumbbells, and other heavy objects 

- Body-weight: body weight used as resistance, for exercises such as pull ups, 

pushups, and dips 

- Machines:  Machines balance the weight and forces the body into a fixed 

movement pattern. Frequently exercises isolate one particular muscle group at a 

time. Examples include leg press machine, leg extension/curl, and bench press. 

- Resistance bands: elastic bands which provide increasing resistance when 

stretched 

For this design project, we are interested in exercises using free weights, specifically 

barbells. There are several reasons that a person may choose to participate in strength 

training with free weights, including strength competitions, sports performance, or 

general health and fitness. The following sections discuss some of the most common 

uses for barbells and the types of lifts that can be performed at a competitive level. In 

addition to those, many other exercises and variations on specific lifts can be performed 

with barbells; by no means are the uses limited to those discussed. 
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1.2.1 Olympic-style Weightlifting 

Olympic-style weightlifting is the style of lifting contested at the Olympic 

Games, where it has been an official sport since the first modern games in 1896. Today, 

there are eight weight classes for men and seven for women, with women’s 

weightlifting participating at the Olympic level for the first time in 2000. There are two 

standard lifts in Olympic-style lifting, in which the goal is to move a barbell with as 

much weight as possible from the ground to an overhead position: the snatch, and the 

clean-and-jerk. These lifts are meant to test virtually all of the muscles in an athlete’s 

body, and require a combination of strength, power, speed, and technique to perform 

correctly. Figures 1.1 and 1.2 show photo sequences of how these lifts are performed. In 

addition to in the Olympics, weightlifting competitions are held at local, regional, 

national, and international levels.  

Aside from competitive lifters, athletes of many sports such as football, 

basketball, baseball, and soccer include Olympic-style lifts in their training regimens. 

Doing so helps an athlete to develop the power and explosiveness over a full range of 

motion that is required to maintain a competitive edge. Olympic style lifting is also 

gaining popularity as a general fitness activity, where the goal is not necessarily to lift 

the maximum amount of weight, but to engage multiple muscle groups for a full body 

strength and cardiovascular workout. 
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Figure 1.1: Photo sequence of the snatch [1] 

 

Figure 1.2: Photo sequence of the clean-and-jerk [1] 

1.2.2 Power Lifting 

Another strength-based sport is powerlifting, which came into popularity 

beginning in the 1950’s-60’s. While not part of the Olympics, competitions are held 

competitively at all levels. The first official world championships were held in 1972 for 
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men and 1981 for women. Like Olympic-style weightlifting, powerlifting divides 

athletes by weight class, who aim to lift a barbell with the maximum weight possible. 

The three lifts included in competition are the dead lift, squat, and bench press. As 

opposed to the Olympic-style lifts, these are meant to test an athlete’s pure strength, 

involving slow and controlled movements over a shorter range of motion rather than 

explosive power over a full range of motion. Typically much higher weights are reached 

in competition, with the top men able to squat over 1000 lb. The three powerlifts 

included in competitions are illustrated in Figure 1.3. These lifts and variations thereof 

are commonly performed by athletes, recreational lifters, and others looking to build 

strength.  

 

Figure 1.3: The three Powerlifting events: (a) Deadlift, (b) Squat, and (c) Bench press 
[2] 
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1.2.3 Crossfit 

CrossFit is a fitness regimen and now competitive sport founded in 1995 by 

former gymnast Greg Glassman, and its goal is to optimize fitness with constantly 

varied functional movements performed at relatively high intensity, incorporating 

exercises from disciplines such as gymnastics, weightlifting, and other high intensity 

work. The CrossFit Games were first held in 2007, as an international competition that 

crowns a male and female as the “fittest on earth.” A significant amount of the 

programming at a typical CrossFit gym consists of Olympic-style and other types of 

lifts where a barbell with free weights is employed.  

1.3 Thesis Organization 

 The thesis is organized primarily in the order of activities that were completed. 

The first sections of Chapter 2 cover the information gathering process: market research 

on weightlifting trends and equipment demand, as well as human factors research and 

technical details about barbells. Next, the market potential for the product is addressed, 

and a multi-stage customer needs analysis is stepped through. Chapter 3 covers the 

concept generation and development process, in which a heating method was chosen 

and concept variants were developed and ranked. Next, Chapter 4 describes the theory 

of induction heating and puts forth the fundamental relationships that are relevant to the 

design of such a system. Additionally, several examples of induction heating 

applications are discussed. In Chapter 5, numerical approximations for heating power 

and induction parameter selection are developed, based on the induction theory 
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presented in Chapter 4. Next, parameter sensitivity and coil configuration designs are 

investigated using ANSYS Finite Element Analysis software and initial coil design 

parameters are determined. Chapter 6 covers further activities such as prototype 

construction and refinement of the design concepts based on learnings from the 

simulation. Finally, Chapter 7 discusses the future steps that will be taken to progress 

the design toward a fully functional product. 
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Chapter 2: Market Study & Customer Needs 

2.1 Literature Review  

2.1.2 Human Factors Research 

There has been a significant amount of human factors research in the area of 

human exposure to hot and cold temperatures, mostly relating to injury prevention in 

industrial settings. For the purpose of this design project, it was important to determine 

both “safe” and “comfortable” temperature ranges for a barbell in order to properly 

design the heating system.  

2.1.2.1 Exposure to Cold Temperatures 

Contact exposure to cold surfaces can cause problems such as discomfort, pain, 

numbness and skin damage, though no standards existed on the topic prior to guidance 

from the British Occupational Hygiene Society (BOHS) in the early 2000’s. [3] 

Previous studies have determined physiological criteria for contact temperature limits 

for humans as listed in Table 2.1. 

Criteria Temperature Limit 

Slightly Painful 15°C/59°F 

Numbness 7°C/45°F 

Frostbite Risk 0°C/32°F 
Table 2.1: Contact temperature limits for humans [3] 
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BOHS’s first report provided temperature limit values for gripping cold 

surfaces, and was based on 413 experiments where subjects gripped cold bars of 40mm 

in diameter for up to 20 minutes under a variety of conditions. The study was meant to 

simulate activities where people have to handle and grip tools or other objects in cold 

environments for long periods of time. The tests were limited to a duration after which 

the subject wanted to stop (referred to as “spontaneous grip durations”), or they had an 

average palm temperature of 15°C, as this temperature corresponds to the sensation of 

“slightly  painful,” on average. Figure 2.1, from this report, illustrates the recommended 

long-term duration limits for gripping several materials, including steel. [4] 

 

Figure 2.1: Limit of exposure: minimum surface temperature of the material as a 
function of contact duration [4]  
  

The second report from BOHS was similar, but focused on short term duration 

of contact on the fingertip instead of long term grip strength. This study was meant to 
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provide guidelines for incidental contact of surfaces, intentional or non-intentional. For 

each of the three physiological temperature thresholds, (pain, numbness, and frostbite) 

contact time limits were plotted in Figure 2.2. 

 

Figure 2.2: Contact time limits to avoid a) pain, b) numbness, and c) frostbite [3] 

According to Jay & Havenith [5], while differences in whole-body cooling and 

thermoregulatory response due to gender are well documented, the findings have been 
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inconsistent and inconclusive with regards to contact cooling. Additionally, the studies 

done by BOHS found significant variation person to person, and did not address the 

differences in cooling rates due to gender. [5] 

Jay & Havenith performed two studies comparing the fingertip cooling 

responses of male and females in short term cold contact exposure. In the first study, 

they found that for slow cooling conditions (where cooling of the deeper epidermal and 

dermal layers occurs), females show significantly faster cooling than men. The study 

tentatively attributed the finding to the differences in hand/finger size, structure and 

shape between the men and women in the study. [5] Their theory was verified in the 

second study, where male and female subjects were selected to have similar hand size 

and variation in finger dimensions. The results of the study suggested that by 

eliminating the usual gender differences in hand and finger dimensions, the effect of 

gender is removed in the slower cooling conditions. Figure 2.3 shows a sample plot 

from the study, where the time for the contact temperature to reach 7°C when touching 

aluminum is plotted as a function of hand volume. [6] 
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Figure 2.3: Time to reach set contact temperature as a function of hand and finger 
volume for a) Aluminum material with representative male and female subjects and b) 
Steel material with males & females selected to have similar hand dimensions. [5] [6] 
 

For fast cooling conditions where contact duration was sufficiently long for individual 

variation to be apparent, but where primarily only cooling of the epidermal layers 

occurs, the men showed a significantly slower cooling time. Jay & Havenith attributed 

this result to the thicker stratum corneum usually found in men, which provides greater 

superficial insulation against cold surfaces. Additionally, it was noted that while both 

males and females were exposed to the same environmental conditions, males had an 

average of 1.1°C higher initial finger temperature, which was attributed to a lower 

arterial blood inflow to the fingers of women. [6] 
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2.1.2.2 Exposure to Hot Temperatures 

It is just as important to identify temperature limits for contacting hot surfaces, 

because as barbells are heated, they must be limited to a safe handling temperature. For 

industrial environments containing hot surfaces, standards are available to determine 

temperature limits meant to minimize the risk of burns or injury. Recommended limits 

for various time periods are listed below in Figure 2.4. 

 

Figure 2.4: Recommended maximum temperatures for touchable surfaces to prevent 
burning for long contact periods. [7] 
 

In addition to avoiding burns, it would be desirable to avoid any feeling of 

discomfort when using the warm barbell. According to Ray [8], Robert Gordon’s 

Institute of Technology performed a study in order to predict tolerable temperatures of a 

variety of materials typically encountered near cooktops. While values for steel were 

not reported, the study predicted that 44°C/111°F is the maximum temperature that is 

comfortable for people to touch aluminum for a prolonged period of time (at least 30 



 

15 
 

seconds). [8] Since steel has lower thermal conductivity, the recommendation for 

aluminum is a conservative estimate for steel, which is used for most barbells. 

2.1.3 Market Research 

Every year, the Sports & Fitness Industry Association (SFIA), formerly the 

SGMA, puts out a “Topline” report, which establishes levels of activity and summarizes 

data about key trends in sports, fitness, and recreation participation in the USA. Portions 

of this report are typically directly available, or re-published by secondary sources. 

More complete reports for specific activities (including barbell use) are also available 

for a fee, and the information is broken down by gender, age, etc., and lists cross-

participation with other activities. Only the information available for free was used up 

until this point. However, purchasing reports more specific to strength training may be 

useful for a more thorough market evaluation in the future. 

SFIA says that their data provides a high degree of statistical accuracy. For 

example, the 2012 data was gathered from the US Online Panel of over a million 

people, which is maintained to be representative of the US population for ages six and 

older. A total of 42,356 online interviews were carried out, and a weighting technique 

considering gender, age, income, household size, religion, and population density was 

used to balance the data to reflect the total US population. [9] 

In the SFIA’s surveys, “Fitness Sports” (which includes activities such as 

walking, running, aerobics, conditioning, and weight training) sees the highest 

participation rates over other types of activities. In addition to the overall participation 



 

16 
 

rates, SFIA publishes “Core” participation rates, which refers to a people who reported 

participating in the activity 50 or more times in that year. Fitness sports core 

participation has frequently been almost double that of the next highest category. Figure 

2.5, from the 2012 and 2013 Topline reports, shows these trends. [9] [10] 

 

 

Figure 2.5: Overall Participation rates and Core Participation rate trends for ages 6+ 
[9] [10] 
 
Participation in several types of activities depends strongly on age, as can be seen in 

Figure 2.6. For example, team sports participation hovers around 60% in the youth 

years, and starts declining quickly around the age 14; by age 68 it is close to 0%. In 

fact, all activities except fitness see a decline in participation as people age. Fitness 

participation rates begin around 40% in the youth years, peak near 70% in the mid 30’s, 

and settle level out around 60-65% through the remaining years. [9] [10] 
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Figure 2.6: Sport participation rates by age [9] 
 

The SFIA also breaks down the fitness data into specific activities. Most fitness 

activities saw a fast rise in popularity in the early 2000’s, but have begun to level off in 

the last eight years. Several of the many fitness categories are plotted in Figure 2.7(a), 

including weightlifting, which saw approximately 30 million participants in 2011. It is 

important to note that the fitness categories are not mutually exclusive, so it is likely, 

for example, that “exercising with equipment” overlaps with categories such as 

“workout at club,” “aerobic exercising,” and “weightlifting.” [9] [10] [11] In the 

“American Time Use Survey” conducted by the US Department of Labor’s Bureau of 

Labor Statistics, we can get a better idea of where weightlifting falls compared to other 

mutually exclusive activities: Figure 2.8 shows that between 2003 and 2008, 

weightlifting was the second most popular fitness activity for Americans 15 and older. 

[12] 
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The SFIA provides details about usage of strength equipment, which is 

particularly relevant to the product being pursued. Hand weights, weight machines, and 

dumbbells increased steeply in the early 2000’s, and leveled off in the late 2000’s, 

following the trend of the fitness category in general. Barbells and home gym 

equipment also gained in popularity, but at a more gradual pace. Those too have seemed 

to level off as of 2012, at close to 25 million people using each.   

 

Figure 2.7: Number of US residents age 6+ who participated in fitness activities and 
used strength equipment [9] [10] [11] 

 

Figure 2.8: Percentage of Americans participating in various fitness activities [12] 
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In terms of gender, the SGMA’s studies of men’s dominant fitness purchases 

(multipurpose home gyms, weight sets, and weight benches) indicated a focus on 

building muscle, while women’s dominant purchases (treadmills, ellipticals, and hand 

weights associated with aerobic exercising) indicated more of a focus on weight loss 

and maintenance. [13] From 2003-2007, weightlifting activities consistently were made 

up of 64% men and 36% women. In 2007, other fitness activities were dominated by 

females, such as yoga, aerobic exercising and exercise walking, consisted of 85%, 71% 

and 63% female participants, respectively. [12] [14] [15] Though the percentage of 

women participating in weightlifting may be holding steady, there have been studies 

indicating that women’s use of free weights has increased significantly over the last two 

decades. According to SGMA’s “Free Weight Training” report, women’s participation 

in weight training was up 203% between 1987 and 2001. [16] The trend can also be 

seen by looking at injury statistics: according to Bakalar [17], the American Journal of 

Sports Medicine reported that the annual number of weight training injuries sustained 

by women increased by 63% between 1990 and 2007, compared with an increase of 

46% with men. Over 90% of all weight training injuries occurred during the use of free 

weights. [17] 

Parker [18] [19] has estimated the worldwide market potential for both home 

gym equipment and free weight lifting equipment based on latent demand, which he 

defines as the potential industry earnings or total revenue if a market is served in an 

efficient manner. While typically higher than actual sales, this information can still be 

used to estimate market sizes and identify trends. Table 2.9 shows the breakdown of 
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latent demand in 2006 by continent, as well as trends in worldwide market for 2001-

2011. Parker’s reports indicate that the world markets for home gym and weight lifting 

equipment have increased every year between 2001 and 2011. The potential market 

grew from $1.2 billion to $2.3 billion for home gym equipment, and from $0.6 billion to 

$0.9 billion for free weight equipment. [18] [19] 

 

 

Figure 2.9: Worldwide market potential for home gyms and free weight equipment [18] 

[19] 

One particular trend that may be aiding the growth of free weight use is the 

surge of participation in CrossFit. Between 2005 and 2012, the number of CrossFit 

affiliated gyms has grown from 18 to over 5000, with 72% located in the USA, as 

shown by Figure 2.10. [20] According to the CrossFit Games official website, that 

number will surpass 10,000 this year. [21] This trend is likely to continue, as CrossFit is 
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gaining more brand recognition through word of mouth, more visible locations, and 

promotion through partner Reebok.  

 

  

Figure 2.10: CrossFit growth data [20] [21] 

2.1.4 Barbell Technical Details 

In order to properly design the product, it is important to understand the 

dimensions, properties, and other characteristics of barbells. There are many variations 

of barbells available on the market, tailored to the specific use. The two most common 

types are Olympic style and powerlifing style, both of which have associated standard 

specifications, and come in training and competition grades.  

