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APPENDIX C  

MATLAB® SOURCE CODE FOR NUMERICAL MODEL 

% ************************************************************************* 
% Per Rotta's paper, positive horizontal deflections move the rim towards 

% the left (so tire moves relatively towards the right), and positive  

% camber angles tilt the rim towards the right. 

% ************************************************************************* 

function Rotta_model 

    try 

    tstart = tic;             % keep track of time 

    clc; format compact       % establish desired initial environment 

    disp('Rotta model.') 

    rc = Rotta_constants;     % define all necessary constants 

  

    % ***************************************************************** 

    % Specify what to do 

    % ***************************************************************** 

    rip.plot_target_vert_force_search_progess = 0; 

    rip.plot_single_tire_config = 1; % plot one set of parameters.  

    rip.plot_wheel_horz_d = 0; 

    rip.run_silent = 0;      % display status after various steps 

    rip.post_patch = 1;      % do calculate tire shape beyond contact patch 

    rip.adjust_wheel_horz_d = 0; 

    read_tire_specs = 0;     % read from a file of tire specs, or not 

    tire_specs_filename = 'Rotta_tire_specs_April_7_format.csv'; 

  

    % ***************************************************************** 

    % Specify the number and span of cross sections to define half tire 

    % ***************************************************************** 

    rip.num_slices = 201;             % number of radial slices to evaluate 

    % finding exact end of contact patch and having horz_d -> 0 perfectly 

    % at the end of non-zero camber contact patch is sensitive to this # 

    rip.last_slice_angle = 15*pi/180; % how far around tire to go 

  

    if read_tire_specs == 0 

  

        % ***************************************************************** 

        % Specify slip and camber angles 

        % ***************************************************************** 

        rip.slip_angle = 0.0*pi/180;      % angle contact patch center line angle 

        rip.camber_angle = 45*pi/180;   % positive = rim tilts to right 

        % positive = contact patch pushed to right, rim to left. Contact patch 

        % front (top of plot) moves right, rear (bottom of plot) moves left 

  

        % ***************************************************************** 

        % Specify the rates at which wheel horizontal displacement decays  

        % once sliding or tire is not longer in contact with ground 

        % ***************************************************************** 

        rip.relaxation_rate_out(2) = 0.993; % before touches ground 

        rip.relaxation_rate_in(2) = 0.993; % just after touching ground 

        rip.relaxation_rate_in(1) = 0.993; % just before leaving ground 

        rip.relaxation_rate_out(1) = 0.993; % after leaving ground 

        rip.relaxation_rate = 0.993; 

  

        rip.friction_coefficient = inf; % inf for no slip 

%         rip.friction_coefficient = 1;   % 1 for non-skid tape 

  

        rip.drum_radius = 0;            % flat track at UWM (note use 0 for flat! 

%         rip.drum_radius = 2500/2;       % 2.5 meter diameter drum at TU Delft 

  

        rip.disk_radius = 0;        % straight track at UWM (note use of 0 for straight! 

%         rip.disk_radius = 3*1000/2;    % 3.0 meter diameter disk at Padua 
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        % ***************************************************************** 

        % Specify the maximum vertical and horizontal deflections 

        % ***************************************************************** 

        rip.wheel_vert_d = 5; % positive = rim sags towards ground 

        % wheel_vert_d ignored if target_vert_force ~= 0 

  

        rip.wheel_horz_d = 0; % 

        % Positive values push contact patch to the right, or rim to left, and 

        % positive values reduce camber thrust deficiency. 

        % ***************************************************************** 

        % define wheel and tire parameters 

        % ***************************************************************** 

        rip.rim_diameter = 622;         % 700C has "bead seat diameter" = 622 

        rip.rim_width = 18.7;           % interior width from tire bead to bead 

        rip.tire_size = 37; 

        rip.tire_width = 0;%128.2;         % estimate this below 

        rip.inf_press = 4 * rc.MPa_per_bar; % inflation pressue 

        rip.target_vert_force = 400; % * rc.N_per_kg; 

%         rip.target_vert_force = 0; 

  

        % ***************************************************************** 

        % try to make a smart first guess 

        % ***************************************************************** 

        rip.initial_sinkage_guess = 0.1 * rip.target_vert_force / rc.g; 

  

        rows = 1;                   % just do one, as specified above 

    else % read_tire_specs == 1 

         

        fprintf('Reading tire specs from %s\n', tire_specs_filename'); 

        % ***************************************************************** 

        % Read in a comma-delimited file of tire specifications, skipping 

        %   first row of text column headers 

        % ***************************************************************** 

        tire_specs = csvread(tire_specs_filename, 1, 0); 

        [rows, cols] = size(tire_specs); 

    end 

     

    % ********************************************************************* 

    % Default to going as fast as possible when doing more than one 

    % ********************************************************************* 

    if rows > 1 

        rip.plot_target_vert_force_search_progess = 0; 

        rip.plot_single_tire_config = 0;  

        rip.plot_wheel_horz_d = 0; 

        rip.run_silent = 1;        

    end 

  

    % ********************************************************************* 

    % Evaluate all the tire specifications requested 

    % ********************************************************************* 

    tire_specs_evaluated = 0; 

    for row = 1:rows 

  

        if read_tire_specs == 1 

            % ************************************************************* 

            % decide whether to skip or not, and let user know what's up 

            % ************************************************************* 

            do_this_row = tire_specs(row,1); 

            if read_tire_specs == 1 && do_this_row == 1 

                fprintf(' Starting row %d of %d\n', row, rows) 

            elseif read_tire_specs == 1 && do_this_row == 0 

                fprintf(' Skipping row %d of %d\n', row, rows) 

                continue 

            end 

            % ************************************************************* 

            % stuff tire specs from file into parameters expected below 

            % ************************************************************* 

            rip.drum_radius = tire_specs(row,2); 

            rip.disk_radius = tire_specs(row,3); 
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            rip.rim_diameter = tire_specs(row,4); 

            rip.rim_width = tire_specs(row,5); 

            rip.tire_number = tire_specs(row,6); 

            rip.tire_size = tire_specs(row,7); 

            rip.tire_radius = tire_specs(row,8); 

            rip.tire_width = tire_specs(row,9); 

            rip.tire_thickness = tire_specs(row,10); 

            rip.inf_press = tire_specs(row,11) * rc.MPa_per_psi; 

            rip.target_vert_force = tire_specs(row,12) * rc.N_per_kg; 

            rip.wheel_vert_d = tire_specs(row,13); 

            rip.wheel_horz_d = tire_specs(row,14); 

            rip.slip_angle = tire_specs(row,15)*pi/180;      

            rip.camber_angle = tire_specs(row,16)*pi/180; 

            rip.friction_coefficient = tire_specs(row, 17); 

            rip.relaxation_rate_out(1) = tire_specs(row,18); 

            rip.relaxation_rate_in(1) = tire_specs(row,19); 

            rip.relaxation_rate_in(2) = tire_specs(row,20); 

            rip.relaxation_rate_out(2) = tire_specs(row,21); 

            rip.relaxation_rate = sum(tire_specs(row,18:21))/4; % average 

            measured_lateral_stiffness = tire_specs(row,22); 

            measured_cornering_stiffness = tire_specs(row,23); 

            measured_camber_stiffness = tire_specs(row,24); 

            if ~isnan(rip.target_vert_force) && rip.target_vert_force ~= 0 

                rip.initial_sinkage_guess = 0.1 * rip.target_vert_force / rc.g; 

            end 

        end 

     

        % ***************************************************************** 

        % Calculate additional wheel and tire dimensions 

        % Note that: 

        %   1. "rip.rim_width" is distance from one inner rim edge to other 

        %   2. "rip.rim_angle" is angle swept by tire from rim to rim 

        %   3. "rip.tire_size" is number printed on the size 

        %   4. "rip.tire_radius" is actual radius of tire cicular arc 

        %   5. "rip.tire_width" is cirumference of tire cross section 

        % ***************************************************************** 

        if rip.tire_width == 0 % not yet specified? Estimate from tire size 

  

            rip.tire_radius = rip.tire_size / 2; 

            rip.rim_angle = 2 * asin(rip.rim_width / (2 * rip.tire_radius));  

            rip.rim_height = rip.tire_radius * (1 + cos(rip.rim_angle / 2)); 

            rip.tire_width = rip.tire_radius * (2*pi - rip.rim_angle); 

  

        else % rip.tire_width ~= 0, use it to calculate tire radius and "size" 

            % no closed-form solution, have to iterate. At least let ML do it. 

            rip.rim_angle = fzero(@(t) (rip.rim_width/rip.tire_width - ... 

                              (2*sin(0.5*t))/(2*pi - t)), pi/4); 

            rip.tire_radius = rip.rim_width / (2*sin(0.5*rip.rim_angle)); 

            rip.tire_size = rip.tire_radius * 2; 

            rip.rim_angle = 2 * asin(rip.rim_width / (2 * rip.tire_radius));  

            rip.rim_height = rip.tire_radius * (1 + sin((pi - rip.rim_angle) / 2)); 

        end 

         

        % ***************************************************************** 

        % calculate all the rotta stuff  

        % ***************************************************************** 

        [rop] = Rotta_core(rip); 

        tire_specs_evaluated = tire_specs_evaluated + 1; 

         

        % ***************************************************************** 

        % If test compatible with stiffnesses, 

        %   calculate those values 

        % ***************************************************************** 

        norm_lateral_stiffness = NaN; norm_cornering_stiffness = NaN; ... 

            norm_camber_stiffness = NaN; 

        if rip.wheel_horz_d ~= 0 && rip.camber_angle == 0 && rip.slip_angle == 0 

            norm_lateral_stiffness = (rop.horz_force / rop.vert_force) / ... 