The manufacturing process of a barbell is time-consuming and skilled-labor-

intensive, which includes the following steps: [22] 

 

Shaft: 
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- Receive “shaft steel” stock. High quality raw shaft steel stock is produced by a 

limited number of manufacturers in China, US and Canada 

- Cut the bar stock to length 

- Turn the bar down to size 

- Check for straightness to very low tolerances. If out of tolerance, the bar is 

mechanically straightened in a press 

- Check for defects such as cracks, pits, pots, and corrosion. Some manufacturers 

also check for internal abnormalities through X-rays. 

- Create the knurl (used on grip surfaces) through a pressing process. 

- Apply the finish (chrome, zinc, or black oxide), unless the bar is made of 

stainless steel. 

Sleeve (Made out of drawn-over-mandrel (DOM) tubing): 

- Machine tubing made out of flat stock is rolled into a pipe 

- Pipe is pulled through a die under pressure and rotation that ensures straightness, 

strength, and internal integrity 

- Raw tubing is machined down to desired diameter for loading the plates (usually 

2”), with a larger diameter flange left at the edge to hold the plates when 

collared. 

- Sleeve is assembled to the shaft with a precision, proprietary process.  

 

Olympic bars have the dimensions shown in figure 2.11; men use a 20kg, 2.2m 

long, 28mm diameter bar, and women use a 15kg, 2.01m long, 25mm diameter bar. 
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They are made to be springier and more “whippy” than other types of bars due to the 

dynamic nature of the snatch and clean-and-jerk movements. At the same time, the bars 

need to have higher strength than other types, because they are relatively small in 

diameter, and are frequently dropped from overhead. The sleeves on high quality 

Olympic bars are mounted on bearings so that they can spin quickly and smoothly. This 

spinning action allows an athlete to complete dynamic lifts without placing excessive 

torque loading on their wrists.  

There is more variation in powerlifting bar dimensions; the International 

Powerlifting Federation specifications are shown in Figure 2.12, but different 

organizations maintain varying specifications on equipment. Powerlifting bars will 

typically be stiffer and thicker than Olympic bars, ranging from 27-32mm in diameter. 

This is because higher weight is used, and any whip or oscillation on the deadlift, squat, 

or bench press would interfere with the stability of the lift. Sleeves on a powerlifting bar 

are typically mounted on less expensive bushings, as torque loading is not an issue 

during these less dynamic lifts.  
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Figure 2.11: Official dimensions in mm of (a) men’s and (b) women’s Olympic-style 
weightlifting barbells. [23] 
 

 

Figure 2.12: Official dimensions (in mm) of powerlifting barbells [24] 

Though specifications do exist for competition-level barbells, a wide array of 

products is available on the market of varyious sizes, materials, and constructions. In 

order to capture these differences, a number of products offered for sale by well-known 

barbell manufacturers were examined. Some of the lower-end and lesser-known brands 

were left off the list, due to lack of information available on them. Specifications for the 

barbells listed are widely available on the manufacturers’ websites as well as 

distributer/point of sale websites. Table 2.2 shows a summary of this information.  
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In terms of size and shape, bars meant for Olympic-style lifting typically follow 

the guidelines in Figure 2.11 as set out by the International Weightlifting Federation. 

Overall, the products in Table 2.2 vary from 25-35mm in diameter. Though not listed in 

the table, the length of a barbell can range from 5ft (economy training bars) to 8ft 

(specialty high weight capacity bars). Bars meant for Olympic or powerlifting have 2” 

diameter sleeves, and other general/multipurpose bars can vary from 1-2” in sleeve 

diameter. 

 

Table 2.2: Comparison of barbells currently available on the market  
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With the exception of lightweight JR technique learning types, all barbells are 

made from steel, though the exact grade is not advertised. In fact, each manufacturer 

guards the alloy used for a particular bar as a trade secret; this allows them to dial in 

certain characteristics (yield strength, tensile strength, stiffness, and machinability) 

without their competitors easily copying the design. The information that does get 

published is the raw material’s ultimate tensile strength, whether it is stainless steel vs. 

carbon/alloy steel, and the type of finish. Manufacturers of many of the higher quality 

bars also mention that the steel has been heat treated or otherwise processed to improve 

the material strength or other properties. Rouge Fitness [25] claims that several Pendlay 

bars have high nickel content, and a few manufacturers list the material yield strength as 

well; clues like these give additional insight into the potential material grade used. In 

general, high strength stainless steel is used for the most expensive competition grade 

bars (up to $1000 sales price), high-strength alloy steel is used for quality training and 

competition bars ($300-600 range), and low strength carbon steel is used for economy 

or low end bars ($100-200 range). Based on the available advertised information, cross-

referenced with material property data found for various grades of steel on Matweb [26] 

(listed in Table 2.3 below), an educated guess was made for the steel grade closest to 

what was actually used in each bar. The lower end of the tensile strength range 

represents the annealed material as drawn, and the higher end of the range represents 

material with the highest strength after processing. It is probable that in order to achieve 

the high strength that is advertised, manufacturers are using specialty processing steps 
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not covered by the MatWeb standard material listings, so the strengths of those grades 

listed could be even higher depending on the processing involved.  

 

 

Table 2.3: Material properties of various steel grades [26] 

Since the function of the product will be to heat a thermal mass, thermal 

properties of the steel grades were also compared. It is interesting to note that the 

thermal conductivity of stainless steels are much less than the carbon and alloy steels. 

Though the conductivity is higher than an insulator such as plastic (less than 1 W/m-K), 
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those lifting with a stainless bar may find that heat loss due to a cold bar is less of a 

problem than those lifting with other bars. 

 

2.2 Market Opportunity 

It was anticipated that a limited need for heated barbells exists in Texas, so a 

global online survey was conducted to reach potential users of such a product. The 

results of this survey, along with the market research discussed in Section 2.1 primarily 

form the basis for the market opportunity evaluation. The three main goals of the survey 

were: 1) learn about the customer and the environment in which they would use the 

product 2) assess market potential of the product, and 3) begin gathering customer 

needs. 

2.2.1 Survey Administration 

Survey topics covered include demographics, exercise habits, lifting 

environments, and attitudes toward cold weather and cold barbells. The survey was 

designed and conducted using the Qualtrics survey tool provided by UT’s McCombs 

School of Business, and a link to the survey was posted on various English-language 

online forums geared toward strength training, where 95 responses were gathered within 

a week’s time. Potential respondents were not told the purpose of the survey, only that it 

dealt with weight lifting in cold temperatures. Because respondents were participants in 

weight lifting forums and discussion groups, they are likely to be more serious or 

dedicated to weight training as compared to the general exercising public that does not 
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participate in these media. In the following sections, details on the survey organization 

and a discussion of findings are presented. The complete survey and responses as 

written are included in Appendix A. For questions that were open ended with write-in 

responses, the responses were interpreted, aggregated together and summarized. 

2.2.2 Surveyed Customer General and Fitness Demographics 

The first section of the survey gathered some basic demographic information 

about potential customers. The distribution of respondents was overwhelmingly male, 

and the majority were under 30 years old. Many occupations were represented, with 

students being the largest group. Figure 2.13 shows a summary of the demographic 

results.  

 

Figure 2.13: General demographic information of survey respondents 
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The next series of questions focused on respondents’ levels of fitness, frequency 

and duration of their workouts, reasons for working out, and whether they compete in 

any strength events. The results indicate that typical respondents are in good shape and 

put emphasis on building strength. Most are fairly dedicated, completing weight 

training workouts 4-5 days per week, with the average workout lasting 1-1.5 hours. 

Some play sports or compete in sporting events, but most train primarily to maintain 

general health and fitness, which is consistent with the findings of the SFIA discussed 

in Section 2.1. Respondents reported incorporating a variety of exercises into their 

workouts, but were strongly biased towards free weights, body weight exercises, and 

lifts involving barbells. Only a small percentage use machines. Figure 2.14 provides a 

summary of this information. 
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Figure 2.14: Fitness demographics of survey respondents 

2.2.3 Workout Environments 

In order to see where the proposed product may fit into the routine of a serious 

weight trainer, it is important to understand the environment in which they work out, 

and the motivation for the choices that they make. Just over half of the survey 

respondents said that an unheated space is their primary workout location, and a total of 

81% work out in an unheated location at least some of the time. The detailed breakdown 

can be seen in Figure 2.15. To supplement the data from this survey, it would be useful 

to know what percentage of the overall weight training public uses an unheated workout 

space. The assumption is that the real number is lower than what was indicated from the 
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survey, since those who work out in unheated locations would be more likely to 

complete a survey on that topic. The distinction between individuals working out alone 

at home vs. groups in an unheated gym could also be important, as this information 

would help to establish potential opportunities for a product family. Additional market 

research is required to get an estimate of this information. 

 

  

Figure 2.15: Breakdown of survey respondents’ workout locations 

 

To understand the motivation behind workout location selection, respondents 

were asked in open-ended questions what they like and dislike the most about their 

primary workout location, and what makes them choose to go to their secondary 

location. All of the responses for heated and non-heated locations were  grouped and 

tallied into the categories listed in Table 2.4. Those who primarilly work out in a heated 

location seem to do so for the variety, quantity, and quality of equipment, as well as the 

convenience of the location. Top complaints about these locations include lacking 

certain equipment, and the fact that it can get too crowded. Respondents that choose an 
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unheated primary location enjoy the convenience of no commute, avoiding crowds, and 

flexibility to work out whenever they want. The main complaints include coldness in 

the winter, small or cramped space, and having limited equipment. 

 

 
Table 2.4: “Likes” and “Dislikes” of survey respondents when questioned about their 
choice of workout location 

 

The remainder of the questions in the survey were meant to gather information 

on the habits and opinions of those who work out in unheated locations, so the survey 

ended for those who answered “no” to the question “Do you ever work out in an area 

that is unheated?” In terms of primary workout locations, there seem to be two fairly 

distinct categories of respondents. The majority uses a small (below 600sf) area such as 
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a garage, alone or with few people.  The other (minority) group works out in a larger 

gym with multiple people using it at once (usually this primary location is heated). 

Figure 2.16 shows these breakdowns. About half of the respondents say that they rent or 

own the location where they work out. 

  

Figure 2.16: Survey respondents’ primary workout location information 

Survey participants were asked to list out the equipment available to use in their 

workout location. The most common answer was barbells with weights, but other 

popular answers were racks/stands, dumbbells, and pull up bars. Interestingly, these 

types of equipment are all typically metal which can get cold to the touch when 

unheated. A Parato chart showing the responses can be seen in Figure 2.17. 
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Figure 2.17: Equipment available to survey respondents 

2.2.4 Assessing Need for the Product 

A series of questions were asked to determine potential customers’ attitudes 

toward strength training in the cold, and whether there is a need for a product that 

warms barbells. First, respondents were asked to select which threshold temperature 

they considered uncomfortably cold for strength training, where “uncomfortably cold” 

refers to a temperature at which the cold causes discomfort at any point during a 

workout while wearing normal workout clothing (shorts, t-shirts, sweats, etc.) and not 

winter clothing (hats, gloves, etc.). The distribution of the answers resembled a bell 

curve centered around 30-40°F, as shown in figure 2.18. The plot is broken down to 

show how people answered based on how often they said their workout facility was 

uncomfortably cold, but there does not seem to be a discernable relationship between 

those factors. Overall, 48% said that their facility was uncomfortably cold for a month 
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or more per year. Another 32% said it was too cold for less than a month, and 20% said 

that it never gets too cold.  

 

Figure 2.18: Temperature thresholds considered by survey respondents to be 
uncomfortably cold for weight training 

 

Respondents, excluding those who reported the temperature never being too 

cold, were then asked to what degree cold temperature bothers them while working out. 

Only 8% selected “not at all”, and only 6% said “significantly.” The rest selected “a 

little” or “moderately,” as shown by Figure 2.19. When asked which parts of the body 

are affected by the cold while working out, 89% responded with hands, which was more 

than double the next most popular answer (feet, at 42%).  
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Figure 2.19: Degree of dislike for strength training in cold temperatures, and body 
parts affected 

 

The next question asked respondents what aspect(s) of strength training in the cold 

bother them the most. There were no prompted choices, and respondents had to write in 

their answers. It is important to note that up until this time, the survey had not 

mentioned anything about barbells – this was done intentionally in order to more 

accurately gauge their feelings without them being influenced by the suggestion. By far 

the most frequent complaint was cold bars, and many of the other complaints, such as 

difficulty gripping, cold hands, and wearing gloves are likely directly related to bars 

being cold. Below are some sample quotes which are representative of some of the top 

pain points. 

-  “Cold bars, weights, and hands. I don't wear training gloves so gripping cold 

bars and adding/removing/adjusting stuff with cold hands and fingers gets 

tough. Once a workout is underway the cold is pretty well forgotten except for 

the hands, which never really warm up.” 
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- “Weights are too cold to hold on to… makes everything feel heavier. Muscles do 

not warm up optimally… easy to get hurt and never feel like I have as much 

strength at low temperatures. Overall, harder to get into a good rhythm and 

sweat.” 

- “Grabbing a sub-zero bar. Using gloves impairs grip, so I lose either way.” 

- “Numbness and pain in fingers. Inability to maintain the ‘warmed up’ feeling.” 

- “Gripping a cold barbell…It’s uncomfortable and distracts my focus from 

working out.” 

There are a multitude of ways that respondents said that they deal with cold 

temperatures, the most of common of which are wearing extra layers (69% of 

respondents), hats (55%), and gloves (44%). Some do a longer warm up (37%) or use a 

space heater (32%), and almost as many do nothing at all and suck it up. Most of the 

respondents seem fairly dedicated, with only 18% saying that they skip workouts, and 

8% cut their workouts short. Only 19% of respondents said that they had tried to warm 

up their barbell, which was surprising considering that 30% said that it is the worst part 

about training in the cold. Over half (55%) of those who answered the question were at 

least somewhat satisfied with their overall efforts to account for the cold. 

Next, the questions began narrowing in on the problem of cold barbells. Of those 

who weight train in unheated locations at least some of the time, a total of 53% said that 

using a cold barbell bothered them “significantly” or “moderately”, with an additional 

17% saying it bothered them “a little,” as shown in Figure 2.20. The level of displeasure 

with cold barbells was more significant than for cold weather training in general, 
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supporting the conclusion that cold bars are the worst part about unheated strength 

training. 

 

Figure 2.20: Levels of dislike for using cold barbells 
 

Of those who said cold barbells bothered them, 31% said that they attempt to heat 

the bar before using it. Since this is a relatively small percentage, it is important to dig 

into the reason for that. In an open ended format, the next question asked why they did 

not attempt to heat their bars. Overwhelmingly, the responses indicated that people feel 

there is no good way to do it without wasting too much time. Below are quotes of some 

of the responses, which illustrate this idea. 

- “Tried it in the past. Wrapped a warm towel around it. Too much hassle now.” 

- “I’ve never found/heard of a practical method for warming the bar” 

- “Waste of time, and it’s tough to heat up cold metal” 

- “Would take way too long to get the bar warm enough to really make a 

difference.” 
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Those who said they do heat their bars were asked how satisfied they were with the 

results; the majority were unsatisfied, and 73% said that they would prefer a better way 

to heat their bars, as shown in Figure  2.21. 

  

Figure 2.21: Satisfaction levels of those who attempt to heat their barbells when 
training in cold temperatures 

 

2.2.4 Market Opportunity Summary 

Based on the survey results, it seems that there could be a viable market for a 

barbell warming device for those who primarily train in unheated locations. Many 

people dislike weight training in cold weather, and cold hands/cold barbells is the most 

common complaint.  The majority of those bothered by cold barbells do not even 

attempt to heat the bars, due to lack of available options for doing so. 30% do try to heat 

their bars, and very few are satisfied with the results. The survey indicates that barbells 

are the most-used piece of equipment by those who weight train in unheated locations, 

so improving user experience could go a long way. Even those who frequent heated 
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gyms are not completely happy, and may be willing to weight train at an unheated 

location if they were able to be more comfortable in cold weather. 

Considering the market data from Section 2.1 in combination with the survey 

results, a rough estimate of the market size can be established. A number of 

assumptions were made in the analysis which will be refined later on. Following the 

steps listed below, it was estimated that approximately 18 million people worldwide are 

likely to consider buying a barbell warmer for use in a home garage or other unheated 

location. 

- From Figure 2.7, of the 30 million people in the USA who participate in weight 

lifting, 26 million (86%) use barbells. 

- If we assume that percentage holds for people using home gyms (25 million), 

that gives us 21.5 million who use barbells at home.  

- From the survey, 83% of the people who primarily weight train at home use the 

garage or other unheated location. From this, ~18 million people use barbells at 

home in an unheated location. 

- About half of survey respondents say that their unheated workout location 

reaches uncomfortably cold temperatures for more than 1 month per year, and 

roughly half of those said that cold barbells either moderately or significantly 

bother them. Taking 25% of 18 million gives 4.5 million people. 

- North America accounts for 26% of the world market for home exercise 

equipment and weight lifting equipment. If we conservatively assume that the 
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USA accounts for that full amount, we can estimate a world market size of 18 

million people 

The secondary market of people who weight train at unheated membership-based 

gyms is more difficult to estimate. The majority of membership-based gyms are health 

clubs which focus on general fitness, and are almost always climate-controlled. The 

types of facilities likely to be unheated are so called “hard-core” gyms where Olympic 

lifting, powerlifting and body building are prominent, sports performance training 

gyms, and CrossFit gyms. Statistics for the first two categories are difficult to come by, 

but using CrossFit statistics and following the assumptions below, a preliminary market 

size was estimated to be 38,000: 

- From Figure 2.10, approximately 10,000 CrossFit-affiliated gyms currently exist 

worldwide.  

- If we assume that approximately half of those locations are in warm-weather 

climates where it reaches uncomfortable temperatures for at least 1 month out of 

the year, and 75% of those locations are unheated, that leaves ~3,700. 

- If we assume that for every CrossFit gym, there is one other hard-core or sports 

performance gym, we can double the number of unheated gyms to 7,500. 

- From experience, average class size is around 10 people. If we assume that half 

of class members would want a heated bar, that comes to approximately 38,000. 
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2.3 Customer Needs Analysis 

Several techniques were used to identify customer needs for the potential 

product. As a starting point, information was gathered by following online discussions 

on the topic of exercising in cold weather. Several forum threads and blogs are 

dedicated to sharing advice and experiences on how to deal with cold barbells. Next, the 

survey mentioned in Section 2.2 was used to gain insight into customer needs beyond 

what had been shared on the message boards. Finally, additional latent and technical 

needs were identified through a combination of observation and personal experience. 

It was anticipated that traditional interview and focus group methods would 

provide limited information, since no product currently exists for customers to discuss 

or to try out. Additionally, it is not feasible at this time to travel to cold places and 

observe people’s use of alternate methods. In the future, once a working prototype is 

established, these methods will be valuable to establish a better ranking of the customer 

needs and adjust design targets as needed. 

2.3.1 Online Sources 

The topic of exercising in cold weather, and more specifically cold bars used 

while weightlifting, has been discussed in numerous online forums, blogs, discussion 

boards, and enthusiast sites such as Stronglifts.com [27], Crossfit.com [28], 

Bodybuilding.com [29], and Rosstrainng.com [30]. These sources provided valuable 

insight to customers’ attempts to solve the problem of cold barbells or other similar 

types of bars. Most of the comments encountered dealt with opinions and experiences 
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with homemade solutions. Customer statements related to each solution mentioned were 

aggregated from each source listed as shown in Table 2.5. Based on the content and 

context of the statements, customer needs were interpreted and listed. 

 

Table 2.5: Customer needs identified through online sources 
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2.3.2 Survey 

Many of the survey questions were meant to cover information relating to 

customer needs. Because it would be difficult for respondents to answer questions about 

a product that does not yet exist, the questions discussed in Section 2.2 and in the 

following discussion focus on the environment in which the product would be used, 

timing and flow of the workout routine, and respondents’ likes and dislikes about their 

experiences in unheated workout locations. In order to uncover customer needs from the 

answers to these questions, a method similar to Otto & Wood’s articulated-use method 

was employed. [31] This process is typically used to uncover latent needs from 

customer interviews, but many of the responses were similar to what could be obtained 

in an interview, so the process adapts fairly well in this case. Because of the large 

number of responses, they were not entered into individual need collection forms. 

Rather, the individual responses were grouped and sorted into themes; then the most 

common response themes relevant to a non-obvious customer need were listed in the 

form along with the question that elicited that response. Each customer response theme 

was then interpreted as a need as displayed in Table 2.6.  
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Table 2.6: Results of customer needs identification from survey through modified 
articulated-use method 
 

2.3.3 Observation and Experience 

 The author has direct access to many potential customers and stakeholders, as 

she is currently a member of an unheated CrossFit gym, has attended several other 

unheated strength and conditioning gyms, and has acquaintances that weightlift in their 
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home garages. Over the past two years, a running list of observations, experiences, and 

informal conversations have been recorded with the intent of identifying additional 

latent needs that may not show up in the survey responses or online discussion boards. 

Table 2.7 lists these observations and experiences sorted by topic, and interpreted into 

customer needs. It turns out that very few new needs were uncovered through this 

process, as most had already been discovered through the other methods discussed. 

However, through this exercise it became clear that there are at least two distinct use 

cases which could drive potentially different product requirements: those who work out 

alone in their garages (represented primarily by the survey and online discussions), and 

those who attend structured classes at a membership-based gym (represented primarily 

through observation and informal conversations). 
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Table 2.7: Customer needs drawn from observation, experience, and informal 
conversations 
 

2.3.4 Customer Needs Summary 

The customer needs from all sources were combined and sorted in Excel, and 

then converted to product requirements. Needs that were vague were broken down into 
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more specific product requirements; for example, “practical” was separated into 

requirements such as “does not waste energy,” “easy to operate,” and “grip areas are 

heated quickly.” Additionally, many of the needs such as “warms hands,” “increases 

circulation,” and “improves grip” are directly tied to the core functionality of heating 

barbells, so they were not considered separately in the product requirement list. For 

each product requirement, one or more technical criterion was identified against which 

product performance can be assessed. At this time the requirements were ranked by 

importance. The weightings were based upon both the assessed technical importance of 

the feature (i.e., importance to product functionality) and customer importance (i.e., 

importance in the customer’s mind that the requirement is met). Both the technical and 

customer rankings were assigned a number on a 1-3 scale, and then the product of the 

two was used to calculate the overall importance weight.  

Table 2.8 shows the list of product requirements grouped into a hierarchal list of 

needs, as well as some estimated design targets. The needs analysis was completed 

against each of the two use cases mentioned in the previous section. It is important to 

note that many of the needs carry different weights based on the use case. Some of the 

key differences between use cases are: 

- Bar location: At a gym it is more important for the heater to work while the bars 

are mounted to the wall, and not while in use. In a garage, the bar could be 

sitting anywhere (wall mount, rack, stand, or floor), so the product needs to 

adapt to bar location.  
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- Heating time: A garage user may prefer a faster heating time of 5 minutes or 

less, while at a gym there is generally at least 15 minutes between uses of the 

bars.  

- Number of bars: Garage users typically only have 1-3 bars, while a gym will 

have 10 or more bars in use at once 

- Cost: A gym that has many bars to heat may place more importance on power 

draw, energy costs, and purchase price. 

- Climate:  Gyms in colder climates are typically heated, so for this use case the 

product would be aimed at locations in the south where it is only needed for a 

limited portion of the year. Low temperatures are around freezing or higher. 

Home garage lifters reported working out in temperatures well below freezing, 

so a higher powered heater would likely be needed in that scenario.  

- Bar material: Class-based gyms do not typically use higher end stainless bars, so 

products for these should be targeted for carbon steel. Serious garage lifters 

would be slightly more likely to own a stainless bar, but are still likely to use 

carbon steel bars as well. 

 

The weighting process employed was somewhat subjective, given that the needs 

were obtained from so many different sources with varying sample sizes. Also, this 

needs weighting structure does not take into account the dependent relationships 

between needs. For example, a customer may have a drastically different expectation 

for how long it should take to heat a bar in temperatures of 0°F versus 40°F. Similarly, 
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more importance may be placed on portability and speed of heating if it can only heat 

one bar at a time. As a future step, it may be beneficial to send out a second 

questionnaire asking participants to rank each need. This will enable the design to be 

better optimized to fit customers’ priorities. Another potential step once concepts are 

developed is to conduct a Conjoint Analysis, where customers evaluate different 

product configurations. [31] 

 

Table 2.8 continued, next page 



 

52 
 

 

Table 2.8: Grouped listing of customer needs, technical criteria, design targets, and 
weighting 
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Chapter 3: Concept Development 

3.1 Methodology 

Concept generation was split into two phases; the first phase was meant to identify 

possible heating technologies that could be used, and choose the one best suited to meet 

the customer needs for the product. Since there is a limited number of different 

technologies, the primary activity was information gathering from a number of sources, 

including customers, internet searches, and patents.  The information was then 

organized in a mind-map format to make sure that all ideas were exhausted. Once the 

method of heating was identified, a functional structure was established and the second 

phase of concept generation was completed. Several key product functions were 

identified for which a morphological analysis was completed to enable brainstorming 

ways of accomplishing product sub-functions. 

3.2 Core Functionality: Heating Method 

3.2.1 Analogies 

To begin the concept generation process, analogies were sought out in existing 

products whose primary function is to warm an object, more specifically a metal object 

or a human. The search was limited to consider only core functionality, because other 

more specific product functions and implementation options will likely be limited by 

the heating technology that is chosen.  Table 3.1 shows the list of analogies that were 

identified. Many different heating methods were represented, including passive methods 
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such as insulation, use of conductive materials, and gloves/covers, and active methods 

such as resistive heating, induction, convection, heat exchangers, and chemical 

reactions.  

 

Table 3.1: Analogies for heating metal or a human 

3.2.2 Weightlifting Products & Accessories 

It is also useful to explore existing products that are used during the process of 

weight lifting, as there may be some opportunity to combine functions or leverage 

design concepts and product functionality. Some products are essential to the activity of 
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weight lifting, such as weights, clamps, stands, lifting platforms, and storage racks. 

Other accessories, such as chalk, gloves, grips, weight belts, lifting shoes, and other 

equipment allow the user to customize their lifting experience and control the interface 

to their barbell. Figures 3.1 through 3.4 illustrate several variations of these products. 

The most obvious pieces of supplemental equipment are disc weights, which come in 

many sizes and may be bare metal, rubber coated, or include handles from which to 

pick them up. Racks and stands are also common, as they allow the bar to be stored 

while not in use, and allow the bar to be safely positioned at the starting point for 

certain lifts. Clamps are frequently used to keep weights in place on the bar during 

dynamic lifts. Another interesting accessory is the “Fat Gripz,” which is a flexible 

rubber C-shaped cylinder which can be placed around the bar in order to increase the 

diameter of the bar, so lifters can work on their grip strength. It is possible that a barbell 

warmer could share some characteristics with one or more of these pieces of equipment, 

or even share functions. 

 

Figure 3.1: Examples of barbell collar clamps 
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Figure 3.2: Examples of weightlifting platforms 
 

 

Figure 3.3: Barbell racks and stands 
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Figure 3.4: Additional weightlifting accessories 

3.2.4 Current Barbell Warming Methods 

 Even though no barbell warmer product currently exists, customers have come 

up with various solutions to the problem, many of which are listed in table 2.5. Though 

customers are generally unhappy with these methods, it is possible that the ideas 

modified or combined with others could yield a more effective solution, at least as a 

starting point. In one example, it was reported that using a gas torch works well, but that 
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method could get expensive and could potentially be dangerous if any combustibles are 

around.  Other methods, such as electric blankets, radiators, and pipe heater cables take 

up to an hour to work and can be a hassle.  

3.2.5 Selecting a Heating Method 

With ideas collected from analogies, prior solutions, and accessories, a mind 

map was created to organize them. From there, themes were identified and other related 

ideas were filled out to form the final map shown in Figure 3.5. 

 

Figure 3.5: Completed mind map relating to heating methods 
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An additional branch was added in order to identify all of the possible physical 

principles that could be used to create heat or transfer heat; many of these principles are 

at work in the analogies and prior solutions, and others were added. A few of the heat 

creation methods, such as laser beams, combustion, and chemical reactions were 

eliminated from consideration due to safety and anticipated technical difficulties. Other 

methods, such as creating friction or ultrasonic vibrations did not seem to be practical 

options. This left resistance heating (heat created by resistance to a current) and 

induction heating (heat created through changing magnetic waves) as potential 

candidates for creating heat. 

In terms of heat transfer, the choices are convection, conduction or radiation. 

Convection heating is used employed many hot-air circulating products such as hair 

dryers, clothes dryers, ovens, and space heaters; this would be inefficient for the present 

application, since we are interested in heating metal, not air. The heat transfer from air 

to metal would be quite slow, and would likely not be sufficient to meet customer 

needs. Conduction is a heating principle used in many of the prior solutions: resistive 

trace heating, heating pads, electric blankets, and microwaved wet towels. However, 

steels are not particularly conductive, so conduction heating is still relatively slow (as 

evidenced by lifters’ comments in the customer needs section). Radiant heating, where 

electromagnetic (EM) waves transfer heat directly from a source to an object within line 

of sight, could be a more efficient choice. However, radiant space heaters can be a fire 

hazard if designed or used incorrectly, and in this case they may waste energy heating 

other objects in the room instead of the barbell.   
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Since heating time is one of the most important design criteria, it would be ideal 

if no heat at all needed to be transferred from the heater to the barbell. With induction 

heating, this is exactly what happens; when an electrically conductive object (i.e., a 

barbell), enters the magnetic field created by an AC current flowing through a coil, heat 

is created directly in the object. This happens as a result of the eddy currents induced 

into the object. Because induction heating would be the quickest way to heat up a 

localized area of a metal object, as well as the fact that no direct contact is necessary, it 

was chosen as the heating method to use. Chapter 4 provides a more detailed discussion 

of induction heating fundamentals and associated design parameters.     

3.2 Secondary functions 

 Once induction was chosen as the heating method for the design, concept 

generation focused on the secondary functions which enable the core function of 

heating barbells. The first step was to map out the product functional structure model 

based on the customer needs and technical criteria that were identified in Chapter 2. The 

primary tool used for generating ideas was a morphological matrix, and other 

techniques such as analogies and and iterative sketching were used to expand on the 

ideas and help achieve a breadth of ideas.  

3.2.1 Function Structure 

 The product architecture was established in several steps. First, functions related 

to general operation principles of an induction-based system were mapped to the 

function structure diagram: regulating and delivering DC electrical energy, converting 



 

61 
 

that energy to AC, transmitting the AC current through a coil, and finally converting 

that current into magnetic energy which is imparted on the barbell.  Next, mechanical 

functions related to the barbell interface, energy inputs, and human interactions were 

mapped out and connected. Additional functions related to customer needs were added, 

and some of the general functions further broken down. Through this process, several 

modules emerged that can define the product architecture. During the concept 

generation process, additional functionality associated with particular concepts was also 

considered. For example, “Rack Attachment” functions would be required for a concept 

where the heater is attached to a rack. Figure 3.6 below shows the end result of the 

functional mapping process, including identification of modules: power delivery, 

induction circuitry (resonant converter), coil, temperature control, bar attachment, and 

the concept-specific rack attachment. 
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Figure 3.6: Functional structure of induction heating barbell warmer
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3.2.3 Morphological Matrix for Selected Functions 

 Before any formal concept generation activities, an assortment of ideas, sketches, 

technical challenges, and embodiments had been contemplated. To organize these 

concepts logically, a morphological matrix was created for many of the functions. Focus 

was placed primarily on the “bar attachment” module and other non-electrical portions of 

the implementation, as those areas have more opportunity for creative design. There is no 

need to spend time “reinventing the wheel” on power delivery, temperature control, and 

resonant circuits, as it should be sufficient to use off-the-shelf generally available 

schemes and components, with the specifications to be determined through calculations 

and simulation. Ideas were sorted by function and according to design principles: the type 

of energy they involve (mechanical, hydraulic, electrical, or other). 