                                      rip.wheel_horz_d; 

        elseif rip.slip_angle ~= 0 && rip.camber_angle == 0 

            norm_cornering_stiffness = (rop.horz_force / rop.vert_force) / ... 
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                                        (rip.slip_angle*180/pi); 

        elseif rip.slip_angle == 0 && rip.camber_angle ~= 0 

            norm_camber_stiffness = (rop.horz_force / rop.vert_force) / ... 

                                      (rip.camber_angle*180/pi); 

        end 

         

        if read_tire_specs == 1 

            tire_specs(row, (cols + 1)) = rop.vert_force; 

            tire_specs(row, (cols + 2)) = rop.wheel_vert_d; 

            tire_specs(row, (cols + 3)) = 100*rop.wheel_vert_d/rip.rim_height; 

            tire_specs(row, (cols + 4)) = rop.wheel_horz_d; 

            tire_specs(row, (cols + 5)) = rop.cp_length; 

            tire_specs(row, (cols + 6)) = rop.cp_width; 

            tire_specs(row, (cols + 7)) = rop.cp_area; 

            tire_specs(row, (cols + 8)) = rop.ellipse_cp_length; 

            tire_specs(row, (cols + 9)) = rop.ellipse_cp_width; 

            tire_specs(row, (cols + 10)) = rop.ellipse_cp_area; 

            tire_specs(row, (cols + 11)) = rop.horz_force; 

            tire_specs(row, (cols + 12)) = rop.net_force_orientation; 

            tire_specs(row, (cols + 13)) = rop.relaxation_length; 

            tire_specs(row, (cols + 14)) = rop.pneumatic_trail; 

            tire_specs(row, (cols + 15)) = rop.self_aligning_torque; 

            tire_specs(row, (cols + 16)) = norm_lateral_stiffness; 

            tire_specs(row, (cols + 17)) = norm_cornering_stiffness; 

            tire_specs(row, (cols + 18)) = norm_camber_stiffness; 

            tire_specs(row, (cols + 19)) = (norm_lateral_stiffness - ... 

                             measured_lateral_stiffness)/measured_lateral_stiffness; 

            tire_specs(row, (cols + 20)) = (norm_cornering_stiffness - ... 

                             measured_cornering_stiffness)/measured_cornering_stiffness; 

            tire_specs(row, (cols + 21)) = (norm_camber_stiffness - ... 

                             measured_camber_stiffness)/measured_camber_stiffness; 

        end 

             

    end % for row = 1:rows 

    % ********************************************************************* 

    % Write tire specs previously read along with new values calculated 

    %   back out to a comma-delimited file 

    % Pad first row digits to make room for row of text column headings 

    %   that will be overwritten next 

    % ********************************************************************* 

    if read_tire_specs == 1 

        % read first row of text column headings 

        h = fopen(tire_specs_filename, 'rt'); 

        tire_specs_header = fgetl(h); 

        fclose(h); 

        % append additional column headings for newly calculated values 

        tire_specs_header = [tire_specs_header ... 

            ',Rotta vertical force (N),Rotta vertical displacement (mm)' ... 

      ',Rotta sinkage (%),Rotta wheel horz disp (mm),Rotta contact patch length (mm)' ... 

            ',Rotta contact patch width (mm),Rotta contact patch area (mm^2)' ... 

    ',Rotta contact patch ellipse length (mm),Rotta contact patch ellipse width (mm)' ... 

            ',Rotta contact patch ellipse area (mm^2),Rotta horz force (N)' ... 

            ',Rotta net force orientation (degrees),Rotta relaxation length (mm)' ... 

            ',Rotta pneumatic trail (mm),Rotta self aligning torque (N-mm)' ... 

            ',Rotta norm lat stiffness (1/mm),Rotta norm corn stiffness (1/deg)' ... 

            ',Rotta norm camb stiffness (1/deg)']; 

       % write out first row of text column headings 

        output_filename = ['out_' tire_specs_filename]; 

        h = fopen(output_filename, 'wt'); 

        while h == -1 

            beep; 

            ButtonName = questdlg(sprintf('Could not open %s\n Retry?', ... 

                                    output_filename), 'Error', ... 

                                    'Yes', 'No', 'Yes'); 

            switch ButtonName 

                case 'Yes' 

                    h = fopen(output_filename, 'wt'); 

                case 'No' 

                    break 

            end 
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        end 

        if h == -1 

            fprintf('Could not open %s so no results written\n', ... 

                                    output_filename) 

        else 

            fprintf(h, '%s\n', tire_specs_header); 

            fclose(h); 

            % write out matrix of values and padded digits 

            dlmwrite(output_filename, tire_specs, '-append') 

            fprintf('Results written to %s\n', output_filename) 

        end 

    end % if read_tire_specs == 1 

    t = toc(tstart); 

    fprintf(['All done. Evaluated %d set of tire specs in %0.4g seconds' ... 

             ', at a rate of %0.3g seconds per tire spec.\n'], ... 

        tire_specs_evaluated, t, t/tire_specs_evaluated) 

    catch me 

        fprintf('\n\nUh oh. Something went wrong.\n\n') 

        fprintf('\n%s\n', getReport(me)) 

    % ********************************************************************* 

    % Write tire specs previously read along with new values calculated 

    %   back out to a comma-delimited file 

    % Pad first row digits to make room for row of text column headings 

    %   that will be overwritten next 

    % ********************************************************************* 

    if read_tire_specs == 1 

        fprintf('\n\nWill now try to write results so far.\n\n') 

        % read first row of text column headings 

        h = fopen(tire_specs_filename, 'rt'); 

        tire_specs_header = fgetl(h); 

        fclose(h); 

        % append additional column headings for newly calculated values 

        tire_specs_header = [tire_specs_header ... 

            ',Rotta vertical force (N),Rotta vertical displacement (mm)' ... 

      ',Rotta sinkage (%),Rotta wheel horz disp (mm),Rotta contact patch length (mm)' ... 

            ',Rotta contact patch width (mm),Rotta contact patch area (mm^2)' ... 

    ',Rotta contact patch ellipse length (mm),Rotta contact patch ellipse width (mm)' ... 

            ',Rotta contact patch ellipse area (mm^2),Rotta horz force (N)' ... 

            ',Rotta net force orientation (degrees),Rotta relaxation length (mm)' ... 

            ',Rotta pneumatic trail (mm),Rotta self aligning torque (N-mm)' ... 

            ',Rotta norm lat stiffness (1/mm),Rotta norm corn stiffness (1/deg)' ... 

            ',Rotta norm camb stiffness (1/deg)']; 

       % write out first row of text column headings 

        output_filename = tire_specs_filename; 

        h = fopen(output_filename, 'wt'); 

        while h == -1 

            beep; 

            ButtonName = questdlg(sprintf('Could not open %s\n Retry?', ... 

                                    output_filename), 'Error', ... 

                                    'Yes', 'No', 'Yes'); 

            switch ButtonName 

                case 'Yes' 

                    h = fopen(output_filename, 'wt'); 

                case 'No' 

                    break 

            end 

        end 

        if h == -1 

            fprintf('Could not open %s so no results written\n', ... 

                                    output_filename) 

        else 

            fprintf(h, '%s\n', tire_specs_header); 

            fclose(h); 

            % write out matrix of values and padded digits 

            dlmwrite(output_filename, tire_specs, '-append') 

            fprintf('Results written to %s\n', output_filename) 

        end 

    end % if read_tire_specs == 1 

    t = toc(tstart); 

    fprintf(['All done. Evaluated %d set of tire specs in %0.4g seconds' ... 
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             ', at a rate of %0.3g seconds per tire spec.\n'], ... 

        tire_specs_evaluated, t, t/tire_specs_evaluated) 

    end 

return 

% ************************************************************************* 

% ************************************************************************* 

% Extract everything from Rotta model 

% 

% rip = Rotta Input Parameters structure 

% rop = Rotta Output Parameters structure 

% 

% ************************************************************************* 

% ************************************************************************* 

function [rop] = Rotta_core(varargin) 

    rc = Rotta_constants; 

    % ********************************************************************* 

    % Check for correct input arguments, and complain nicely if missing 

    % ********************************************************************* 

    if size(varargin,2) ~= 1 

        clc; fprintf(['Input argument missing.\n' ... 

                   '  Use "Rotta_model.m" or "Rotta_with_beam_model.m" instead.\n']) 

        return 

    else 

        rip =  varargin{1}; 

        if ~isstruct(rip) 

        clc; fprintf(['Input argument incorrect.\n' ... 

                   '  Use "Rotta_model.m" or "Rotta_with_beam_model.m" instead.\n']) 

            return 

        end 

    end 

                                        

    if rip.relaxation_rate == 0 && rip.friction_coefficient ~= inf 

        clc; fprintf(['Finite coefficient of friction with zero '... 