 Once the initial seed ideas were inserted into the matrix, other design ideas were 

filled out for each solution principal. A primary source of the additional ideas was 

analogies; for instance, when thinking of ways to “detect bar,” we can look at the 

technology used in metal detectors, which use principals of magnetics or induction. For  

“surround bar with coil” or “secure to bar” functions, we can look to weightlifting 

equipment such as collar clamps and grip aids for inspiration, as these products also 

surround and secure to the bar. While all of the original ideas centered on mechanical 

principles, organizing the information in the matrix allowed for development of ideas 

outside of the mechanical domain. Granted, these ideas were limited, as most of the 

functions are likely to be carried out most efficiently by mechanical means. Table 3.2 

shows the completed morphological matrix. 
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Table 3.2: Morphological matrix for induction heating concepts 
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3.2.4 Concept Variants 

 Using the morphological matrix and combining multiple rough conceptual 

sketches, four different concept variants were established. On a high level, the major 

differences between the concepts are the location relative to the barbell, coil 

configuration, and style of interface to the bar. Additionally, varying design principles 

from the morphological matrix were employed which made sense with the high level 

concept. 

In the first concept, pictured in the sketches of Figure 3.7, the heater is placed directly 

on the shaft portion of the barbell, where the bar will be gripped during the lift. The key 

advantage of this concept is that the heating is applied exactly where it is needed, and 

energy is not wasted heating other objects in the room or sections of the bar that are not 

frequently touched. The main drawback is that some manipulation would be required by 

the user to attach the heater around the barbell, and it would need to be moved from one 

barbell to another. Because the collars and weights would be in the way, the coil cannot 

simply slide on from one end of the bar; it needs to attach in some other way. Because the 

attachment method is an important feature, different options were considered for this 

interface to create sub-concepts. The three methods of bar attachment considered were:  

a. C-shaped configuration where one end is hinged, and the ends of the C connect to 

create a coil that fully encompasses the bar. The coil interface points are spring-

loaded to ensure electrical contact, and a latch keeps it in place. 
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b. Two separate pieces pull straight apart, with a connector set on either end to 

create a coil that fully encompasses the bar. Friction within the connectors holds 

the pieces together. 

c. U-shaped configuration that just slips over and rests on the bar.  

Since the heater sits on the grip area of the bar, it must be removed before using the bar, 

or else it would be in the way. Sub-concept C is best suited for easy assembly and 

removal, as it does not require the user to assemble pieces together or expend much effort. 

However, since the coil only surrounds about half of the bar, heating takes longer. 

Another problem with the U-shape is that the coil cannot just simply alternate back and 

forth around the diameter. The direction of the current near the bar must be traveling in 

the same direction, or else the magnetic field will cancel itself out. In order to work, the 

“heating” portion of the coil needs to wrap around the diameter close to the bar, and then 

the “return” section needs to wrap back around far enough away so the magnetic field 

induced by it does not interfere with the heating. The increased volume taken up by the 

coil winding makes the heater more bulky to handle.  
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Figure 3.7: Concept variant #1: Grip area clamp 
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 The second concept involves integration of the heater into a wall-mounted barbell 

rack. A common feature in barbell racks and stands is to have a high density plastic liner 

to act as the interface point to the bar, in order to avoid metal-to metal contact that may 

wear down the knurling on the bar. In this concept, the heater acts as the plastic insert, 

and at the same time provide heating. There are multiple advantages of this concept, 

including design and assembly simplicity, ease of use, acceptance of a range of bar 

diameters, and being dual purpose.  Additionally, everyone has a wall, and even if they 

currently do not use a wall rack, it is likely that they would be willing to buy one in order 

to obtain the heating functionality. The only drawback is the fact that a U-shaped coil 

must be used in order to avoid undue complexity of use, so heating may be a little slower. 

This concept could open up to a family of products, with variations in heating power and 

number of bars that can be accepted. It could also potentially be adapted to mount to 

other structures besides walls. Sketches of this concept can be seen below in Figure 3.8. 
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Figure 3.8: Concept variant #2, Wall mounted rack 

 Concept variant #3, pictured in Figure 3.9, is another multi-function design which 

doubles as a heater and collar clamp. The advantage of this implementation is that a full 

unbroken coil can be used, which greatly simplifies manufacturing and improves ease of 

use. It slides onto the end of the bar collars, and clamps to the collar in a way similar to 

existing products. To get the full benefit of its weight-holding function, the heater needs 

to remain on the bar collar during the workout, which means that all components should 

be integrated into the bar interface area. A cord would get in the way, so this concept is 
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either battery operated or has a removable plug. Additionally, the product may be subject 

to significant shock loading, so shock absorbing functionality is required. The main 

downfall of this concept is that heating would be concentrated to a section of the bar far 

away from the grip area. Though it might be nice to have warm collars and even weights, 

in reality these do not get touched as often as the central shaft portion. In reality, it is 

likely that the collar and weights could reach an unsafe temperature long before the grip 

areas get warm enough. 

 

Figure 3.9: Concept variant #3, Collar clamp 
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 The last concept variant involves placing a spiral-shaped coil inside a 

weightlifting platform, similar to the configuration in an induction cooktop. Lifting 

platforms are typically constructed out of one or more layers of wood, topped with 

another piece of wood in the center, and rubber on the outsides where the weights touch. 

For the heater concept, an additional layer of wood is used in the center, with pockets 

machined out for the coil and other necessary components. The circuitry, including the 

resonant converter, power supply, and temperature controls are located in a box mounted 

to the side of the platform, out of the way but visible. The advantage of this concept is 

that operation is very easy, and all the user needs to do is place the bar on top of the 

platform, and the heater could remain active during the full workout. The main drawback 

is that the coil is not very close to the object being heated, so a relatively large amount of 

power is required to heat quickly. It may also be difficult to ensure accurate bar 

temperature measurement, since the heater does not contact the bar. Any sensors placed 

on the platform would have the possibility of interfering with the workout. Finally, many 

lifters do not use platforms, and a platform would be a large object to store in a small 

cluttered garage if it would not otherwise be used. Figure 3.10 illustrates the lifting 

platform concept: 
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Figure 3.10: Concept variant #4, Lifting platform 

3.2.5 Concept Ranking 

 As an initial evaluation of the concept variants, a Pugh scoring matrix was used, 

following the methods outlined in Otto & Wood. [31] At this point, the goal was to 

narrow down the top level concepts as far as possible with the known information. 

Further consideration was needed to evaluate solutions versus the technical criteria, 

primarily through the calculations and simulation covered in Chapter 5. A set of criteria 

was selected to represent the top customer needs, as well as technical requirements such 

as cost and manufacturability. Concept #1a was used as the datum to which other variants 

were compared, and assigned values of 0 for all criteria. For each criterion, concepts were 

rated as better (+), the same (s), or worse (-) than the datum, given the currently known 
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information. The total numbers of pluses and minuses were totaled up as a score for each 

concept. The results of the rankings are shown in Table 3.3.  

 The clear leaders in this initial ranking are the two concepts which make use of 

the U-shaped coil. Despite the potential slower heating time, that configuration fulfills the 

most customer needs, and would be the simplest form to manufacture. The analysis in the 

following chapters quantifies the difference in performance and re-evaluates the overall 

attractiveness of the solution. 

 

Table 3.3: Concept variant descriptions and Pugh scoring matrix 
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Chapter 4: Induction Heating Background and Theory 

In this chapter, basic induction heating theory is introduced, and formulas relevant 

to the design project are discussed. For derivations of these formulas or a more 

comprehensive explanation of induction theory, one can refer to the references cited.  

4.1 Induction Heating Fundamentals 

Three main principles are at work in an induction heater: electromagnetic 

induction, the skin effect, and heat transfer. The heater consists of a copper coil, typically 

wrapped around the electrically conductive object to be heated, through which an AC 

current flows and creates a magnetic field. Through electromagnetic induction, the 

magnetic field generates eddy currents in the object, and heating is caused by the object’s 

resistance to the current, as well as magnetic hysteresis losses if the object is permeable. 

The skin effect refers to the fact that the current concentrates at the surface of the object. 

An induction heater can be thought of as the equivalent of a transformer, where the coil is 

the primary, and the object to be heated is a short circuited single-turn secondary coil. 

Since barbell shafts are solid cylinders, equations based on that geometry are presented in 

the following discussion. 

According to Ampere’s law, a magnetic field is formed when AC current enters a 

coil, as shown in Figure 4.1, where ∮𝐻 ∙ 𝑑𝑙 is the line integral of the magnetic H-field, 𝑁 

is the number of turns in the coil, and 𝑖 is the current.  

∮𝐻 ∙ 𝑑𝑙 = 𝑁𝑖  (4-1) 
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Figure 4.1: Basic operation of an induction coil [32] 
 
When a conductive object enters the field, the velocity of the magnetic movement 

changes; the density of the field is highest at the surface and lowest at the center of the 

object. According to Faraday’s Law, the current generated on the surface of the object is 

related to the current on the inducting circuit by the following relationship  

Ε = 𝑑Φ𝑤
𝑑𝑡

= 𝑁 𝑑Φ𝑐
𝑑𝑡

    (4-2) 

where (Φ𝑤) is the work-piece magnetic flux, (Φ𝑐) is the coil magnetic flux, Ε is the 

electromotive force (emf), and 𝑁 is the number of turns of the coil. The electric power 

caused by the induced current and eddy current is then converted to heat energy as shown 

in Formula 4-3.  

𝑃 = Ε2

𝑅
= 𝑖2𝑅    (4-3) 

Where 𝑃 is the power and 𝑅 is the resistance of the object, which is determined by the 

resistivity and permeability of the material. The higher the frequency of the coil, the more 

concentrated the heat energy is to the surface. The term “skin depth” or “equivalent 
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current depth” is used to describe this concentration, and skin depth is defined as the 

depth at which current density is 36.7% of its surface value. As shown in Formula 4-4, 

skin depth is as a function of resistivity 𝜌, relative permeability of the work-piece 𝜇𝑟, and 

the frequency 𝜔 = 2𝜋𝑓 of the current passing through the coil. The constant 𝜇0 is the 

permeability of air, with a value of 1.25664e-6 H/m. [32] 

𝛿 = � 2𝜌
𝜇𝑟𝜇0𝜔

    (4-4) 

 

 

Figure 4.2: Current depth in an ideal work-piece [33] 
 

Considering an ideal work-piece model of a solid cylinder pictured in Figure 4.2, the flux 

is assumed to be perfectly linear axially through the turns of the coil windings and work-

piece, so flux variations and leakage are neglected. The resistance 𝑅𝑤 of the work-piece 

is approximately the resistance of the equivalent current path of cross section 𝛿𝑤𝑙𝑤 and 



 

78 
 

length 𝜋𝑑𝑤, and its value is given by Formula 4-5. This calculation assumes a uniform 

current depth across the piece. 

𝑅𝑤 = 𝜌𝑤𝜋𝑑𝑤
𝛿𝑤𝑙𝑤

    (4-5) 

Using the transformer equation shown in 4-6, the amp-turns relation between the coil and 

work-piece can be determined by 

𝐼𝑤 = 𝐼𝑐𝑁𝑐    (4-6) 

where 𝐼𝑐 is the coil current, 𝐼𝑤 is the work current, and 𝑁𝑐 is the number of turns in the 

coil. By substituting Formulas 4-5 and 4-6 into 4-3, the power induced into the work can 

be expressed as follows:  

𝑃𝑤 = 𝐼𝑐2𝑁𝑐2𝜌𝑤𝜋𝑑𝑤
𝑑𝑤𝑙𝑤

   (4-7) 

The power loss in the coil can be expressed similarly, as shown in Formula 4-8, assuming 

the skin depth is much smaller than the coil inner diameter. 

𝑃𝑐 = 𝐼𝑐2𝑁𝑐2𝜌𝑐𝜋𝑑𝑐
𝑑𝑐𝑙𝑐

   (4-8) 

4.2 Magnetic Field and Current Distribution in a Solid Cylinder 

 The distribution of heat and the temperature gradient in the work-piece are 

directly related to the magnetic field which is induced by the AC current of the induction 

heating system. The fundamental differential equation for the distribution of magnetic 

field intensity 𝑯 in a long solid cylinder (where 𝑑
𝛿

< 8) with radius 𝑎 (illustrated in 

Figure 4.3) is shown in Equation 4-9.  
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Figure 4.3: Magnetic and electric field intensities in a solid cylinder [33] 

The solution gives the value of the vector quantity 𝑯 at any point inside the work, where 

𝑟 is the radius of a shell inside the work-piece and 𝑘 is a dimensionless quantity as 

defined. 

𝑑2𝑯
𝑑𝑟2

+ 1
𝑟
𝑑𝑯
𝑑𝑟
− 𝑘2𝑗𝑯 = 0   (4-9) 

 𝑘 = �8𝜋2𝑓𝜇
𝜌

     (4-10) 

This equation can be solved with Bessel functions, and with a set of assumptions 

described by Simpson [33] can be simplified to obtain the current and magnetic field 

distributions within the cylinder. Equation 4-11 gives the approximate current at a depth 

𝑥 as a function of the skin depth and surface current 𝐼𝑎: 

𝐼𝑟 = 𝐼𝑎𝑒−𝑥/𝛿    (4-11) 

Similarly, the magnetic field intensity at any depth in the work-piece can be expressed as 

below, where 𝐻0 is the magnetic field intensity surrounding the work-piece. 

𝐻𝑟 = 𝐻0𝑒−𝑥/𝛿    (4-12) 
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4.3 Flux and Power in Solid Cylinder 

The total flux 𝚽𝒂 inside the work-piece is given by 4-13, where 𝑃 and 𝑄 are 

functions derived from the solution to 4-9. 

𝚽𝒂 =  𝜇𝐻0𝐴𝑤(𝑃 − 𝑗𝑄)   (4-13) 

𝑃 and 𝑄 values are plotted in Figure 4.4 for 𝑑 𝛿⁄ > 8. These functions are used in the 

work power calculations, and are useful when optimizing the coil design. For 𝑑 𝛿⁄  ratios 

higher than 8, 𝑃 and 𝑄 can be approximated as shown in equation 4-14; however, it has 

been shown that from a viewpoint of power absorbed in the cylinder compared with that 

absorbed in the exciting coil, there is little benefit to making the value of 𝑑 𝛿⁄  greater 

than 4.5. [34] 

 

Figure 4.4: 𝑃 and 𝑄 functions for a solid cylinder 

𝑃 = 2
𝑑/𝛿

  and  𝑄 = 2
1.23+𝑑/𝛿

 (4-14) 
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The heating power put into the work-piece can also be expressed in terms of the intensity 

of the magnetic field as in 4-15, where 𝑙𝑤 is the length and 𝐴𝑤 is the cross-sectional area 

of the work-piece. 

𝑃𝑤 = 𝜇𝑓𝐻02𝑙𝑤𝐴𝑤𝑄  (4-15) 

4.5 Non-Linear Behavior of Ferromagnetic Material 

 When non-magnetic material is heated through induction, the flux density 𝐵 and 

magnetic field intensity 𝐻are related linearly through a constant value of permeability 𝜇: 

𝐵 = 𝜇𝐻   (4-16) 

However, this does not hold for ferromagnetic materials such as steel – one must consult 

the magnetization curve for the material to determine the relationship between 𝐵 and 𝐻. 

Figure 4.5 shows the so-called “B-H” curves for SAE 1020 and 416 stainless steel, which 

are two possible materials used for barbells. Also shown are the permeability curves for 

these materials, which express the variable ratio between 𝐵 and 𝐻. Up to a certain point, 

increasing the field intensity will continue to magnetize the material, but once the 

magnetic saturation point of the material is reached, relatively little gain can be had by 

strengthening the field intensity. The permeability curve is an important design tool, as 

the peak in the curve identifies the point at which one can use the least current to pump 

the largest flux through the material. These magnetization curves can be difficult to find, 

especially for materials not typically used in electromagnetic applications, though for a 

fee several sources offer curves for materials not covered in this report. A typical design 
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point of an order of magnitude away from the permeability peak allows the most “bang 

for the buck.” [35] 

           

Figure 4.5: B-H and permeability curves for SAE 1020 steel and 416 annealed stainless 
steel [35] 

 

Several methods exist to approximate the analytical solution to account for non-

linear behavior. One such simplification is to take the value of 𝜇 corresponding to the 

RMS value of 𝐻 on the surface and use this in a constant 𝜇 theory, as was developed in 

the preceding sections. [34] Other methods are not discussed here, as the linear 

approximation is a good starting point for the design. Since FEA software can take 

advantage of the non-linear B-H and permeability curves to accurately predict the 

performance of the induction heating system, that method was used for design 

optimization. Given that barbells come in different grades of steel, it will be important to 

consider a range of permeability values for a given value of magnetic field intensity. 

4.6 Resonance Circuits Used for Induction Heating Applications 

For the purpose of this project, it is useful to consider the operating theory and 

circuit design of similar-scale induction heating systems, so this section discusses the 
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example of a rice cooker as described by Fairchild Semiconductor. [32] Figure 4.6 

illustrates the rice cooker power system concept. First, the AC current from the power 

source is converted to DC using a rectifier. Then, the DC current is connected to a 

switching circuit which delivers high frequency current to the heating coil.  

 

Figure 4.6: Operating theory of an induction heat rice cooker [32] 

Power systems for home appliances such as rice cookers generally employ a zero-voltage 

switching (ZVS) resonant converter. The resonant circuit of the converter will contain a 

capacitor, an inductor (the coil plus object being heated), and resistance. The two types 

generally used are series resonant circuits and parallel resonant circuits, simplified 

diagrams of which are shown below in Figure 4.7. 

 

Figure 4.7: Resonant circuits [32] 
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When power is applied to the circuit, electric energy is stored in the inductor and 

transferred to the capacitor. Resonance occurs when the inductor and capacitor exchange 

that energy. The total amount of energy stored in the circuit during resonance remains 

unchanged, and is the same as the peak amount of energy stored in the capacitor. The 

amount of energy stored by the inductor or the capacitor is shown in Formulas 4-16 and 

4-17, respectively, where 𝐿 is inductance, 𝐶 is capacitance, 𝑉𝑐 is the capacitor voltage, 𝑖 is 

DC current, and 𝐼 is AC current.  

𝐸𝐿 = 1
2
𝐿𝑖2 = 𝐿𝐼2𝑠𝑖𝑛2𝜔𝑡  (4-16) 

𝐸𝑐 = 1
2
𝐶𝑉𝑐2 = 𝐿𝐼2𝑐𝑜𝑠2𝜔𝑡  (4-17) 

The total energy stored in the circuit during resonance is the sum of the two, shown by 

Formula 4-18. 

𝐸𝐿 + 𝐸𝑐 = 𝐿𝐼2 𝐼2

𝜔2𝐶
   (4-18) 

The resonance frequency 𝑓0 is determined by the capacitance and inductance following 

Formula 4-19. 

𝑓0 = 1
2𝜋√𝐿𝐶

    (4-19) 

As the source frequency approaches the resonant frequency, the current and energy 

output of the circuit increases. 

 Resonant converters can be classified into two major types: a half-bridge series 

resonant converter and a quasi-resonant converter. Advantages of the half-bridge method 

include stable switching, low cost, and a streamlined design. However, it requires two 

switching circuits, which makes the overall working process more complicated and 
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increases size requirements for the PCB and heat sink. The quasi-resonant method only 

requires one switching circuit, enabling smaller heat sink and PCB and simplifying the 

process. In the past, this type of converter had been relatively unstable and higher priced, 

but technological improvements have helped alleviate those concerns, and now quasi-

resonant converters are generally used for kitchen appliance applications. [32] 

4.7 Example Induction Heating Design 

Before beginning the induction heating design, it is useful to describe a sample 

design from the literature to get a sense for the possible scale of induction systems. One 

such apparatus is used in a medical setting, to electromagnetically heat a needle that is 

used for cauterization of tumor cells in humans. [36] It is a 25 kW industrial induction 

heater which operates at a frequency between 30-1000 kHz, and has a current rating of 

700 A. Figure 4.8 shows a diagram of the setup and a picture of the actual system, and 

Figure 4.9 shows a schematic of the induction circuit. The coil has a total of 3 turns; one 

large and two small.  The needle is made of non-magnetic 304 stainless steel, and the 

portion to be heated is relatively far away from the coils, likely due to the fact that it 

needs to be manipulated inside of a person’s body. These two factors are likely the reason 

that so much power is required. [36] 
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Figure 4.8: Diagrams of sample induction heating design [36] 

 

Figure 4.9: Schematic of sample induction heater circuit [36] 

 The original version of this heater design utilized simply a copper tube for the 

coil, as shown in Figure 4.8 (a). Researchers were able to improve on the existing design 

by encasing the tube with a conductive, high-permeability, powdered magnetic material. 

This had the effect of increasing the coil inductance and forming a deeper magnetic field. 

A traditional solution of the past was to place a soft magnetic material at the center of the 

coil but that had the unwanted side effect of increasing the system impedance. 
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[36]Performance data provided by the researchers comparing the two versions of the coil 

design are shown in Figure 4.10. 

 

  

Figure 4.10: Performance data of sample induction heater designs [36]  
 

It is anticipated that much less power will be required for the barbell warmer 

compared to this sample design, for several reasons: 

- Coils in the barbell warmer can be closer to the bar surface, and more coils can be 

used without affecting the ease of use 

- The barbell warmer is intended for use on carbon steel, which is inherently 

magnetic 

- The barbell does not need to get as hot. Temperature rise required is somewhere 

between 20-70°C, which is much lower than the temperatures up to 240°C seen in 

the example. 
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Chapter 5: Induction Heating Calculations and Simulation 

5.1 Required Heating Power 

First, a rough calculation was performed determine how much power is required 

to heat the bar to a comfortable level. Many survey respondents weight train in sub-

freezing temperatures and several reported that conditions remain below 0°F for months.  

Also, 100% of those surveyed said that they would be comfortable if the temperature was 

70°F or above. If we assume that the coldest temperature encountered during a workout is 

-30°F/-34°C, and that the bar must be heated to a minimum temperature of 70°C/21°C, 

that means that at worst case the product must increase the bar temperature by 55°C. 

Since induction heating works at close range, it will not be necessary to heat the entire 

mass of the bar, since only the middle section is frequently handled. It was assumed for 

the first calculation that the entire volume of the bar between the two sleeves (a distance 

of 1.31m) is heated. For the power calculation, three aspects were considered: the internal 

energy of the barbell, the losses from the surface due to convection, and the conduction 

losses from the grip section to the rest of the bar. Due to the relatively low temperature of 

the heated bar, radiation losses were ignored. The power needed can be expressed in 

differential form as shown by Equation 5-2, where the variables are defined below and 

illustrated in Figure 5.1: 

P = power required to heat grip section of barbell 
m = mass 
𝜌 = density 
Cp = specific heat (value for 4140 steel was used) 
𝑇𝑤 = temperature of the bar 
𝑇𝑎 = temperature of the ambient air 



 

89 
 

t = time 
h = convection coefficient, with an assumed value of 10 W/(m2-K). Typical values for 
natural convection in air are 5-25 W/(m2-K). [37] 
As = surface area for convection losses 
kc = thermal conductivity (value for 4140 steel was used) 
Aw = cylindrical cross sectional area for conduction losses 
x = conduction length. (Assumed a standard 2.2m bar length) 
 

 
Figure 5.1: Diagram of barbell for power requirement calculation 
 

𝑑𝑃 = 𝑚𝐶𝑝𝑑𝑇
𝑑𝑡

+ ℎ𝐴𝑠𝑑𝑇 + 2 𝑘𝑐𝐴𝑤𝑑𝑇
𝑑𝑥

  (5-1) 

From the relationship 

𝛼~ 𝐿2

𝑡
       (5-2) 

where 𝛼 is thermal diffusivity, 𝐿 is the characteristic length, and 𝑡 is time, and from the 

definition of thermal diffusivity, 

𝛼 = 𝑘𝑐
𝜌𝐶𝑝

     (5-3) 

the characteristic length 𝐿 was solved for and used as an approximation for 𝑑𝑥. 

Comparing the contribution of internal energy at a low temperature differential of 1°C, 

and the contribution of conduction losses at maximum temperature differential, it was 
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determined that conduction losses are negligible. In a similar fashion, it was determined 

that convection losses are also very small in most cases. For initial calculations, the 

power required to heat a barbell in a given amount of time was approximated as: 

𝑃 =  𝑚𝐶𝑝(𝑇𝑤,𝑓−𝑇𝑤,𝑖)
𝑡

   (5-4) 

The power results were plotted as a function of bar diameter for several possible 

heating time requirements, assuming the maximum required temperature rise of 55°C, as 

shown in Figure 5.2(a). The power range varies greatly depending on the size of bar and 

time requirement. The smallest bar only needs 363W of power to heat the mass in 15 

minutes, while the largest bar requires 4.3kW of power to heat it in 1 minute. Since the 

goal is for the bar to be ready for the customer after their warm-up is complete, 5 minutes 

time is likely fast enough to satisfy the majority of users of this product. Considering this 

assumption, it is safe to say that no more than 1 kW of power would need to be delivered, 

and less than that is likely sufficient to cover most use cases.  
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Figure 5.2: Power requirements for heating entire section of barbell between the sleeves, 
for temperature rise of (a)55°C and (b)25°C 
 
Looking at more of an average use case, where the bar temperature only needs to increase 

by 25°C, less than 500W needs to be delivered in order to heat a bar in 5 minutes or less. 

To further reduce power requirements, the design can be such that only a portion of the 

grip section is heated. In practice, a lifter’s grip is generally at shoulder width or wider, 



 

92 
 

so there is no reason to heat the middle of the bar. If we consider heating only the section 

of the bar which is knurled for grip, as shown in Figure 5.3, power requirements are 

further reduced, as shown in Figure 5.4 (a) and (b). 

It is likely that a person using the product in an extremely cold temperature (for 

example, -30°F) would expect the warming process to take longer than if they were using 

it in only a slightly cold temperature (for example, 40°F). It may be necessary to conduct 

a follow-up questionnaire or interviews to determine expectations for heating time vs. 

temperature. However, a starting point for the design is to assume that a total of ~200W 

needs to be supplied to the grip areas (knurled section) of the bar. This amount of power 

will heat the bar to a comfortable level within 5-15 minutes, depending on the ambient air 

temperature. 

 
Figure 5.3: Grip areas of barbell to be heated 
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Figure 5.4 Power requirements for heating only grip area of bar for a temperature rise of 
(a) 55°C and (b) 25°C  
 
 

5.2 Bar Cooling time 

The previous section considered the amount of power required to reach a 

comfortable temperature within a certain amount of time. However, since the heater 

interfaces with the grip area, it must be removed from the bar prior to performing a lift. 
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As soon as this happens, the bar continues to loose heat to the surroundings, though 

additional energy is periodically transferred to the bar through the user’s hands. To 

maximize the amount of time the bar remains warm, it may be useful to heat to a 

temperature beyond the minimum comfortable level, and toward the upper range of safe 

handling temperatures. From the human factors research that was discussed, the bar will 

be safe to handle for up to eight hours at a time at a temperature of approximately 

110°F/43°C. The amount of time that the bar stays warm is important in optimizing the 

design for each use case. In order to estimate this time, both the convection to the 

surrounding air and conduction from a user’s hands should be considered. The energy 

lost can be expressed by Formula 5-5. 

𝐸 =   ℎ𝐴𝑠∆𝑇𝑡 − ℎ𝑒𝑎𝑡 𝑖𝑛𝑝𝑢𝑡 𝑓𝑟𝑜𝑚 ℎ𝑎𝑛𝑑𝑠  (5-5) 

  These calculations assume that the temperature distribution is uniform across the 

cross section of the bar, but for design optimization, it was important to consider the 

effects of a non-uniform distribution on the cooling time. For instance, if the majority of 

the energy is concentrated at the surface, convection will occur faster than if the energy is 

uniformly distributed throughout the cross section. Considering the material and 

geometry for barbells, convection will dominate over conduction through the bar. 

Induction heating is typically carried out at high frequencies, on the order of multiple 

kilohertz, which will concentrate the heating to the surface of the bar. It may be 

beneficial to use lower frequencies in order to more uniformly distribute the heating 

effect and allow the bar to retain heat for longer. The flipside of this argument is that 
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having more heat at the surface allows the users’ hands to warm faster and potentially be 

a better solution.  

Predicting the amount of heat lost to or gained from the hands over the length of a 

workout is a difficult task; it will vary significantly depending on a number of factors: 

- Duration and frequency with which the user touches the bar 

- Initial temperature distribution, and total internal energy stored 

- User physiological characteristics and initial hand temperature 

- Ambient air temperature and whether a breeze is present 

One possible simplification of these factors is to assume that during the initial time period 

(when the lifter’s hands are approximately the same temperature as the barbell surface), 

no conduction occurs due to the small temperature difference; convection would 

dominate in this situation. Once the bar temperature drops such that heat is transferred to 

the bar from the hands, that assumption no longer holds true. However, since heat 

transferring away from the hands to the bar does not benefit the user, it is more useful to 

determine how long the bar stays warm absent of any external heat input. In this case, 

convection will again dominate. With these simplifying assumptions, the estimated time 

it takes for a bar to cool from 43°C to 0°C is listed in Table 5.1 for a range of bar 

diameters. It is assumed that the full bar volume in the knurled section begins at 43°C, 

and the ambient air is 0°C with no wind. 
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Bar diameter, mm Cooling time, min 
(43°C0°) 

25 38 
28 42 
32 49 
35 53 

Table 5.1: Calculated bar cooling time  
 

5.3 First Pass Induction Calculations 

 Before moving to simulation, an Excel spreadsheet was set up based on the 

induction equations developed in Chapter 4. This spreadsheet was used as a way to 

determine an initial set of design parameters, which could then be investigated and 

refined through finite element analysis (FEA). Several assumptions were made with these 

calculations that may not be true for the actual coil design: 

- The spreadsheet calculation only considers the section of bar directly under the 

coil, whereas in reality the magnetic field will extend further down the bar. 

- The work-piece induced power calculation does not account for the distance 

between the coil and work-piece. In reality, the spacing varies with the design 

implementation and diameter of the bar. 

- It is assumed that the magnetic field is uniform, where that is not necessarily the 

case, depending on coil spacing and geometry. 

Additionally, this methodology did not allow us to picture the temperature distribution 

within the barbell. Given these limitations, the idealized calculations are still a good 

starting point. As discussed in section 5.1, the power required varies drastically 

depending on the temperature rise required, heating time desired, and bar diameter. Since 
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two primary use cases have been identified (a non-heated southern climate gym with 

many users, and a non-heated northern climate garage with few users), appropriate design 

parameters were estimated to fit each need.  

For gym use, it was estimated that a temperature rise of ~40°C is required. Based 

on the customer needs discussion in Chapter 2, the assumptions are that bars are 

primarily made of carbon steels (1018, 1020, 1065, etc.), and that heating needs to take 

place within 15 minutes. From the calculations of Section 5.1, those requirements 

translate into approximately 100W needed per grip area. Two possible designs for this 

scenario are outlined in Table 5.6.  

Considering the northern-climate garage customer, most bars are carbon steel, but 

some could be stainless. The temperature dips significantly lower (below freezing) in this 

use case, and it was assumed that a temperature rise of up to ~70°C is required. Duration 

of customers’ warm up time varies, but could be 5 minutes or less. It was assumed that a 

5 minute heating time is required, so up to 1kW per grip section is needed. Two possible 

designs that meet this target can be seen in Table 5.2. 

 Gym Garage 
Power requirement 100 W 100 W 1 kW 1 kW 
Current 100 Hz 33 A 105 A 50 A 
Frequency 200 Hz 1 kHz 1 kHz 20 kHz 
Number of turns 10 20 20 20 

Table 5.2: Potential design choices to meet customer requirements 
 
For each scenario listed, the full Excel worksheet output is shown in Appendix B. 
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5.4 Induction and Heat Transfer Simulation 

To better account for all of the design variables involved, FEA was used to 

simulate the induction heating process. ANSYS software (ANSYS, Inc., Canonsburg, 

PA) was used for this project, as it has modules for simulating both electromagnetic and 

transient heat transfer problems.  