                      'relaxation rate is problematic.\n']) 

        rop.cp_horz_force = 0;      

        return 

    end 

    % ************************************************************* 

    % If no displacements specified, make it explicite 

    % ************************************************************* 

    if ~isfield(rip, 'displacements') 

        rip.displacements = []; 

    end 

     

    % ************************************************************* 

    % Check for and fill in missing parameters 

    % ************************************************************* 

     if ~isfield(rip, 'relaxation_rate_out') 

         rip.relaxation_rate_out = [1 1] * rip.relaxation_rate; 

     end 

     if ~isfield(rip, 'relaxation_rate_in') 

         rip.relaxation_rate_in = [1 1] * rip.relaxation_rate; 

     end 

     if ~isfield(rip, 'adjust_wheel_horz_d') 

         rip.adjust_wheel_horz_d = 0; 

     end 

  

    % ********************************************************************* 

    % Define radial cross section orientations for half tire 

    % ********************************************************************* 

    rip.slice_angles = linspace(0, rip.last_slice_angle, rip.num_slices); 

  

    % ********************************************************************* 

    % Indicate no known contact patch horzontal force, yet. 

    % ********************************************************************* 

    rip.cp_horz_force = 0; 

     

    % ********************************************************************* 

    % Non-zero slip angle with zero horizontal displacement? 

    % Guess a good enough horizontal displacement to get things going. 
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    % ********************************************************************* 

    if rip.wheel_horz_d == 0 && rip.slip_angle ~= 0 

        rip.wheel_horz_d = rip.slip_angle*180/pi; 

    end 

     

    % ********************************************************************* 

    % Search for sinkage value that produces desired vert load 

    % ********************************************************************* 

    if ~isnan(rip.target_vert_force) && rip.target_vert_force ~= 0 

        % keyboard 

        [rop] = find_sinkage(rip); 

        % copy found wheel vertical displacement from output struct to input 

        rip.wheel_vert_d = rop.wheel_vert_d; 

    end 

    sinkage = rip.wheel_vert_d/rip.rim_height; 

    % ********************************************************************* 

    % Prepare to iterate if both friction and relaxtion rate specified 

    % ********************************************************************* 

    if rip.relaxation_rate ~= 0 && rip.friction_coefficient ~= inf 

        plot_single_tire_config = rip.plot_single_tire_config; % local copy 

        rip.plot_single_tire_config = 0; % suppress plotting for first time 

    end 

    iterations = 0; cp_horz_forces = []; horz_forces = []; 

    while 1 

        if iterations == 2 && rip.plot_single_tire_config == 1 

            close(gcf); 

        end 

         

        % ***************************************************************** 

        % Calculate everything for one complete set of tire parameters 

        % ***************************************************************** 

  

        [rop] = calculate_tire_contact_patch(rip); % do the work 

        fprintf(['\n  Rotta predicts horizontal force = %0.3g N with ' ... 

         ' wheel_horz_d = %0.3g mm\n\n'], rop.horz_force, rip.wheel_horz_d) 

        iterations = iterations + 1; 

        cp_horz_forces(iterations) = rop.cp_horz_force; 

        horz_forces(iterations) = rop.horz_force; 

        if rip.relaxation_rate ~= 0 && rip.friction_coefficient ~= inf 

            if abs(rip.cp_horz_force - rop.cp_horz_force) < 0.1 || ... 

               abs(rip.cp_horz_force - rop.cp_horz_force) / ... 

               abs(rop.cp_horz_force) < 0.1 

               break 

            else 

                if iterations >= 1 % only after first iteration 

                    rip.plot_single_tire_config = plot_single_tire_config; 

                end 

            end 

            % ***************************************************************** 

            % Check for oscillations and try to damp them out. 

            % ***************************************************************** 

            if iterations >= 3 && ... 

                   abs((cp_horz_forces(iterations - 2) - ... 

                        cp_horz_forces(iterations - 1)) + ... 

                       (cp_horz_forces(iterations - 1) - ... 

                        cp_horz_forces(iterations - 0))) < 0.1 

                rip.cp_horz_force = (cp_horz_forces(iterations - 1) + ... 

                                     cp_horz_forces(iterations - 0)) / 2; 

                rip.horz_force = (horz_forces(iterations - 1) + ... 

                                  horz_forces(iterations - 0)) *2 / 3; 

                fprintf(['\n    Oscillations detected, trying to damp ' ... 

                         'them. Reducing horizontal force to %0.3g\n'], ... 

                         rip.horz_force); 

                      

            else % no oscillations detected, continue... 

                rip.cp_horz_force = rop.cp_horz_force; 

                rip.horz_force = rop.horz_force; 

                % ********************************************************* 

                % Attempt to pick "correct" lateral displacement 

                % ********************************************************* 
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                if rip.adjust_wheel_horz_d == 1  

                    if rip.slip_angle ~= 0 && rip.camber_angle == 0 

                    sinkage = (rip.wheel_vert_d/rip.rim_height); 

%                     s_over_p = (sinkage / rip.inf_press); 

%                     rip.wheel_horz_d = (4.4598 * s_over_p + 0.2598)*1.15; 

                    kludge = (sinkage / rip.inf_press) * rip.tire_width^2.57; 

                    rip.wheel_horz_d = (7.1515e-05 * kludge + 2.4252e-01)*1.17; 

                    end 

                    if rip.slip_angle == 0 && rip.camber_angle ~= 0 

                        fudge_factor = 50.0 * 0.14 / sinkage * ... 

                                            (rip.target_vert_force / 31*rc.N_per_kg); 

                        rip.wheel_horz_d = fudge_factor * ... 

                                           (max(rop.cp_center_line(1,:)) - ... 

                                            min(rop.cp_center_line(1,end))); 

                    end 

                end 

            end 

        else % rip.relaxation_rate == 0 || rip.friction_coefficient == inf 

            break 

        end 

         

        if iterations == 10 

            disp('        Reached 10 iterations, giving up.') 

            break 

        end 

  

    end % while 1 

     

    % ************************************************************* 

    % Set this up for whomever needs it 

    % ************************************************************* 

    if ~isfield(rop, 'wheel_vert_d') 

        rop.wheel_vert_d = rip.wheel_vert_d; 

        rop.wheel_horz_d = rip.wheel_horz_d; 

    end 

     

return 

  

% ************************************************************************* 

% ************************************************************************* 

% Find sinkage necessary for specified inflation pressure and vertical load 

% ************************************************************************* 

% ************************************************************************* 

function [rop] = find_sinkage(rip) 

    rc = Rotta_constants; 

    if rip.initial_sinkage_guess == 0 

        disp('Bad guess of initial sinkage') 

        keyboard 

    end 

    tstart = tic; % keep track of time to see how much we are wasting 

    % ********************************************************************* 

    % plot progress for debugging purposes 

    % ********************************************************************* 

    if rip.plot_target_vert_force_search_progess == 1 

        figure; hold on; grid on; set(gcf, 'name', 'Rotta'); 

        xlabel('vertical displacement (mm)'); ylabel('vertical force (N)'); 

    end 

    fprintf(['      Searching for vertical displacement that produces the ' ... 

             '%0.4g N target vertical force.\n'], rip.target_vert_force) 

  

    % ********************************************************************* 

    % set up for searching 

    % ********************************************************************* 

    rip.plot_single_tire_config = 0; % no plotting 

    rip.post_patch = 0; % don't calculate anything after contact patch 

    vert_forces = zeros(1,10); % initialize for speed 

    wheel_vert_ds = zeros(1,10); % initialize for speed 

    tries = 1; 

    wheel_vert_ds(tries) = rip.initial_sinkage_guess; % use given initial guess 

    while 1 



451 

 

        % ************************************************************* 

        % Calculate everything for one complete set of tire parameters 

        % ************************************************************* 

        rip.wheel_vert_d = wheel_vert_ds(tries); 

        [rop] = calculate_tire_contact_patch(rip); 

        vert_forces(tries) = rop.vert_force; 

        if rip.plot_target_vert_force_search_progess == 1 

            plot(wheel_vert_ds(tries), vert_forces(tries), 'k.'); drawnow 

        end 

        if abs(100*(vert_forces(tries) - rip.target_vert_force) / ... 

               rip.target_vert_force) <= rc.percent_force_tolerance 

            break 

        end 

        wheel_vert_ds(tries+1) = wheel_vert_ds(tries) * ... 

            rip.target_vert_force / vert_forces(tries); 

        if tries >= 10 

            disp('          Quit after 10 tries.') 

            break 

        end 

        tries = tries + 1; 

    end 

    t = toc(tstart); 

    str = sprintf(['%d iterations and %0.4g seconds required to find %0.4g N,' ... 

                   '\n  which is within %0.4g%% of target %0.4g N force'], ... 

             tries, t, rop.vert_force, ... 

             100*(vert_forces(tries) - rip.target_vert_force)/rip.target_vert_force, ... 

             rip.target_vert_force); 

    if rip.plot_target_vert_force_search_progess == 1 

        plot(wheel_vert_ds(tries), vert_forces(tries), 'bo'); 

        if tries >= 2 

            plot(wheel_vert_ds(1:2), vert_forces(1:2), 'b'); 

        end 

        hold off 

        title(str); 

    end 

    if rip.run_silent == 0 

        disp(str) 

    end 

    rop.wheel_vert_d = wheel_vert_ds(tries); 

return 

% ************************************************************************* 

% ************************************************************************* 

% Find contact patch for one tire 

% ************************************************************************* 

% ************************************************************************* 

function [rop] = calculate_tire_contact_patch(rip) 

    rc = Rotta_constants; % define all necessary constants 

  

    % ********************************************************************* 

    % Calculate additional wheel and tire dimensions 

    % ********************************************************************* 

    rip.rim_height = rip.tire_radius * (1 + cos(rip.rim_angle / 2)); 

    axle_height = rip.rim_diameter / 2 + rip.rim_height; % from axle to ground 

  

    % ********************************************************************* 

    % Define undeformed tire cross-section 

    % ********************************************************************* 

    t = linspace(0, 2*pi - rip.rim_angle, rc.tire_fineness) + pi/2 + rip.rim_angle/2; 

    x = rip.tire_radius*cos(t); z = rip.tire_radius*sin(t); 

  

    % ********************************************************************* 

    % Start plots 

    % ********************************************************************* 

    tire_colors = {'r', 'm', 'r'}; % tire_lines = {'-', ':', '--'}; 

  

    str = sprintf(['  Tire radius = %0.4g mm, tire width = %0.4g, rim width = %0.4g' ... 