5.4.1 FEA Setup 

 The process of FEA simulation for a given model consisted of three steps: 

geometry definition, setting up and running a magnetic eddy current analysis, and 

running a thermal transient analysis using the imported magnetic results as a heat 

generation boundary condition. For geometry creation, Pro/Engineer (PTC, Needham, 

MA) was used to model the geometry of a simple but representative barbell. A single-

piece steel shaft was run the length of the barbell, with steel collars attached with brass 

bushings, and steel caps on the ends. Besides where the bushings attach, a small air gap 

existed between the shaft and collars. Dimensionally, the barbell matched the 

specifications of an Olympic style weightlifting bar (with the diameter to vary). Two 

coils were placed around the shaft, spaced apart to align with potential grip locations. The 

intention was that the coils operate as a single. Figure 5.5 shows a cross sectional view of 

the bar geometry as modeled. 
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Figure 5.5: Cross section of barbell geometry for simulation 
 

Once the geometry was established, the 3D model was imported into the ANSYS 

Maxwell electromagnetic simulation module. The ends of each coil were connected 

together to complete one closed loop and defined as a conduction path; a square cross-

section was used for the coil to allow faster meshing. In the Maxwell setup options, 

“Eddy current” was selected as the solution type; this allowed quantities such as magnetic 

field intensity 𝐻, magnetic flux 𝐵, resistance and hysteresis heat energy, and coil 

inductance 𝐿 to be calculated. In this case, an alternating current was applied to the 

closed loop which contains the coils. A system boundary was defined and assigned the 

properties of air. Figure 5.6 below pictures the system boundary and a close-up view of 

the coil. 
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Figure 5.6: FEA magnetic system boundary and coil detail 

 The next step was to mesh the coil and barbell. In order to accurately capture the 

skin effect, a fine mesh was used in the outer 1mm of the bar diameter, and smaller 

elements were used in the area close to the coils. Farther away from the areas of interest, 

element sizes were allowed to be coarser avoid unnecessarily increasing solution time. 

Figure 5.7 shows the mesh on the shaft portion of the bar. After a few test runs, it was 

determined that the magnetic field is very concentrated in the area directly around the 

coils, with a negligible amount reaching the outer section of the bar and the collars. As a 

result, collars, bushings, and caps were left out of subsequent magnetic simulations.   
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Figure 5.7: Magnetic and thermal simulation setup 
 
  Once the magnetic eddy current simulation was complete, the resulting heat 

generation load was imported into an ANSYS Transient Thermal model and set as a 

boundary condition. For the thermal simulation, sections of the bar were split up apply 

appropriate boundary conditions. Areas of the shaft exposed to air were given a 

convection boundary condition with a convection coefficient representing non-moving air. 

It was assumed that no convection occurs in areas where the collars and coils cover the 

shaft during heating. At this point, conduction away from the shaft into the collars and 

coils was neglected, though they will be considered when the final design is optimized. 

The bar itself was assigned a uniform initial temperature throughout, matching the 
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ambient air temperature. A fine mesh was utilized in the grip area of the bar, since that is 

where most heating occurs, and outer portions of the bar used a coarser mesh as shown in 

Figure 5.7. Temperature distributions were calculated over a set time period of 15 

minutes or less. 

5.4.2 Coil Design Parameters 

 From the induction heating background information presented in Chapter 4, there 

are several key design parameters that predict the performance of an induction heating 

system: current frequency, current amplitude, and coil diameter. The number of coils is 

also a consideration, but will be limited to the space available. There are also factors that 

cannot be controlled, but need to be accounted for, such as difference in material 

properties, bar diameters and environmental conditions. Additionally, we want to 

evaluate the difference between the full coil and the partial U-shaped coil discussed in 

Chapter 3. In developing specific designs, it is useful to understand the effect of each 

variable on the performance of the design and the level of sensitivity to changes. 

5.4.2.1 Frequency 

 First, the effect of current frequency was considered. The FEA model was set up 

as described in the previous section, with parameter values as listed in Table 5.3. A range 

of frequencies from 10 to 3000Hz was evaluated. Typical industrial applications use 

frequencies up to 10’s or 100’s of kHz in order to reach very high temperatures in 

localized areas. However, in this design it is desired to heat a wider area to a relatively 

low temperature, so it is anticipated that very high frequencies are not necessary. As 
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discussed in Chapter 4, the relative permeability of steel changes depending on the 

magnetic field intensity. Though it is possible to complete a transient magnetic 

simulation to account for this non-linear effect, that was not done at this point due to the 

long solution times required. For parameter sensitivity studies, a linear solution was 

simulated, with a single relative permeability value defined for the barbell material. To be 

on the conservative side, a fairly low value of 350 for 1020 steel was chosen, compared 

to the approximate peak of 1500, from Figure 4.5. To ensure that results were always 

conservative estimates, the surface magnetic flux values in subsequent analyses were 

cross-checked with permeability values for steels for which data was available. Though 

industrial induction heaters pass very high currents through their coils (hundreds of 

amps), a lower value of 100A was used as a starting point for the frequency sensitivity 

study. Ultimately, we want to select the lowest current that will still heat within a 

reasonable amount of time. 

Design Variable Value Environmental Variable Value 
Current (A) 100 Air temperature (°C) 0 
Frequency (Hz) 10, 60, 100, 500, 

1500, 3000 
Convection coefficient 
(W/m2-K) 

10 

Coil inner DIA (mm) 35 Bar DIA (mm) 28 
Coil Length (mm) 120   
Number of turns 20   
Coil material copper Bar material Low carbon 

steel (1020) 
Coil relative permeability 1 Bar relative permeability 350 
Total heating power to bar 18W, 90W, 150W, 

375W, 750W, 
900W 

  

Table 5.3: Design parameter values for frequency sensitivity study 
 

In the following figures, the lowest (10 Hz) and highest (3000 Hz) frequency 

choices are compared. From Figure 5.8, higher frequencies result in a more focused 
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magnetic field, and flux is limited to the surface. For 3000Hz, the field extends beyond 

the primary grip areas slightly, encompassing roughly double the width of the coils. For 

the 10Hz case, the majority of the grip surface is encompassed in the magnetic field. Flux 

is developed through the full thickness of the bar, though mostly concentrated in the 

center and the surface. The center concentration is likely due to a greater depth of 

penetration causing the field to overlap itself in the middle.  

 
Figure 5.8: Magnitude of magnetic field intensity and magnetic flux for 10Hz and 
3000Hz @ 100A 
 

 Similarly, Figure 5.9 compares the concentration of heat energy produced by (a) 

resistance to the induced current and (b) magnetic hysteresis.  Though clearly more 

concentrated on the surface in both cases, a much higher magnitude of heat is produced at 

3000Hz than at 10Hz. It is interesting to note that the skin effect is quite pronounced for 

both frequencies in the resistance mode of heating, but its effect is minimal for magnetic 
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hysteresis heating; in fact the heat distribution through the bar at 10Hz is fairly uniform. 

From this observation, we can understand why it is desirable in industry to reach the 

range of maximum permeability in order to achieve the most uniform and efficient 

heating; the higher the permeability of the material, the more magnetic hysteresis will 

dominate the heating process.  

 

 
Figure 5.9: Heat distribution generated in the barbell for 10Hz and 3000Hz @ 100A 

Another variable that changes with frequency is the inductance of the coil, and this 

inductance value is important for selecting circuit components. Table 5.4 lists the 

computed inductance values for each frequency from this simulation setup. 

Frequency (Hz) Inductance (µH) 
10 185.2 
60 112.7 

100 96.2 
500 59.5 

1500 44.0 
3000 37.9 

Table 5.4: Frequency-dependent inductance values @ 100A 



 

106 
 

 
 Next, predicted heating times were compared across the frequency range. With 

the given design parameters in Table 5.3, maximum surface temperature of the barbell vs. 

time is plotted in Figure 5.10 for a range of frequencies. From this plot we can conclude 

that the chosen frequency has a huge effect on the heating time.    

 
Figure 5.10: Frequency dependent heating time @ 100A 
 
However, we should not be so quick to jump to the conclusion that the higher the 

frequency the better. Figure 5.11(a) illustrates the temperature distribution at 3000Hz at 3 

seconds, the time it takes for the maximum surface temperature to reach 43°C (this was 

the “safe” temperature limit identified in the research discussed in Chapter 2). At this 

point, the majority of the heat energy is confined to very small localized “hot spots,” and 

ultimately high frequency induction raises the local temperature faster than the steel can 

conduct heat away. If allowed to continue heating, the temperature distribution would 

improve, but at that point is irrelevant because the bar will burn the user. 
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Figure 5.11: Temperature distribution at 3 seconds and 45 seconds for 3000Hz @ 100A 

On the other end of the spectrum, using a frequency of 10Hz at this magnitude of 

current, the bar never reaches 43°C, as the amount of heat going in offsets the convection 

losses around 41°C (after 5 hours, the temperature reaches 40°). However, the heating 

does occur over a large volume and is reasonably well distributed.  

 
Figure 5.12: Temperature distribution at 5 hours for 10Hz 

From these initial results, it seems that a frequency somewhere in the 50-500Hz range 

could be a good balance between heating speed and uniformity for this particular set of 

conditions. The exact number needs to be refined as the design process moves along, as 

the optimal frequency is likely to vary depending on the other variables. In particular, it is 
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desirable to lower the amount of current required through the circuit, so a lower current 

and higher frequency combination may be the answer. 

5.4.2.2 Coil Geometry 

 The effects of coil geometry are important to understand, as certain solutions have 

limitations relating to manufacturing, ease of use, and cost. Since the leading concepts 

involved a U-shaped coil, it needed to be determined whether this was a feasible 

approach. As discussed in the concept generation section, the return portion of the coil 

needs to run far enough away from the heating portion to avoid cancelling out the 

magnetic field and therefore the heating power. To assess this feasibility, a coil was 

modeled as shown in Figure 5.13, with a diameter of 4 inches for the return portion of the 

coil. It is estimated that beyond this size, a customer may consider the product to be 

unnecessarily large.  

  
Figure 5.13: Coil geometry used to assess feasibility of U-shape coil configuration 

Aside from the coil shape, the previous setup was repeated for the analysis run with 50A 

@ 60Hz. The magnetic field created between the two sections of coil was fairly strong; 
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however, the intensity of the field reaching the barbell was minimal. This can be 

observed in Figure 5.14. During a 15 minute heating time, this configuration raises the 

bar temperature less than 1°C. The magnetic analysis was run with several higher 

frequencies (500Hz, 3kHz, and 20kHz) with similar field shape and intensity. Due to a 

long solution time at 60Hz, these were not run through the transient thermal portion of 

the simulation, but based on the relative strengths of the magnetic field, similar results are 

expected. 

 
Figure 5.14: Magnetic field intensity plot for U-shaped coil 

 Based on these findings, it seemed that the U-shaped coil as currently considered 

was not feasible. In Section 5.4.2.1, we saw that much superior performance can be had 

with a traditional coil configuration. However, another option did exist. A magnetic 

shield could be placed between the two sections of coil in order to reduce the interference 

of the field from the outer section of the coil. Products such as “MuShield,” while 
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relatively expensive, are high- permeability metal alloys which work by absorbing and 

redirecting magnetic flux. [38] They are typically used to protect sensitive devices from 

electromagnetic waves, but could also be used in this situation to prevent the return coil 

from interfering with the heating coil. To evaluate this possibility, a simulation was run 

with a 1mm thick cylindrical piece of shielding material (µ=50,000 was assumed) placed 

between the inner and outer sections of the coil, as pictured in Figure 5.15. 

 
Figure 5.15: U-shaped coil configuration with magnetic shielding material  
 

This addition of the shield did indeed improve the predicted performance, as the 

simulated temperature rise in 15 minutes was 28°C, compared to less than 1°C without it.  

 The geometry used for the study above was used as a reference point of 

comparison, to represent the maximum coil coverage possible with a U shape. Once it 

was confirmed that a U-shaped design was feasible, a more realistic embodiment of the 

design was developed for concept variant #2, the wall-mounted rack. This embodiment 

allowed for the full range of bar diameters, and accounts for manufacturing and assembly 

processes requirements. The geometry used for simulation is pictured in Figure 5.16. 
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Figure 5.16: Simulation geometry for U-shaped concept embodiment 

To minimize the volume taken up, the return section of the coil was placed 20mm away 

from the heating section; a 1mm thick piece of MuShield with flared edges was placed 

between the coil sections for maximum shielding effect. The coil pitch was 9.5mm, 

enough to leave space for 4 AWG wire with plastic walls between turns. For the design 

parameters listed in Table 5.5, this setup was evaluated versus a full coil for two different 

frequencies in order to see how much heating efficiency would be lost by using only a 

partial coil. 

Design Variable Value Environmental Variable Value 
Current (A) 50 Air temperature (°C) 0 
Frequency (Hz) 1kHz, 5kHz Convection coefficient 

(W/m2-K) 
10 

Coil inner DIA (mm) 40 Bar DIA (mm) 28 
Coil Length (mm) 120 Magnetic shield relative 

permeability 
50,000 

Number of turns 14   
Coil material copper Bar material Low carbon 

steel (1020) 
Coil relative permeability 1 Bar relative permeability 400 
Total heating power to bar 38W, 102W   
Table 5.5: Design parameter values for coil geometry/configuration study 
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In Figure 5.17, the magnetic field near the bar surface is weaker in on the top portion, 

where the coil does not extend. The shield is working as intended, absorbing the majority 

of the magnetic field between the two sections of coil.  

 
Figure 5.17: Magnetic field distribution for U-shape coil with magnetic shield 

 

Figure 5.18 compares the performance of the U-shaped configuration versus a full coil, 

where the permeability value of 𝜇𝑟 = 400 corresponds to the magnetic field strength. For 

the given simulation parameters, the temperature rise with the U-coil is roughly 75% of 

that with a full coil. This result is promising, considering that half of the bar does not 

have coil around it, meaning that a portion of the magnetic field is reaches the uncovered 

portion of the bar. 
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Figure 5.18: Comparison of temperature rise for U-shape and full coil configurations 

 

5.4.2.3 Bar and Coil Diameters 

 For design flexibility reasons (i.e., making a one-size fits all coil), it was also 

important to understand the impact of coil diameter relative to the bar diameter. The 

nature of induction heating is that the magnetic field diminishes as the coil is placed 

farther away from the work-piece, so a set of simulations was completed to determine the 

sensitivity of this effect for the range of barbell diameters being considered (25-35mm). 

Table 5.6 outlines the parameter values for this study. 

Design Variable Value Environmental Variable Value 
Current (A) 50 Air temperature (°C) 0 
Frequency (Hz) 60 Convection coefficient 

(W/m2-K) 
10 

Coil inner DIA (mm) 32,60,42 Bar DIA (mm) 25,28,35 
Coil Length (mm) 120   
Number of turns 20   
Coil material copper Bar material Low carbon 

steel (1020) 
Coil relative permeability 1 Bar relative permeability 350 
Total power delivered to bar 23W, 24W, 25W   
Table 5.6: Design parameter values for coil/bar diameter study 
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To examine this effect, a 60Hz simulation at 50 amps was run with the following bar 

diameter/coil diameter combinations: 25/32, 28/60, and 35/42. For the 28mm bar, the coil 

was almost twice the diameter, and likely this is the largest that the coil would ever need 

to be. It turned out that all three results were very close. The best performer by a small 

margin was the 25mm bar, producing a 18°C temperature rise. The 35mm bar was next, 

with a 17°C rise, and finally the 28mm bar with a very large coil was the worst, but still 

managed a 16°C rise. The temperature distribution was similar in all three, and Figure 

5.19 pictures the distribution at 15 minutes time for the 28mm bar.   

 
Figure 5.19: Temperature distribution with oversized coils 

From these results, it appears that a single coil size should be able to accommodate the 

range of bar diameters with a limited effect on efficiency. 
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5.4.2.2 Current 

From Equations 4-7 and 4-15, we can see that the heating power is proportional to 

the square of current amplitude or magnetic field intensity, so an increase in current 

should increase the power exponentially, though these equations are based on some 

simplifying assumptions including constant permeability. Simulations were used to verify 

this relationship and evaluate the effect on heating distribution.  

In addition to heating performance, the amount of current required impacts the 

mechanical solution. A thicker wire which is capable of carrying higher current is larger 

in diameter, stiffer, and more difficult to manipulate. Additionally, the higher the current 

that needs to flow, the more robust the connection must be to join two ends of wire in the 

split coil configuration. For electrical connector sets in particular, higher amperage 

versions take up more physical volume and also require a higher mating force. 

Essentially, there exists a tradeoff between power and heating time vs. usability, cost, and 

manufacturability. From the Handbook of Electronic Tables and Formulas [39], Table 5.7 

illustrates the relationship between wire gauge and current rating, as well as the 

maximum frequency rating and physical wire diameter. 

Wire AWG Wire diameter (mm) Current rating (A) Max frequency for 
100% skin depth (Hz) 

4 5.1 60 650 
5 4.6 47 810 
6 4.1 37 1100 
7 3.6 30 1300 
8 3.2 24 1650 
9 2.9 19 2050 
10 2.6 15 2600 
11 2.3 12 3200 
12 2 9 4150 

Table 5.7: Copper wire current ratings [39] 
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 “Max frequency for 100% skin depth” refers to the frequency at which skin depth 

equals the wire diameter. If the frequency is increased beyond that point, the effective 

resistance of the wire increases, and resistance losses in the coil will create heat in the 

coil and lessen the efficiency of the system. In industrial induction heating systems, the 

typical solution to this problem is to use a thin-walled copper tube instead of wire for 

high frequency applications. Additionally, water can be pumped through the tube to keep 

it cool during operation.  

 Using the U-shaped coil discussed in the previous section, the same analysis was 

run at several different current amplitudes using a frequency of 5 kHz; the results are 

plotted in figure 5.20. Following the preceding discussion, if it is assumed that the 

induced current is distributed uniformly across the bar, it is expected that when the 

current amplitude is doubled, the power (and therefore temperature rise) for a given point 

in time rises by a factor of 22=4. In this case, heating is concentrated in a localized area, 

so the actual current in the bar will vary across the length compared to the current 

running through the coil. At a sample time point, say 400 seconds, between 20A and 

40A, the maximum simulated bar temperature (in a location centered under the coil) rises 

by a factor of 5.5 and the minimum bar temperature (at the edge of the knurled section of 

the bar) rises by a factor of 2.5. These ratios hold steady across the temperature range. 

This trend implies that a more uniform temperature distribution will occur with lower 

current amplitudes (because the maximum and minimum bar temperatures are closer to 

each other). The drawback, of course, is it takes longer to reach those temperatures with a 

lower current. 
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Figure 5.20: Simulated effects of current magnitude on barbell temperature rise 

 

5.5 Circuit Simulation 

A company called RMCybernetics has posted instructions on building a do-it-

yourself induction heater, which includes the circuit pictured below in Figure 5.21. The 

structure is a type of Royer oscillator circuit similar to inverter circuits used for powering 

fluorescent lighting such as LCD backlights. [40] Due to the simplicity, this circuit was 

used as the starting point for the resonant converter design. 
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Figure 5.21: Royer oscillator circuit for induction heating [40] 

 The resonant portion of the circuit consists of a capacitor (C1) in parallel with the 

induction coil (L1). This circuit requires a center-tapped coil, where the center of the coil 

is connected to a power supply, and each end of the coil is alternately connected to 

ground through the transistors T1 and T2. The transistors allow the current to flow back 

and forth in both directions to create the AC field, and the diodes are used to discharge 

the transistor gates each time the current changes direction. Inductor L2 is a choke, 

placed between the coil and power supply to limit the high frequency oscillations from 

damaging the power supply. [40] 

With the circuit simulation program LTspice IV, values of components were 

selected to match the anticipated performance requirements of the barbell heater for each 

of the two concept embodiments, which will be discussed in Chapter 6. The capacitance 

C1 was adjusted in order to achieve the required natural frequency, and the coil input 

voltage was modified to result in the desired current draw. Transistors and diodes were 
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selected based on the current and voltage requirements, and the recommended resistors 

were maintained. A summary of the component values selected for the electrical beta 

prototype are below in Table 5.8. 

 

Parameter (Lower power) U-
shaped coil concept 

(Higher power) Full coil 
concept 

Coil Current 37 A 200 A 
Frequency 5 kHz 40 Hz 
Coil Inductance 45µH 22 µH 
Supply Voltage (RMS) 3.7 V .5V 
Capacitance C1 1.9mF 35mF 
Transistors (MOSFET) International Rectifier 

IRFH6200 
International Rectifier 

IRLHS6242 
Diodes OnSemi Schottky 

MBR20100CT 
OnSemi Schottky 

MBR20100CT 
Resistors 240Ω 240Ω 
Table 5.8: Circuit component parameter values 
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Chapter 6 

6.1 Alpha Prototype (Electrical Components) 

Prior to concept development, induction calculations and simulation work taking 

place, an alpha prototype of the electrical components following the circuit described in 

Section 5.5 was built. The components used did not exactly match the specifications 

recommended by RMCybernetics, but were ones readily available.  For this prototype, a 

solid piece of 12 gauge copper wire was wound around a PVC pipe to create the coil. At 

this stage the coil was made to be continuous, because other coil configurations would be 

difficult to wind by hand, and furthermore had not been developed yet. Three steel rods 

made of grades 1018, 4140, and 304 steel were tested. This way, the properties were 

known, and the coil could be slid over the bar to position it. The transistors, diodes, and 

resistors were soldered to a scrap PCB board, and the capacitors were attached directly to 

the coil. The PVC pipe was placed between the coil and bar to prevent any contact. 

Figure 6.1 shows a picture of this setup. 
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Figure 6.1: Picture of alpha prototype circuit setup 

 

A bench-top 12V DC supply was used to power the circuit, and a type K 

thermocouple was used to measure the surface temperature of the bar under the coil. A 

National Instruments (Austin, TX) myDAQ data acquisition box was used in conjunction 

with LabVIEW software to monitor the temperature. LabVIEW’s “continuous input 

thermocouple” acquisition interface was used, and the block diagram for VI this can be 

seen in Appendix D. 

The intention was to experiment with the circuit and establish a baseline design 

through trial and error, by measuring the temperature rise with different combinations of 

components. However, when powered the circuit failed to oscillate with or without the 

bar present; a minimal current was running through the system and warming up 

components, but nothing happened on the coil or the bar. Several of the troubleshooting 

steps identified by RMCybernetics were run through, including changing the resistors, 

increasing and decreasing the inductance of the choke, and adding additional capacitors. 
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Nothing seemed to work, so at this point the FEA and circuit simulations were developed 

to assist in developing a more suitable design before embarking on further 

troubleshooting. One thing learned through the simulation is that a much higher 

capacitance was needed in the circuit; the coil inductance with the barbell present is 

relatively high. Using the process described in Section 5.5, components were identified 

for use in a beta prototype. 

6.2 Preferred Embodiments for Mechanical Prototypes 

After investigating the effects of varying different parameters in the induction 

model, the concept variants were re-evaluated, and adjustments were made to establish 

preferred embodiments for the product. Due to differing requirements for the two use 

cases outlined, two separate concept embodiments were developed. A lower-powered 

heater (with partial U-shaped coil) which doubles as a wall rack will be marketed for use 

in areas of the country that occasionally reach temperatures of 0°C. For garage use in 

northern climates, a higher powered version will be used, which will make use of a full 

coil that splits and connects around the bar.  

6.2.1 U-shaped Continuous Coil, Wall-mounted for Gym Use 

 For the U-shaped wall mounted design variant, simulation results were used to 

guide the selection of a current/frequency combination that would result in a heating time 

of less than 15 minutes. Assumptions for the designs include the following: 28mm 

diameter bars made out of mild carbon steel (these are the most likely to be encountered 
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at a gym with multiple bars), ambient temperature of 0°C, and permeability values 

corresponding to the maximum magnetic field intensity on the bar surface.  

The goal was to use a current low enough to avoid significant resistive losses in a 

stranded copper wire; this allows for easier assembly, as a stranded wire is more flexible 

than a solid wire or tube. Additionally, the lowest frequency possible was desired in order 

to maintain a wider heating distribution. To limit the amount of material required while 

heating a large enough area to cover the width of a person’s hand, a coil length of 150mm 

was selected.  Table 6.1 and 6.2 summarize the selected design specifications and 

associated parameter values, and the electrical components to use with this design were 

discussed in Section 5.5. Additionally, Figure 6.2 shows a snapshot of the design point on 

permeability and B-H plots for a selection of steels. It is worth noting that the design 

operates well past the point of maximum permeability, where we get the most “bang for 

our buck” in terms of heating efficiency; however, in this case reaching the desired 

temperature in the allotted amount of time was judged to be more important than energy 

efficiency. According to Emerson [41], conventional AC induction has an efficiency 

around 45%, but through advanced materials and process control up to 93% efficiency 

has been achieved. The amount of power required from the supply depends on the 

circuitry chosen, but at this point it was estimated based on ~50% efficiency. 

Design specification Value 
Coil current 37 A 
Coil wire gauge/diameter 6 AWG/4.1 mm 
Coil operating frequency 5 kHz 
Number of coils per grip section 14 
Magnetic shield thickness 1 mm 
Table 6.1: U-shaped coil design specifications 
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Parameter values Value 
Coil skin depth 0.9 mm 
Coil/bar inductance 45 µH 
Peak surface magnetic field intensity H0 ~5,000 A/m 
Peal surface flux density B0 ~1.3 T 
Resulting minimum relative µ for carbon steels ~200 
Heating time for 28mm bar (043°C) @ µ=200 12  min 
Heating power delivered to bar 70 W 
Estimated power drawn from source 140 W 
Table 6.2: U-shaped coil parameters and predicted performance 
 

  

Figure 6.2: Magnetic permeability data with design point for U-shaped coil identified 
[35] [42] 

 With the initial design parameters set, actual mechanical parts were designed for 

the first full mechanical prototype, and details of this assembly can be seen in Figure 6.3. 

In the assembly, a formed sheet metal magnetic shield is sandwiched between two 

injection molded plastic inserts; these inserts contain grooves in which the coil can be 

placed. Once the inserts and shield are permanently attached together, a two-piece coil is 

wound around them and glued into place. The coil is separated into two pieces in order to 

allow for a thermocouple to protrude up through the center and contact the barbell. A 

plastic sleeve is then slid over the coil assembly to protect it and prevent accidental 

contact with the high-current coil. An area in the back of the sleeve is left open to attach 

the PCB, which houses the circuitry required for power transformation, resonance, and 
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temperature control. The two sides of the heater are connected such that one PCB handles 

the control for both sides. Finally, the larger plastic insert contains threaded insert nuts by 

which the assembly is mounted to a metal frame; the metal frame is then mounted to the 

wall.  

 
Figure 6.3: Diagrams of U-shaped coil concept embodiment 
 

6.2.2 Full Broken Coil, for Home Garage Use 

 The design requirements for garage use in northern climates were much more 

demanding; the goal was to be able to heat the maximum diameter bar (35mm) in 5 

minutes or less, regardless of the ambient temperature, which was assumed to be -30°C. 
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At this time, the design was limited to carbon steel bars. For this embodiment, finding a 

set of acceptable design parameters was challenging. First, a design based on concept 

variant #1b was considered, where a clamshell style C-shaped case houses spring-loaded 

sections of coil that contact to form a full coil, pictured in Figure 6.4. The coil length is 

150mm, the same as for the first embodiment. This concept depends on having coil 

material flexible enough for the assembly to open and close, so stranded wire would need 

to be used.  

 

Figure 6.4: Clamshell style version of full broken coil 

By using high frequency oscillations, a bar could be heated very quickly with such a 

design. However, only a very small section of bar would be affected. For this application, 

the frequency needs to be very low in order to heat a wide enough section of the grip area; 

simulations showed that it even with high current, is was not possible to meet the 5 

minute heating requirement with only 15 coil turns due to minimal power output at low 

frequencies. 

 The concept embodiment described above was altered to double the number of 

coil turns; the length remained at 150mm in order to maintain a compact size, so the new 
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coils were added as a second layer outside the first. With this configuration, a suitable 

design point was determined which allowed the full area encompassed by the heater to 

reach a comfortable temperature in less than 5 minutes for the thickest bar. Table 6.3 lists 

the design specification required to accomplish this, and Table 6.4 shows resulting 

parameter values. Appendix E contains a plot showing results with different 

combinations of parameters, including the selected combination. The electrical 

components selected for this design can be seen in Table 5.8. 

Design specification Value 
Coil current 200 A 
Coil wire gauge/diameter 6mm copper tube 
Coil operating frequency 40 Hz 
Number of coils per grip section 30 
Magnetic shield thickness n/a 
Table 6.3: Full coil design specifications 
 
 
Parameter values Value 
Coil skin depth 2.3 mm 
Coil/bar inductance 22 µH 
Peak surface magnetic field intensity H0 ~20,000 A/m 
Peal surface flux density B0 ~2.3 T 
Resulting minimum relative µ for carbon steels ~50 
Heating time for 35mm bar (043°C) @ µ=50 5  min 
Heating power delivered to bar 294 W 
Estimated power drawn from source 588 W 
Table 6.4: Full coil parameters and predicted performance 
  

This higher-powered solution is even less energy efficient than the U-shaped 

embodiment, as can be seen by the positioning of the design on permeability and B-H 

curves shown in Figure 6.5. Magnetization of the steel bar is near its low point, with a 

relative permeability of approximately 50. But again, the needs to heat quickly and 

provide sufficient coverage are more important considerations than efficiency. If those 
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requirements are not met, there would be no reason for a person to buy the product, as 

many other slower and less effective methods are already available. 

 
 
Figure 6.5: Magnetic permeability data with design point for Full coil identified [35] [42] 
 
 Figure 6.6 shows diagrams of the full coil assembly. Since now the design 

contains two layers of coil, the clamshell concept is likely not feasible – a very thick wire 

would be required to handle 200A of current, which is difficult to incorporate into a 

design that counts on flexibility of the wire. Additionally, a lot of space is taken up by 

two layers of thick wire. As a result, the embodiment was modified to split into two 

halves, which align together with four guide pins. Each half has a set of inner coil and 

outer coil sections. The sections of coil are pre-formed out of copper tubing and once 

assembled will not move or flex. During assembly, each outer coil section is soldered to 

the adjacent inner coil section; the inner coil will have a copper block inserted over the 

tube diameter and soldered into place. These copper blocks serve as the electrical 

connection points between the two halves of coil. In order to ensure a reliable connection 

between all of the coil sections, each block on the top half of the heater is loaded by a 

compression spring to provide sufficient contact force over the range of assembly 
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tolerances. The reason that this method was chosen over commercially available power 

connectors is that connectors able to pass such high current are very large in volume 

(almost the size of the heater itself), and do not offer much flexibility in contact spacing 

without paying to tool up a custom connector. In order to secure the two halves of the 

assembly together, C-shaped hand clamps are provided on either side. Depending on the 

required mating force, the geometry of the handle may later need to be adjusted to 

provide the necessary mechanical advantage. 

 
Figure 6.6: Full broken coil configuration embodiment 
  



 

130 
 

Chapter 7: Future Work and Conclusions 

It was established through market research, online sources, first-hand experience 

and observation, and a survey of potential customers that two potential markets exist for a 

barbell warmer product. The primary market size was estimated to be 4.5 million people 

worldwide, and consists of weight lifters in cold climates who train in unheated locations 

all year long (typically garages). The secondary market of unheated membership-based 

gyms is much smaller, but growing; the estimated market size is currently 38,000.  

Through a two-step concept generation process, induction heating was selected as 

the most practical technology for the barbell warmer product, and four distinct concept 

variants were developed which represented a wide range of operation principles. Focus 

was placed on the mechanical portions of the design for which more significant 

challenges and creative opportunities existed. Suitable electrical components and circuit 

designs already exist and have been utilized for similar functionality. Initial specifications 

for the resonant circuit components were selected based on induction heating and circuit 

analysis simulation results. 

Two different concept embodiments were developed through the research 

presented in this thesis – a lower powered U-shaped heater that is integrated into a wall-

mounted rack, and a higher powered full-coil heater that clamps around the bar. Though 

the wall rack embodiment was developed with the smaller market in mind, significant 

overlap with the home garage market is expected for customers in less extreme 

temperature conditions. The concept provides benefits to any user, including the fact that 
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it is easy to use, no manipulation is required up once mounted, and it serves a dual 

purpose.  