                   'rim diameter = %0.4g mm,\n' ... 

                   '    rim height = %0.4g mm, ' ... 

                   'inflation pressure = %0.4g N/mm^2 (%0.4g bar, %0.4g psi)\n' ... 

                   '      vertical displacement = %0.4g mm (%0.4g%% sinkage), ' ... 
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                   'horizontal displacement = %0.4g mm,\n' ... 

                   '        camber angle = %0.4gº, ' ... 

                   'slip angle = %0.4gº, ' ... 

                   'relaxation rate = %0.4g, ' ... 

                   'friction coefficient = %0.4g'], ... 

                  rip.tire_radius, rip.tire_width, rip.rim_width, rip.rim_diameter, ... 

                  rip.rim_height, rip.inf_press, (rip.inf_press / rc.MPa_per_psi) *... 

                  rc.bar_per_psi, rip.inf_press / rc.MPa_per_psi, ... 

                  rip.wheel_vert_d, 100*rip.wheel_vert_d/rip.rim_height, ... 

                  rip.wheel_horz_d, rip.camber_angle*180/pi, rip.slip_angle*180/pi, ... 

                  rip.relaxation_rate, rip.friction_coefficient); 

    if rip.run_silent == 0 

        disp(str) 

    end 

    if rip.plot_single_tire_config == 1 

        figure; set(gcf, 'name', 'Rotta'); 

        subplot(2,3,1); cla; axis equal; grid on; hold on;  

        % plot3([x(1), x(end)], [z(1) z(end)]*0, [z(1) z(end)], 'c', x, z*0, z, 'm'); 

        xlim([-1 1]* rip.tire_radius * 1.5); zlim([-1 1]* rip.tire_radius * 1.5); 

        xlabel('x (mm)'); ylabel('y (mm)'); zlabel('z (mm)') 

        title(str); view(-1,1) 

         

        subplot(2,3,2); cla; hold on; axis equal; grid on; 

        xlabel('x (mm)'); ylabel('y (mm)');  

             

        subplot(2,3,4); cla; hold on; grid on; 

     xlabel('Horizontal displacement (blue in mm), dS (black) and dN (red) (both in N)'); 

        ylabel('y, distance along long axis of tire and contact patch (mm)'); 

  

        subplot(2,3,5); cla; hold on; grid on; 

        xlabel('ground reaction force angle, from the vertical (º)'); 

        ylabel('y, distance along long axis of contact patch (mm)'); 

  

        subplot(2,3,[3 6]); cla; hold on; axis equal; grid on;  

        xlabel('x (mm)'); ylabel('y (mm)'); zlabel('z (mm)') 

    end 

     

    % ********************************************************************* 

    % Predefine 2D rotation matrices 

    % ********************************************************************* 

    R2z = [ cos(rip.camber_angle) sin(rip.camber_angle);  

           -sin(rip.camber_angle) cos(rip.camber_angle)]; 

    uR2z = [ cos(-rip.camber_angle) sin(-rip.camber_angle);  

           -sin(-rip.camber_angle) cos(-rip.camber_angle)]; 

  

    % ********************************************************************* 

    % Prepare to loop through both halves (ends) of the contact patch 

    % ********************************************************************* 

    max_x = NaN; min_x = NaN; max_y = NaN; 

    min_y = NaN; max_z = NaN; min_z = NaN; 

     

    % ********************************************************************* 

    % Preallocate for speed, but necessary size unknown 

    % ********************************************************************* 

    slice_vert_ds = zeros(1, 1); slice_horz_ds = zeros(1, 1); 

    % can't pre-allocate these because exact size unknown and extra spaces 

    % screw up subsequent calculations and plotting  

    cpexs = []; cpeys = [];  

    rop.horz_force = 0; rop.cp_area = 0; 

    rop.relaxation_length = NaN; 

  

    % ********************************************************************* 

    % Figure out how many halves are necessary 

    % ********************************************************************* 

    if rip.post_patch == 1 

        halves = 2; 

    else 

        if rip.slip_angle ~= 0 

            halves = 2; 

        else 
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            halves = 1; 

        end 

    end 

     

    % ********************************************************************* 

    % Format input displacements into expected shape 

    % ********************************************************************* 

    if ~isempty(rip.displacements) 

        displacements = ... 

            [fliplr(rip.displacements(1:length(rip.displacements)/2)); ... 

             rip.displacements(length(rip.displacements)/2+1:end)]; 

    end 

     

    % ********************************************************************* 

    % Loop through the necessary halves 

    % ********************************************************************* 

    for half = 1:halves 

        rip.relaxation_rate = rip.relaxation_rate_out(half); 

        % ***************************************************************** 

        % Orient slip angle properly for each half of contact patch 

        % ***************************************************************** 

        half_rip.slip_angle = rip.slip_angle * (-1)^half; 

  

        % ***************************************************************** 

        % Prepare to loop through all cross sections (rip.num_slices) in this half 

        % ***************************************************************** 

        status = 1;                     % start with everything okay 

        relaxing = 0;      % not in the range of tire relaxing from cp yet 

        told_about_sliding = 0; 

        cp_guess = rip.wheel_horz_d * 0.75; % make first guess. This works for 

        % vert_d = 5, horz_d < 17, and rip.camber_angle < 50 

        % pre-allocate these for speed 

        dy(half,:) = zeros(rip.num_slices, 1); da(half,:) = dy(half,:); 

        dS(half,:) = dy(half,:); dN(half,:) = dy(half,:); 

        cphxs = zeros(1,4); cphys = cphxs; 

  

        % ***************************************************************** 

        % Calculate each cross section (slice) 

        % ***************************************************************** 

%         for slice = 1:rip.num_slices 

        slice = 0; % need to use while so can manipulate slice number 

        while slice < rip.num_slices 

            slice = slice + 1; 

  

            % ************************************************************* 

            % Calculate vertical deflection of this cross section (slice). 

            % This is close, but not exact. 

            % ************************************************************* 

            slice_vert_ds(half, slice) = cos(rip.camber_angle) * ... 

                   (axle_height - (axle_height - ... 

                       rip.wheel_vert_d) / (cos(rip.slice_angles(slice)))); 

            % ************************************************************* 

            % Calculate effect of drum curvature, if radius ~= 0 

            % ************************************************************* 

            if rip.drum_radius ~=0 % allows for negative radius 

                % this is an approximation that should be good enough for 

                % large wheel and drum radii compared to wheel vertical 

                % deflection, which is the case with narrow bicycle tires 

                drum_angle = asin(axle_height * sin(rip.slice_angles(slice)) / ... 

                                  rip.drum_radius); 

                 

                slice_vert_ds(half, slice) = slice_vert_ds(half, slice) - ...              

                      rip.drum_radius * (1 - cos(drum_angle)) / ... 

                      cos(rip.slice_angles(slice)); 

            end 

             

            if isnan(slice_vert_ds(half, slice)) 

                disp('slice_vert_ds(half, slice) = NaN') 

                keyboard 

            end 
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            % ************************************************************* 

            % Still all okay? Then keep on finding contact patch edges 

            % ************************************************************* 

            if status == 1 % everything okay 

                if rip.camber_angle ~= 0 

                    % ************************************************* 

                    % Calculate horizontal deflection of this slice 

                    % ************************************************* 

                    slice_horz_ds(half, slice) = rip.wheel_horz_d + ... 

                        tan(rip.camber_angle) * slice_vert_ds(half, slice); 

                    if slice == 1 && half == 1 

                        delta = rip.tire_radius * sin(rip.camber_angle); 

                        % ********************************************* 

                        % Can't make it perfect, iterate instead 

                        % ********************************************* 

                        correction = 0; % set this just in case 

                        while 1 % set up to loop through deltas 

                            % disp('Testing delta') 

                            [status, rim, tire, cp, ~, ~] = ... 

                                calculate_slice_contact_patch(rip, ... 

                                    slice_vert_ds(half, slice), ... 

                                    slice_horz_ds(half, slice), cp_guess, delta); 

                            if status == 1 % everything okay 

                                if abs(cp(1,2) - slice_horz_ds(half, slice)) > ... 

                                                                   rc.min_lat_disp 

                                    correction = (cp(1,2) - slice_horz_ds(half, slice)); 

                                    delta = delta + correction; 

                                else 

                                    break 

                                end 

                            end 

                        end % while 1 

                    end 

                else % rip.camber_angle == 0 

                    slice_horz_ds(half, slice) = rip.wheel_horz_d; 

                    delta = 0; % both of these are specific to 

                    correction = 0; % rip.camber_angle ~= 0 

                end 

                % ************************************************************* 

                % Calculate effect of disk curvature, if radius ~<= 0 

                % ************************************************************* 

                if rip.disk_radius ~= 0 % allows for negative radius 

                    % this is an approximation that should be good enough for 

                    % large wheel and disk radii compared to wheel vertical 

                    % deflection, which is the case with narrow bicycle tires 

                    disk_angle = asin(axle_height * sin(rip.slice_angles(slice)) / ... 

                                      rip.disk_radius); 

                    slice_horz_ds(half, slice) = slice_horz_ds(half, slice) + ... 

                          sign(rip.disk_radius) * 1.4 - ...              

                          rip.disk_radius * (1 - cos(disk_angle)) / ... 

                          cos(rip.slice_angles(slice)); 

                end 

  

                % ********************************************************* 

                % Apply slip angle 

                % ********************************************************* 

                slice_horz_ds(half, slice) = slice_horz_ds(half, slice) -  ... 

                                (axle_height - slice_vert_ds(half, slice)) * ... 

                                sin(rip.slice_angles(slice)) * sin(half_rip.slip_angle);  

  

                friction_repeat = 1; % force the first iteration 

                friction_repeat_count = 0; 

                while friction_repeat == 1 % set up to loop in case of sliding 

                    friction_repeat = 0; % default to not repeating 

                    friction_repeat_count = friction_repeat_count + 1; 

                % ********************************************************* 

                % Find contact patch for one cross-sectional slice 

                % ********************************************************* 

                phase = 1; 
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                [status, rim, tire, cp, radii, ~] = ... 

                    calculate_slice_contact_patch(rip, ... 

                        slice_vert_ds(half, slice), ... 

                        slice_horz_ds(half, slice), cp_guess, delta); 

                if status == 1 % everything okay 

                    % ************************************************* 

                    % See if contact patch edges have crossed 

                    % ************************************************* 

                    if cp(1,1) >= cp(1,4) 

                        if rip.run_silent == 0 

                            disp('          Contact patch edges have crossed.') 

                        end 

                        status = 0; % not okay 

                        cp_end_slice(half) = slice; 

  

                    else 

                        % ********************************************* 

                        % If everything still okay, update guess for 

                        %   next time: between current edges, calculate 

                        %  lateral and normal forces, and plot them 

                        % ********************************************* 

                        cp_guess = (cp(1,1) + cp(1,4))/2; 

  

                        % ********************************************* 

                        % Calc area and forces of this cntct patch sect 

                        % ********************************************* 

                        if slice > 1 

                            dy(half, slice) = (axle_height - ... 

                                                     slice_vert_ds(half, slice)) * ... 

                                        sin(rip.slice_angles(slice)) - ... 

                                        (axle_height - slice_vert_ds(half, slice)) * ... 

                                        sin(rip.slice_angles(slice-1)); 

                            dS(half, slice) = rip.inf_press * (radii(1) - radii(2)) * ... 

                                        dy(half, slice); 

                            da(half, slice) = abs(cp(1, 1) - cp(1,4)) * dy(half, slice); 

                            dN(half, slice) = rip.inf_press * da(half, slice); 

  

                            % ***************************************** 

                            % fill in gap that was left by skipping 

                            % over slice 1 and not having a slice 0 

                            % ***************************************** 

                            if slice == 2 

                                dy(half, 1) = dy(half, 2); 

                                dS(half, 1) = dS(half, 2); 

                                da(half, 1) = da(half, 2); 

                                dN(half, 1) = dN(half, 2); 

                                if rip.plot_single_tire_config == 1 

                                    y = dy(half, 1)*(-1)^(half); 

                                    subplot(2,3,4); 

                                    plot(dS(half, 1) / dy(half, 1), ... 

                                        y, 'k.', dN(half, 1), y, 'r.'); 

                                    subplot(2,3,5); plot( ... 

                                        90 - atan2(dN(half, 1), ... 

                                        dS(half, 1))*180/pi, y, 'k.'); 

                                    if half == 1 

                                        subplot(2,3,4); 

                                        plot(dS(half, 1) / dy(half, 1), ... 

                                            0, 'k.', dN(half, 1), 0, 'r.'); 

                                        subplot(2,3,5); plot( ... 

                                            90 - atan2(dN(half, 1), ... 

                                            dS(half, 1))*180/pi, 0, 'k.'); 

                                    end 

                                end 

                            end 

  

                            % ***************************************** 

                            % if additional force from beyond cp exists 

                            % ***************************************** 

                            if rip.cp_horz_force == 0 

                                dS_f = dS(half, slice); 
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                            else 

                                dS_f = dy(half, slice) * ... 

                                    (rip.horz_force / rip.cp_horz_force); 

                            end 

  

                            % ***************************************** 

                            % check if available friction exceeded 

                            % ***************************************** 

                            if friction_repeat_count == 1 && ... 

                                    abs(dS_f) > abs(dN(half, slice) * ... 

                                    rip.friction_coefficient) 

                                % "periods per year" = "slices per mm" 

                                n = length(rip.slice_angles) / ... 

                                    (rip.slice_angles(end)*axle_height);  

                                % calculate slide at the relaxation rate 

                                slide = slice_horz_ds(half, slice-1) * ... 

                                    (1 + ((rip.relaxation_rate_in(half)-1) / n)) ^ ... 

                                        (n * rip.slice_angles(2) * axle_height); 

                                % if not too, small go ahead and slide 

                                if abs(slide) >= 0.1 

                                    slice_horz_ds(half, slice) = slide; 

                                    if told_about_sliding == 0 

                                        if rip.run_silent == 0 

                                            disp('        Sliding...') 

                                        end 

                                        told_about_sliding = 1; 

                                    end 

                                end 

                                friction_repeat = 1; 

                            else % if dS_f > dN(half, slice) * ... 

                                if rip.plot_single_tire_config == 1 

                                    subplot(2,3,4); 

                                        plot(dS(half, slice) / dy(half, slice), ... 

                                        sum(dy(half,:))*(-1)^(half), 'k.', ... 

                                     dN(half, slice), sum(dy(half,:))*(-1)^(half), 'r.'); 

                                    subplot(2,3,5); plot(... 

                                        90 - atan2(dN(half, slice), ... 

                                        dS(half, slice))*180/pi, ... 

                                        sum(dy(half,:))*(-1)^(half), 'k.'); 

                                end % if rip.plot_single_tire_config == 1 

                            end % if dS_f > dN(half, slice) * ... 

                        end % if slice > 1 

                    end % if cp(1,1) >= cp(1,4) 

                end % if status == 1 

                end % while 1 

            end % if status == 1 

            if status ~= 1 

                if rip.post_patch ~= 1 

                    if rip.run_silent == 0 

                        disp('       Skipping tire calculations beyond contact patch.') 

                    end 

                    break 

                else 

                % ********************************************************* 

                % Tire is no longer in contact with ground 

                % ********************************************************* 

                cp_len = max(max(cphys)) - min(min(cphys)); 

                 

                % ********************************************************* 

                % Decay displacement back to zero at specified rate 

                % ********************************************************* 

                if ~isempty(rip.displacements) || rip.relaxation_rate ~= 0 ... 

                        && abs(slice_horz_ds(half, slice-1)) > rc.min_lat_disp 

                    % ********************************************************* 

                    % If available, apply beam displacements 

                    % ********************************************************* 

                    if ~isempty(rip.displacements)  

                          slice_horz_ds(half, slice) = slice_horz_ds(half, slice-1) * ... 

                               displacements(half, slice) / displacements(half, slice-1); 

                        slice_vert_ds(half, slice) = slice_vert_ds(half, slice-1) * ... 
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                               displacements(half, slice) / displacements(half, slice-1); 

                    else % isempty(rip.displacements) 

                        if relaxing == 0 % if the first time? 

                            relaxing = 1; % it won't be the next time 

  

                            % keep track of this for calculating relaxation len 

                            unrelaxed_slice(half) = slice-1; 

                            if rip.run_silent == 0 

                                disp('          Relaxing horizontal displacement.') 

                            end 

                        end  

                        % ********************************************* 

                        % Relax vert and horz displacement for this 

                        % slice, and must do both. This works much  

                        % better than just relaxing horz disp, and 

                        % this method is independent of slice width. 

                        % ********************************************* 

                        % y(i) = y0*exp((r-1)*x(i)); 

                        e = exp((rip.relaxation_rate-1) * ... 

                                (rip.slice_angles(slice) - ... 

                                 rip.slice_angles(unrelaxed_slice(half))) * ... 

                                 axle_height); 

  

                        slice_horz_ds(half, slice) = ... 

                            slice_horz_ds(half, unrelaxed_slice(half)) * e; 

                        if ~isreal(slice_horz_ds(half, slice)) 

                            slice_horz_ds(half, slice) = 0; 

                        end 

                        slice_vert_ds(half, slice) = ... 

                            slice_vert_ds(half, unrelaxed_slice(half)) * e; 

                        if ~isreal(slice_vert_ds(half, slice)) 

                            slice_vert_ds(half, slice) = 0; 

                        end 

                        % only do this once 

                        if half == 1 && isnan(rop.relaxation_length) 

                            if slice_horz_ds(half, slice) <= ... 

                                    slice_horz_ds(half, unrelaxed_slice(half))/exp(1) 

                                rop.relaxation_length = ... 

                                    axle_height * ... 

                                        (sin(rip.slice_angles(slice)) - ... 