 

7.1 Future Work 

The next step in the design process is to construct a functional beta prototype of 

the primary electrical and mechanical systems based on the initial specifications specified 

in this thesis report, including systems not yet covered in this research such as thermal 

control, power transformation, and bar detection. Some additional research and concept 

development may be required for these additional modules prior to prototype 

construction. When properly functioning, the prototype will be evaluated against the 

simulation results to verify the accuracy of the FEA modeling technique and assumptions 

that were made. It is anticipated that several rounds of prototypes will be constructed to 

improve upon the functionality iteratively.  

With a working prototype and validated numerical models, it will be necessary to 

revisit the ranking of customer needs and refine the technical criteria and design targets. 

After the design is determined suitable to meet the initial requirements set out in this 

thesis, several prototypes will be built. One prototype will be used through the winter in a 

local unheated gym, and several others will be mailed to potential customers who have 

indicated interest in the project. Through interviews and focus groups with these “beta 

testers” and potentially another survey, product requirements will become clearer. After 

that point, a determination will be made as to which version(s) of the product has the 
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most promise for market success. At that point, full feature sets will be defined, and a 

sourcing and manufacturing plan will be developed.  

Through the research presented in this thesis, several objectives were met. A 

market opportunity was presented, for which customer needs were determined. Then, an 

appropriate heating technology was identified and the fundamentals of which were 

applied to the design of a consumer product. Finally, a numerical simulation was 

developed to predict system performance, and two different concept embodiments were 

developed that are expected to meet customer needs for the product. 
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Appendix A: Survey Questions & Results 

 

This survey is designed for people who perform some type of strength training exercises on a regular 

basis. In the survey, the term "workout" or "weight training" refers to any type of exercising meant to 

build strength or muscle (including but limited to the use of free weights, weight machines, resistance 

bands, and body weight exercises)     

  

 

  

What is your gender?     

Male 92 97% 

Female 3 3% 

Total responses 95   

  

 

  

What is your age?     

18-22 26 27% 

23-30 34 36% 

31-40 15 16% 

41-60 20 21% 

61 and above 0 0% 

Total responses 95   

  

 

  

What is your occupation? (Summary of write-in answers)     

Student 21 23% 

Engineer/ Scientist 9 10% 

manager 7 8% 

IT/ programming 7 8% 

Tradesman/ Technician 7 8% 

Teacher/ Educator 6 6% 

Law enforcement/ Emergency response 6 6% 

Health services 5 5% 

Trainer/ Coach 5 5% 

Military 4 4% 
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Clerical 4 4% 

Other 12 13% 

Total responses 93   

  

 

  

Where do you live? (Summary of write-in answers)     

USA-Northeast 20 23% 

USA-South 15 17% 

USA-Midwest 14 16% 

USA-West 8 9% 

Canada 13 15% 

Europe-UK 7 8% 

Europe-Other 6 7% 

Australia 3 3% 

Asia 2 2% 

Total responses 88   

  

 

  

Compared to others your gender and age, how would you describe your fitness level in terms of 

strength?     

Excellent (elite athlete level) 11 12% 

Very good (competitive athlete level) 40 43% 

Good (recreational athlete level) 39 42% 

Average 3 3% 

Poor 0 0% 

Total responses 93   

  

 

  

Compared to others your gender and age, how would you describe your fitness level in terms of 

cardiovascular endurance?     

Excellent (elite athlete level) 3 3% 

Very good (competitive athlete level) 20 21% 

Good (recreational athlete level) 50 53% 

Average 20 21% 

Poor 2 2% 
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Total responses 95   

  

 

  

How many days per week do you weight train?     

6-7 25 27% 

4-5 49 52% 

2-3 20 21% 

1 0 0% 

less than 1 0 0% 

Total responses 94   

  

 

  

How many hours does your workout typically take (from the time you start warming up until you 

finish)?     

0-5 0 0% 

.5-1 25 27% 

1-1.5 54 57% 

1.5-2 10 11% 

2-3 4 4% 

more than 3 1 1% 

Total responses 94   

  

 

  

What are your reasons for weight training? (Select all that apply)     

Train for a sport 28 29% 

Train for a weight lifting or strength competition 22 23% 

General health & fitness 71 75% 

Body building or body sculpting 38 40% 

Increase strength 79 83% 

Increase cardiovascular fitness 37 39% 

Lose weight 19 20% 

Gain weight 31 33% 

Other (work/military, and pleasure) 11 12% 

Total responses 95   
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Which, if any strength events do you compete in? (Select all that apply)     

Power lifting 11 12% 

Olympic lifting 8 8% 

Body building 7 7% 

Strongman/Highland Games 5 5% 

Crossfit 1 1% 

Total responses 95   

  

 

  

What type of exercises do you include in your weight training workouts? (Select all that apply)     

Power lifts 80 84% 

Olympic lifts 59 62% 

Crossfit 29 31% 

Band resistance exercises 17 18% 

Body weight exercises (pull-ups, push-ups, etc) 78 82% 

Strength machines (Nautilus, Bow-flex, etc) 23 24% 

Free weights 90 95% 

Other 13 14% 

Total responses 95 100% 

  

 

  

For the following questions, please note: "heated" refers to an area with a heating system installed in the 

building, not portable devices such as heat lamps or space heaters.     

  

 

  

Do you ever work out in an area that is unheated?     

Yes 78 81% 

No 18 19% 

Total responses 96   

  

 

  

In what primary location do you work out?     

Commercial heated gym 30 32% 

Private unheated gym 8 8% 

Inside home 7 7% 

Garage 30 32% 
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Shed 2 2% 

Outdoors 3 3% 

Basement 5 5% 

Other heated 6 6% 

Other unheated 4 4% 

Total responses 95   

  

 

  

In what secondary location do you work out?     

Commercial heated gym 14 15% 

Private unheated gym 11 12% 

Inside home 11 12% 

Garage 12 13% 

Shed 0 0% 

Outdoors 26 29% 

Basement 1 1% 

Other heated 2 2% 

Other unheated 1 1% 

None 20 22% 

Total responses 91   

  

 

  

What do you like most about the pirmary strength training location that you indicated? (Summary of 

write-in answers)     

PRIMARY=UNHEATED 

 

  

No commute 14   

Not crowded 9   

Can work out any time 7   

Lack of rules 6   

Equipment 5   

Privacy/seclusion 4   

Control of music 4   

Ownership 3   

Ambiance/atmosphere 3   
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No frills 3   

Other 14   

  

 

  

PRIMARY=HEATED 

 

  

Variety/availability of equipment 9   

Convenient location 8   

Quantity of equipment 3   

Quality of equipment 2   

Free 2   

Availability/hours 2   

Can use any time 2   

Comfortable conditions/heated 2   

Other 8   

  

 

  

Total responses 90   

  

 

  

What do you dislike most about the primary strength training location that you indicated? (Summary of 

write-in answers)     

PRIMARY=UNHEATED 

 

  

Cold in winter 15   

Small/cramped 11   

Limited equipment 7   

Hot in summer 4   

Cold bars 2   

Low ceiling 2   

No training partner 2   

Temp/humidity swings 2   

Other 10   

  

 

  

PRIMARY=HEATED 

 

  

Lacking some equipment/services 12   

Crowded 6   
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Unmotivated/undedicated people 2   

Music selection 3   

Low ceiling 3   

Other 8   

  

 

  

Total repsonses 90   

  

 

  

In what situation(s) do you choose to work out in your secondary locations(s)? (Summary of write-in 

answers)     

PRIMARY=UNHEATED 

 

  

When commercial gym is convenient 5   

Need more space 4   

It's too cold 4   

Nice weather 3   

For certain equipment 3   

To lift with others 2   

Have extra time 2   

Away from home 2   

Nice weather 2   

Don't have time 2   

Other 3   

  

 

  

PRIMARY=HEATED 

 

  

Weather is nice 6   

When traveling 4   

Not enough time 3   

Something different/fun 2   

When gym is closed 2   

Gym too crowded 2   

For certain lifts 2   

Other 8   
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Total responses 76   

      

For the following questions, please answer based on your primary strength training location. If your 

primary location is heated, please answer based on a secondary location that is not heated.     

  

 

  

Are you the owner or renter of the facility?     

Yes 39 51% 

No 38 49% 

Total responses 77   

  

 

  

What is the approximate square footage of your workout space?     

0-50 2 3% 

51-100 11 14% 

101-200 15 20% 

201-400 19 25% 

401-600 8 11% 

Above 600 21 28% 

Total responses 76   

  

 

  

What types of equipment do you have available for your use? (Summary of write-in answers)     

Barbells w/ weights 48 65% 

Racks/stands 41 55% 

Dumbells 37 50% 

Pull up bar 27 36% 

Bench 20 27% 

Cardio machines (treadmill, bike, elliptical, rower, etc) 18 24% 

Strongman  & other implements (stones, tires, kegs, sled, sandbags, sledgehammer etc) 18 24% 

Kettlebells 17 23% 

Rings 12 16% 

Plyo box 12 16% 

Lift accessories (chains, weight vest, bands) 11 15% 

Dip bar 10 14% 
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Weight machines 10 14% 

Medicine balls 10 14% 

GHD/ab machine 9 12% 

Jump rope 7 9% 

Platform 5 7% 

Climbing rope 3 4% 

Total responses 74   

  

 

  

Including yourself, how many people typically use the facility at once?     

1 34 44% 

2-3 15 19% 

4-5 7 9% 

6-10 1 1% 

11-20 6 8% 

More than 20 14 18% 

Total responses 77   

  

 

  

How long do you normally spend warming up and/or stretching before beginning a weight training 

workout?     

Don't warm up 6 8% 

Less than 5 min 22 29% 

5-10 min 34 45% 

10-20 min 13 17% 

More than 20 min 1 1% 

Total responses 76   

  

 

  

What types of warm up and stretching do you do?     

Mobility/dynamic stretching 37   

Body weight exercises 24   

Static stretching 16   

Lower weight/empty bar 14   

Foam roller 11   
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Calesthenics 12   

Jogging/walking 9   

Cardio machine 6   

Agility/explosiveness 2   

None 1   

Total responses 67   

  

 

  

For the following questions, please consider "uncomfortably cold" to mean a temperature at which the 

cold caused discomfort to you at any point during a workout, when you're wearing normal workout 

clothing (shorts, t-shirts, sweates, etc.) and not winter clothing (hats, gloves, coats, etc.)     

  

 

  

At which temperature would you consider it "uncomfortably cold" for strength training?     

70F/21C 1 1% 

60F/15C 1 1% 

50F/10C 14 18% 

40F/4C 22 29% 

30F/-1C 12 16% 

20F/-7C 14 18% 

10F/-12C 5 6% 

0F/-18C 4 5% 

-10F/-23C 2 3% 

-20F/-29C 1 1% 

-30F/-34C 1 1% 

Total responses 77   

  

 

  

How often does your workout facility reach an uncomfortably cold temperature?     

Never 15 19% 

Less than 1 week per year 3 4% 

1-4 weeks per year 20 26% 

1-2 months per year 13 17% 

2-3 months per year 8 10% 

3-4 months per year 10 13% 
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4-5 months per year 4 5% 

More than 5 months per year 2 3% 

All the time 2 3% 

Total responses 77   

  

 

  

How much does it bother you to work out when it's uncomfortably cold?     

Significantly 4 6% 

Moderately 22 35% 

A little 31 50% 

Not at all 5 8% 

Total responses 62   

  

 

  

Which parts of your body are affected by the cold while working out?     

Head 15 24% 

Hands 55 89% 

Feet 26 42% 

Arms 10 16% 

Legs 9 15% 

Core 8 13% 

Other 5 8% 

Total responses 62   

  

 

  

What aspect(s) of strength training in the cold bother you the most? Why? (Summary of write-in 

answers)     

Cold bar 18 30% 

Difficulty gripping 8 13% 

Hard to stay warm/loose 8 13% 

Cold hands 8 13% 

Joint pain/discomfort 6 10% 

Impedes focus/concentration 5 8% 

Wearing gloves 5 8% 

Stiff/cold muscles 3 5% 
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Cold feet 3 5% 

Lack of motivation 3 5% 

Other 4 7% 

Total responses 61   

  

 

  

In the past, how have you changed your workout routine to account for the cold?     

Wear more layers 43 69% 

Wear Under Armour or similar 17 27% 

Wear gloves 27 44% 

Wear hat 34 55% 

Use space heater 20 32% 

Do a longer warmup 23 37% 

Work out less often or skip workouts 11 18% 

Work out for a shorter period of time 5 8% 

Try to warm up your bar 12 19% 

Nothing, just suck it up 19 31% 

Other 5 8% 

Total responses 62   

  

 

  

How satisfied were you with the outcome of your methods to account for the cold?     

Very dissatisfied 4 6% 

Somewhat dissatisfied 7 11% 

Neutral 17 27% 

Somewhat satisfied 27 44% 

Very satisfied 7 11% 

Total responses 62   

  

 

  

In your non-heated workout location, approximately what percentage of your workout time is spent 

doing exercises involving a barbell or similar type of bar? (Olympic bar, curl bar, dead lift bar, etc.)     

Never use a bar 3 5% 

1-10% 3 5% 

11-30% 0 0% 
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31-50% 12 20% 

51-70% 18 30% 

71-100% 25 41% 

Total responses 61   

  

 

  

When temperatures are "uncomfortably cold" during your workout, how much does it bother you to use 

a cold barbell (or other type of bar)?     

Significantly 13 22% 

Moderately 18 31% 

A little 18 31% 

Not at all 10 17% 

Total responses 59   

  

 

  

When temperatures are "uncomfortably cold", do you ever attempt to warm your bar before using it?     

Yes 15 31% 

No 34 69% 

Total responses 49   

  

 

  

If you don't attempt to warm the bar, why  not? (Summary of write-in answers)     

Don't know of a practical way to do it 13 41% 

Use gloves instead 4 13% 

Don't have time/would take too long 4 13% 

Suck it up 4 13% 

Inconvenient/hassle 3 9% 

Never thought about it/Not cold often enough 3 9% 

Cold bar isn't a big deal 2 6% 

Total responses 32   

  

 

  

How satisfied are you with your current method of warming bars?     

Very dissatisfied 5 33% 

Somewhat dissatisfied 5 33% 

Neutral 2 13% 
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Somewhat satisfied 2 13% 

Very satisfied 1 7% 

Total responses 15   

  

 

  

Would you prefer if there was an easier or better way to warm your bar?     

Yes 11 73% 

No 1 7% 

Unsure 3 20% 

Total responses 15   

  

 

  

On average, in your non-heated workout location, how many different bars do you use during a 

workout?     

1 18 37% 

2 19 39% 

3 10 20% 

4 0 0% 

5 0 0% 

More than 5 2 4% 

Total responses 49   

  

 

  

Where are bars stored when not in use?     

In your workout area 45 92% 

In a heated portion of your home 1 2% 

In a non-heated portion of your home, other than your workout area 2 4% 

Outside 1 2% 

Other 0 0% 

Total responses 49   

  

 

  

How are bars stored when not in use?     

Wall-mounted rack 7 14% 

Stand-alone rack 12 24% 

Squat/bench stand 23 47% 
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Floor 18 37% 

Leaning against wall 12 24% 

Other 2 4% 

  

 

  

In what orientation are your bars when stored?     

Horizontal 37 77% 

Vertical 17 35% 

Other 0 0% 
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Appendix B: Induction Calculation Worksheet 

 

Figure B1: IH design to supply 100W @ 100A, 200Hz 

 

Figure B2: IH design to supply 100W @ 33A, 1000Hz 
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Figure B3: IH design to supply 1kW @ 105A, 1kHz 

 

Figure B4: IH design to supply 1kW @ 50A, 20kHz 
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Appendix C: Circuit Simulation Output 
 

 

Figure C1: Circuit Simulation Output for 37A, 5 kHz design 

 

 

Figure C2: Circuit Simulation Output for 200A, 40 Hz design   
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Appendix D: LabView Temperature Acquisition Block Diagram 
 

 

Figure D1, continued on next page 
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Figure D1: Block diagram for LabView temperature measurement 
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Appendix E: Simulated Performance of Full Coil 
 

 

Figure E1: Simulated performance of full coil with various parameter combinations  
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