                                         sin(rip.slice_angles(unrelaxed_slice(half)))); 

                            end 

                        end % if half == 1 && isnan(rop.relaxation_length) 

                    end % else % isempty(rip.displacements) 

                     

                    % ***************************************************** 

                    % Calculate shape for this relaxed horizontal disp 

                    % ***************************************************** 

                    phase = 2; 

                    [~, rim, tire, cp, radii, ~] = ... 

                        calculate_slice_contact_patch(rip, slice_vert_ds(half, slice), 

... 

                           slice_horz_ds(half, slice), cp_guess, delta); 

  

                    dy(half, slice) = axle_height * (sin(rip.slice_angles(slice)) - ... 

                                                sin(rip.slice_angles(slice-1))); 

                    dS(half, slice) = rip.inf_press * (radii(1) - radii(2)) * ... 

                                dy(half, slice); 

                    da(half, slice) = 0; 

                    dN(half, slice) = rip.inf_press * da(half, slice); 

                    if rip.plot_single_tire_config == 1 

                        subplot(2,3,4); plot(dS(half, slice) / dy(half, slice), ... 

                                    sum(dy(half,:))*(-1)^(half), 'k.', ... 

                                    dN(half, slice), sum(dy(half,:))*(-1)^(half), 'r.'); 

                        subplot(2,3,5); plot(... 

                            90 - atan2(dN(half, slice), dS(half, slice))*180/pi, ... 

                            sum(dy(half,:))*(-1)^(half), 'k.'); 

                    end 

            else % if rip.relaxation_rate ~= 0 && abs(slice_horz_ds(half, slice-1)) > 0.1 

                    phase = 3; 
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                    rim = [x(1) x(end); z(1) z(end)]; 

                    tire = [x; z]; 

                    [~, min_tire_z_idx ] = min(tire(2,:)); 

                    cp = [tire(1, min_tire_z_idx); tire(2, min_tire_z_idx)]; 

                    rim = R2z*rim; 

                    tire = R2z*tire; 

                    %cp = R2z*cp; 

                    slice_horz_ds(half, slice) = NaN; % 'NaN' to aid plotting 

             end % if rip.relaxation_rate ~= 0 && abs(slice_horz_ds(half, slice-1)) > 0.1 

                end % if rip.post_patch ~= 1 

            end % if status == 1 

             

            % ************************************************************* 

            % Plot everything 

            % ************************************************************* 

            if rip.plot_single_tire_config == 1 && half == 1 

                subplot(2,3,1); 

                y = -axle_height * sin(rip.slice_angles(2)) * slice; 

                plot3(rim(1,:), rim(2,:)*0+y, rim(2,:), 'b', ... 

                     tire(1,:), tire(2,:)*0+y, tire(2,:), ... 

                     char(tire_colors(phase)), ... 

                     cp(1,:), cp(2,:)*0+y, cp(2,:), '.k'); 

                % ********************************************************* 

                % If cp has 4 columns, the middle two are center lines, 

                % so don't connect them with lines when they cross outside. 

                % ********************************************************* 

                [~,c] = size(cp); 

                if c == 4 

                    if cp(1,2) > cp(1,1) && cp(1,2) < cp(1,4) 

                        plot3(cp(1,:), cp(2,:)*0+y, cp(2,:), 'g'); 

                    else 

                        plot3(cp(1,[1 c]), cp(2,[1 c])*0+y, cp(2,[1 c]), 'g'); 

                    end 

                else 

                    plot3(cp(1,:), cp(2,:)*0+y, cp(2,:), 'g'); 

                end 

            end % if rip.plot_single_tire_config == 1 

             

            % ************************************************************* 

            % Un-rotate camber in 2D so that it can be re-rotated in 3D 

            % ************************************************************* 

            rim = uR2z*rim; 

            tire = uR2z*tire; 

            cp = uR2z*cp; 

  

            % ************************************************************* 

            % translate and expand to 3D 

            % ************************************************************* 

            rim3 = [rim(1,:); [0 0]; rim(2,:) - (axle_height - rip.tire_radius)]; 

            tire3 = [tire(1,:); zeros(1,length(tire)); ... 

                     tire(2,:) - (axle_height - rip.tire_radius)]; 

            cp3 = [cp(1,:); zeros(1,length(cp(1,:))); ... 

                   cp(2,:) - (axle_height - rip.tire_radius)]; 

            % rotate about x-axis: axle 

            R3x = [1                  0                  0; 

                   0  cos(rip.slice_angles(slice)*(-1)^(half+1)) ... 

                      sin(rip.slice_angles(slice)*(-1)^(half+1));  

                   0 -sin(rip.slice_angles(slice)*(-1)^(half+1)) ... 

                      cos(rip.slice_angles(slice)*(-1)^(half+1))]; 

            % rotate about y-axis: camber (could come out of this loop) 

            R3y = [ cos(rip.camber_angle) 0 sin(rip.camber_angle);  

                   0                   1                  0; 

                   -sin(rip.camber_angle) 0 cos(rip.camber_angle)]; 

            R3 = R3y*R3x; 

            rim3 = R3*rim3; 

            tire3 = R3*tire3; 

            cp3 = R3*cp3; 

  

            % ************************************************************* 

            % Keep track of contact patch edges 
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            % ************************************************************* 

            if status == 1 % everything okay 

                cphxs(slice,:) = cp3(1,:); 

                cphys(slice,:) = cp3(2,:); 

            end 

  

            % ************************************************************* 

            % Plot rim, tire, and contact patch edges in 3D 

            % ************************************************************* 

            if rip.plot_single_tire_config == 1 

                subplot(2,3,[3 6]); 

                plot3(rim3(1,:), rim3(2,:), rim3(3,:), 'b'); 

                plot3(tire3(1,:), tire3(2,:), tire3(3,:), ... 

                                            char(tire_colors(phase))); 

                plot3(cp3(1,:), cp3(2,:), cp3(3,:), '.k'); 

  

                % ********************************************************* 

                % Extract contact patch edge coordinates from 3D model of tire 

                %   If cp3 has 4 columns, middle two are center lines, 

                %     so don't connect them with lines when they cross outside. 

                % ********************************************************* 

                [~,c] = size(cp3); 

                if c == 4 

                    if cp3(1,2) > cp3(1,1) && cp3(1,2) < cp3(1,4) 

                        plot3(cp3(1,:), cp3(2,:), cp3(3,:), 'g'); 

                    else 

                        plot3(cp3(1,[1 c]), cp3(2,[1 c]), cp3(3,[1 c]), 'g'); 

                    end 

                else 

                    plot3(cp3(1,:), cp3(2,:), cp3(3,:), 'g'); 

                end 

  

                % ********************************************************* 

                % Keep track of these for setting limits at the end 

                % ********************************************************* 

                max_x = max([max_x tire3(1,:)]); 

                min_x = min([min_x tire3(1,:)]); 

                max_y = max([max_y tire3(2,:)]); 

                min_y = min([min_y tire3(2,:)]); 

                max_z = max([max_z tire3(3,:)]); 

                min_z = min([min_z tire3(3,:)]); 

            end 

        end % for slice = 1:rip.num_slices 

  

        [r,~] = size(cphxs); % get number of rows 

        if r > 1 % if results exist, not just first row of zeros 

            % ************************************************************* 

            % Assemble complete contact patch boarder to calculate area, 

            % from two, assymmetrical halves (created by slip angle) 

            % ************************************************************* 

            cph_cl = [cphxs(:,2)'; cphys(:,2)']; % extract center line 

            if half == 1 

                cphxs = [cphxs(:,1); flipud(cphxs(:,2)); ... 

                         cphxs(:,3); flipud(cphxs(:,4))]; 

                cphys = [cphys(:,1); flipud(cphys(:,2)); ... 

                         cphys(:,3); flipud(cphys(:,4))]; 

            else 

                cphxs = [cphxs(:,1); flipud(cphxs(:,2)); ... 

                         cphxs(:,3); flipud(cphxs(:,4))]; 

                cphys = [cphys(:,1); flipud(cphys(:,2)); ... 

                         cphys(:,3); flipud(cphys(:,4))]; 

            end 

            rop.cp_area = rop.cp_area + polyarea(cphxs, cphys); 

            cpexs = [cpexs; cphxs]; 

            cpeys = [cpeys; cphys]; 

            if half == 1 

                cp_cl = fliplr(cph_cl); 

            else 

                cp_cl = [cp_cl cph_cl]; 

            end 
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            % ************************************************************* 

            % Sum up lateral force and contact patch length 

            % ************************************************************* 

            cp_half_length = (max(max(cphys)) - min(min(cphys))); 

            ys(half,:) = cumsum(dy(half,:)); 

  

            % calculate pneumatic trail for this half of contact patch 

            rop.pneumatic_trails(half) = (sum(ys(half, ys(half,:) <= cp_half_length) ... 

                                         .* dS(half, ys(half,:) <= cp_half_length)) / ... 

                                          sum(dS(half, ys(half,:) ... 

                                         <= cp_half_length)))*(-1)^(half+1); 

            rop.horz_forces(half) = sum(dS(half,:)); 

        else 

            disp('Something went wrong and there are no results to plot.') 

            break 

        end 

    end % for half = 1:2 

    if halves == 1 && rip.run_silent == 0 

        disp('            Skipping second half of symmetrical contact patch.') 

    end 

     

    % ************************************************************* 

    % Put everything into format expected by caller 

    % ************************************************************* 

    rop.dS = [fliplr(dS(1,:)) dS(halves,:)]; 

    rop.dN = [fliplr(dN(1,:)) dN(halves,:)]; 

    rop.slice_horz_ds = [fliplr(slice_horz_ds(1,:)) slice_horz_ds(halves,:)]; 

    rop.slice_vert_ds = [fliplr(slice_vert_ds(1,:)) slice_vert_ds(halves,:)]; 

    rop.horz_force = sum(rop.horz_forces); 

    % combine pneumatic trails from both halfs 

    rop.pneumatic_trail = 

sum(abs(rop.horz_forces).*rop.pneumatic_trails)/sum(abs(rop.horz_forces)); 

    rop.self_aligning_torque = rop.pneumatic_trail * rop.horz_force; 

    rop.cp_area = rop.cp_area * 2 / halves; % double area if only did one half 

    rop.cp_length = max(max(cpeys)) - min(min(cpeys)) * 2 / halves; 

    rop.cp_width = max(max(cpexs)) - min(min(cpexs)); 

    rop.cp_center_line = cp_cl; 

    rop.axle_height = axle_height; 

    if halves == 2 % only if we did both sizes 

        rop.cp_horz_force = sum(rop.dS(rip.num_slices-cp_end_slice(1) : ... 

                                   rip.num_slices+1+cp_end_slice(2))); % in N 

    else 

        rop.cp_horz_force = 0; 

    end 

    rop.cp_end_slice = cp_end_slice; 

    rop.vert_force = rop.cp_area * rip.inf_press; 

    rop.net_force_orientation = atan2(rop.horz_force, rop.vert_force) * 180/pi; 

    str = sprintf(['    Vertical force = %0.4g N (%0.4g kg, %0.4g lb)\n' ... 

                   '      Horizontal force = %0.4g N (%0.4g kg, %0.4g lb),' ... 

                   ' which normalizes to %0.4g\n' ... 

                   '        Resultant force orientation = %0.4gº from' ... 

                   ' vertical, (%0.4g%% of camber angle)\n' ... 

                   '          Relaxation length = %0.4g mm'], ... 

                   rop.vert_force, rop.vert_force / rc.g, rop.vert_force / rc.N_per_lb, 

... 

                   rop.horz_force, rop.horz_force / rc.g, rop.horz_force / rc.N_per_lb, 

... 

                   rop.horz_force/rop.vert_force, ... 

                   rop.net_force_orientation, ... 

                   100 * rop.net_force_orientation / (rip.camber_angle*180/pi), ... 

                   rop.relaxation_length); 

    if rip.wheel_horz_d ~= 0 && rip.slip_angle == 0 && rip.camber_angle == 0 

        static_lateral_stiffness = rop.horz_force/rip.wheel_horz_d; 

        str = [str ... 

               sprintf([', Static lateral stiffness = %0.4g N/mm' ... 

                        ' (%0.4g 1/mm)']', ... 

                       static_lateral_stiffness, ... 

                       static_lateral_stiffness/rop.vert_force)]; 

    elseif rip.wheel_horz_d ~= 0 && rip.slip_angle ~= 0 && rip.camber_angle == 0 
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        cornering_stiffness = rop.horz_force/(rip.slip_angle*180/pi); 

        str = [str ... 

               sprintf([', Cornering stiffness = %0.4g N/degree' ... 

                        ' (%0.4g 1/degree)'], ... 

                       cornering_stiffness, ... 

                       cornering_stiffness/rop.vert_force)]; 

    elseif rip.wheel_horz_d ~= 0 && rip.slip_angle == 0 && rip.camber_angle ~= 0 

        camber_stiffness = rop.horz_force/(rip.camber_angle*180/pi); 

        str = [str ... 

               sprintf([', Camber stiffness = %0.4g N/degree' ... 

                        ' (%0.4g 1/degree)'], ... 

                       camber_stiffness, ... 

                       camber_stiffness/rop.vert_force)]; 

    end 

    if rip.plot_single_tire_config == 1 

        subplot(2,3,[3 6]); title(str); 

         

        subplot(2,3,4); title(sprintf( ... 

        ['Horizontal (dS) and vertical (dN) force per unit lenght (N/mm)\n' ... 

           'actual horizontal deflections vary from %0.4g to %0.4g mm'], ... 

           max(max(slice_horz_ds)), min(min(slice_horz_ds)))); 

        cp_force_per_length = rop.horz_force/rop.cp_length; 

        plot(cp_cl * 0 + cp_force_per_length, cp_cl, 'g.'); 

        ylim([-1 1] * axle_height * rip.last_slice_angle); 

  

        subplot(2,3,5); title(sprintf( ... 

        ['Ground reaction force orientation (from the vertical) '... 

         'per contact patch section\n' ... 

         'actual vertical deflections vary from %0.4g to %0.4g mm'], ... 

           max(max(slice_vert_ds)), min(min(slice_vert_ds)))); 

  

    end 

    if rip.run_silent == 0 

        disp(str) 

        fprintf(['            Contact patch length = %0.4g mm ' ... 

                 'area = %0.4g mm^2\n'], rop.cp_length, rop.cp_area) 

    end 

  

    % ***************************************************************** 

    % Fit an ellipse to contact patch with same algorithm used 

    % for ink prints 

    % ***************************************************************** 

    if rip.camber_angle == 0 && rip.slip_angle == 0 && rip.wheel_horz_d == 0 

        ellipse_t = fit_ellipse(cpexs, cpeys); 

        t = linspace(0, 2*pi); % redo so it goes all the way around 

        ellipse_x = ellipse_t.X0_in + ... 

              ellipse_t.long_axis/2 * cos(t) * cos(-ellipse_t.phi) - ... 

              ellipse_t.short_axis/2 * sin(t) * sin(-ellipse_t.phi); 

        ellipse_y = ellipse_t.Y0_in + ... 

              ellipse_t.long_axis/2 * cos(t) * sin(-ellipse_t.phi) + ... 

              ellipse_t.short_axis/2 * sin(t) * cos(-ellipse_t.phi); 

        ellipse_area = pi*ellipse_t.long_axis*ellipse_t.short_axis/4; 

        rop.ellipse_cp_length = ellipse_t.long_axis; 

        rop.ellipse_cp_width = ellipse_t.short_axis; 

        rop.ellipse_cp_area = ellipse_area; 

    else 

        rop.ellipse_cp_length = NaN; 

        rop.ellipse_cp_width = NaN; 

        rop.ellipse_cp_area = NaN; 

    end 

     

    if rip.plot_single_tire_config == 1 

        subplot(2,3,2); fill(cpexs, cpeys, 'g');  

        xlim([min(min(cpeys)) max(max(cpeys))] * 1.05 + cpexs(1,1)); 

        ylim([min(min(cpeys)) max(max(cpeys))] * 1.05); 

        title(sprintf(['Contact patch length = %0.4g mm (%0.4g in),\n' ... 

                       'width = %0.4g mm (%0.4g in),\n' ... 

                       'area = %0.4g mm^2 (%0.4g in^2)'], ... 

                      rop.cp_length, rop.cp_length / rc.mm_per_in, ... 

                      rop.cp_width, rop.cp_width / rc.mm_per_in, ... 
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                      rop.cp_area, rop.cp_area / rc.mm_per_in^2)); 

                   

        if rip.camber_angle == 0 && rip.slip_angle == 0 && rip.wheel_horz_d == 0 

            hold on; plot(ellipse_y, ellipse_x, 'b', 'linewidth', 2); 

            xl = xlim; 

            text(xl(1)*0.9, 0, ... 

                 sprintf(['Fitted ellipse(in blue)\n' ... 

                          'has length = %0.4g mm\n (%0.4g in) %0.4g%%,\n' ... 

                          'width = %0.4g mm\n (%0.4g in)  %0.4g%%,\n' ... 

                          'area = %0.4g mm^2\n (%0.4g in^2)  %0.4g%%'], ... 

                          ellipse_t.long_axis, ... 

                          ellipse_t.long_axis / rc.mm_per_in, ... 

                          100 * ellipse_t.long_axis / rop.cp_length, ... 

                          ellipse_t.short_axis, ... 

                          ellipse_t.short_axis / rc.mm_per_in, ... 

                          100 * ellipse_t.short_axis / rop.cp_width, ... 

                          ellipse_area, ellipse_area / rc.mm_per_in^2, ... 

                          100 * ellipse_area / rop.cp_area)); 

            hold off 

        end 

    end 

    % ********************************************************************* 

    % Wrap up all plots: hold off, set limits and view angle for 3D 

    % ********************************************************************* 

    if rip.plot_single_tire_config == 1 

        subplot(2,3,4); xl = xlim; plot(xl, [1 1]*(-rop.pneumatic_trail), 'k'); 

        text((xl(1) + xl(2))/2.5, -rop.pneumatic_trail+6, ... 

            sprintf('Pneumatic trail = %0.3g mm', rop.pneumatic_trail)); 

        beam_length = 2 * (rip.rim_diameter/2 + rip.tire_radius) * max(rip.slice_angles);  

        xint = linspace(0, beam_length/2, rip.num_slices); 

        xint = [-fliplr(xint) xint]; % this dupes center point to match rest 

        subplot(2,3,4); plot(rop.slice_horz_ds, xint, 'b.'); 

         

        % plot measured vs. modeled centerline displacement. matches: 

%         rip.wheel_vert_d = 2.866; % positive = rim sags towards ground 

%         rip.wheel_horz_d = 1.1; 

%         rip.slip_angle = 0.55*pi/180;      % angle contact patch center line angle 

%         rip.camber_angle = 0*pi/180;   % positive = rim tilts to right 

%         rip.relaxation_rate_out(2) = 0.991; % before touches ground 

%         rip.relaxation_rate_in(2) = 0.991; % just after touching ground 

%         rip.relaxation_rate_in(1) = 0.98; % just before leaving ground 

%         rip.relaxation_rate_out(1) = 0.995; % after leaving ground 

%         rip.relaxation_rate = 1; 

%         rip.friction_coefficient = 4;   % 1 for non-skid tape 

%         h = gcf; 

%         load('tire_centerline_lateral_displacement.mat') 

%         figure; plot(x-530, y, 'g.'); hold on; grid on 

%         plot(-xint, rop.slice_horz_ds, 'b.'); 

%         plot(-xint(rip.num_slices-unrelaxed_slice(1): ... 

%                    rip.num_slices+1+unrelaxed_slice(2)), ... 

%              rop.slice_horz_ds(rip.num_slices-unrelaxed_slice(1): ... 

%                    rip.num_slices+1+unrelaxed_slice(2)), 'r.'); 

%         legend('measured', 'modeled'); set(gcf, 'Position', [38 499 1879 602]); 

%         xlabel('distance along tire (mm)'); ylabel('lateral deflection (mm)') 

%         figure(h); 

         

        subplot(2,3,1); hold off; subplot(2,3,2); hold off; 

        subplot(2,3,4); hold off; yl = ylim; 

        subplot(2,3,5); hold off; ylim(yl); 

        subplot(2,3,[3 6]); hold off; 

        % view(90, 0); % perfect side view 

        view(-10, 15); % nice view into open end of section 

        xlim([min_x max_x]); ylim([min_y max_y]); zlim([min_z max_z]); 

        set(gcf, 'Position', [1 1 1920 1124], 'Color', 'white') 

    end 

    if rip.plot_single_tire_config == 1 && rip.plot_wheel_horz_d == 1 

        figure; set(gcf, 'name', 'Rotta'); 

        subplot(3,1,1); plot(xint, rop.slice_horz_ds, 'b.-'); 

        ylabel('Horizontal displacements'); xlabel('Beam location (mm)') 

        title(sprintf('Slices = %g, relaxation rate = %g', ... 
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              rip.num_slices, rip.relaxation_rate)) 

        subplot(3,1,2); plot(xint, rop.dS); ylabel('dS') 

        subplot(3,1,3); plot(xint, rop.dN); ylabel('dN') 

    end 

return 

  

% ************************************************************************* 

% ************************************************************************* 

% Find contact patch and tire shape for one cross-sectional slice 

% ************************************************************************* 

% ************************************************************************* 

function [status, rim, tire, cp, radii, angles] = ... 

          calculate_slice_contact_patch(rip, ... 

            slice_vert_d, slice_horz_d, cp_guess, delta) 

         

    rc = Rotta_constants; % define all necessary constants 

     

    slice_horz_d = slice_horz_d - delta; 

      

    % ********************************************************************* 

    % Specify local parameters 

    % ********************************************************************* 

    status = 1;  % assume success 

                                                                                           

    % ********************************************************************* 

    % Calculate additional wheel and tire dimensions for use below 

    % ********************************************************************* 

    rip.rim_angle = 2 * asin(rip.rim_width / (2 * rip.tire_radius)); % of  

    rip.rim_height = rip.tire_radius * (1 + cos(rip.rim_angle / 2)); % tire 

    tire_circumference = rip.tire_radius * (2 * pi - rip.rim_angle); % from 

                                                               % rim to rim 

    % ********************************************************************* 

    % define un-translated and un-rotated rim 

    % ********************************************************************* 

    rip.rim_widths = [-1 0 1] * rip.rim_width/2; 

    rip.rim_heights = [0 0 0] + (rip.rim_height - rip.tire_radius); 

  

    % ********************************************************************* 

    % Origin is at center of undeformed tire cross section. Per Rotta, 

    % x is horizontal, z is vertical, and y is normal to cross section 

    % so camber rotates about z-axis in 2D 

    % ********************************************************************* 

    R2z = [ cos(rip.camber_angle) sin(rip.camber_angle); 

           -sin(rip.camber_angle) cos(rip.camber_angle)]; 

    xy = R2z*[rip.rim_widths; rip.rim_heights]; 

    rip.rim_widths(1) = xy(1,1); 

    rip.rim_widths(2) = xy(1,3); 

    rip.rim_widths(3) = xy(1,2); 

    rip.rim_heights(1) = xy(2,1); 

    rip.rim_heights(2) = xy(2,3); 

    rip.rim_heights(3) = xy(2,2); 

    % note that mid-point gets moved to end so that side 2 is element 2 

  

    % ********************************************************************* 

    % pre-allocate, for speed 

    % ********************************************************************* 

    cp_edges = [0 0]; cp_mids = [0 0]; ctr_x = [0 0]; ctr_z = [0 0]; 

    s = [0 0]; r = [0 0]; a = [0 0]; 

     

    for side = 1:2 

        % ***************************************************************** 

        % calculate actual side bulge arc length, radius, and theta 

        % try using MATLAB®'s fzero() instead of a while loop 

        % Woo Hoo! takes only 25% of time required by while loop 

        % first, make sure initial guess is okay. Adjust as necessary 

        % ***************************************************************** 

        if slice_vert_d > 1 

            x0 = [cp_guess rip.rim_width*(-1)^side]; 

            while 1 

                for i = 1:2 
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                    cp_edge = x0(i); 

                    y0(i) = ((((rip.rim_widths(side) - cp_edge)^2 + ... 

                        (rip.rim_heights(side) + rip.tire_radius - slice_vert_d)^2) / ... 

                        (2 * (rip.rim_heights(side) + rip.tire_radius - slice_vert_d ))) 

* ... 

                        (pi - asin((rip.rim_widths(side) - cp_edge) * (-1)^(side) / ... 

                        (((rip.rim_widths(side) - cp_edge)^2 + ... 

                        (rip.rim_heights(side) + rip.tire_radius - slice_vert_d)^2) / ... 

                        (2 * (rip.rim_heights(side) + rip.tire_radius - slice_vert_d 

))))) - ... 

                        (tire_circumference/2 - ... 

                        cp_edge * (-1)^(side) + ... 

                        slice_horz_d * (-1)^(side))); 

                end 

                if sign(y0(1)) == sign(y0(2)) 

                    if rip.run_silent == 0 

                        disp('Shifting range of fzero()') 

                    end 

                    x0(1) = x0(1) + (x0(1) - x0(2))/2; 

                    x0(2) = x0(2) + (x0(2) - x0(1))/2; 

                else 

                    break; 

                end 

            end % while 1 

        else 

            x0 = cp_guess; 

        end 

        % ***************************************************************** 

        % Finally, calculate contact patch edge location 

        % Origin of coordinate system used is center of undeformed tire 

        % ***************************************************************** 

        cp_edges(side) = fzero(@(cp_edge) ... 

            ((((rip.rim_widths(side) - cp_edge)^2 + ... 

                (rip.rim_heights(side) + rip.tire_radius - slice_vert_d)^2) / ... 

                (2 * (rip.rim_heights(side) + rip.tire_radius - slice_vert_d ))) * ... 

                (pi - asin((rip.rim_widths(side) - cp_edge) * (-1)^(side) / ... 

                (((rip.rim_widths(side) - cp_edge)^2 + ... 

                (rip.rim_heights(side) + rip.tire_radius - slice_vert_d)^2) / ... 

                (2 * (rip.rim_heights(side) + rip.tire_radius - slice_vert_d ))))) - ... 

                (tire_circumference/2 - ... 

                cp_edge * (-1)^(side) + ... 

                slice_horz_d * (-1)^(side))), ... 

            x0); 

        % ***************************************************************** 

        % subtract slice_horz_d from rubber on side one, 

        % so side one is the left side. Camber angle already 

        % incorporated in rim location used in next step. 

        % ***************************************************************** 

        s(side) = tire_circumference/2 - ... 

                  cp_edges(side) * (-1)^(side) + ... 

                  slice_horz_d * (-1)^(side); 

  

        % ***************************************************************** 

        % calculate radius of side bulge via 

        % r^2 = x^2 + (z - r)^2 => r = (x^2 + z^2)/(2z) where 

        % x = rip.rim_width - cp_edge 

        % z = rip.rim_height + rip.tire_radius - slice_vert_d 

        % ***************************************************************** 

        r(side) = ((rip.rim_widths(side) - cp_edges(side))^2 + ... 

          (rip.rim_heights(side) + rip.tire_radius - slice_vert_d)^2) / ... 

          (2 * (rip.rim_heights(side) + rip.tire_radius - slice_vert_d )); 

  

        % ***************************************************************** 

        % calculate angle swept by radius of side bulge 

        % via theta = pi - asin(x/r) 

        % ***************************************************************** 

        a(side) = pi - ... 

              asin((rip.rim_widths(side) - cp_edges(side)) * (-1)^(side) / ... 

              r(side)); 
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        % ***************************************************************** 

        % See if we have exceeded the tire circumference yet 

        % ***************************************************************** 

        if abs(r(side)*a(side) - s(side)) > rc.circumference_tolerance % short? 

            disp('        Ran out of tire while calculating bulge arc length.') 

            keyboard; 

            status = 0; % not okay 

        end 

         

        % ***************************************************************** 

        % Define tire bulge for this side: 

        %   First, point at center of curve, straight up from cp edges 

        % ***************************************************************** 

        ctr_x(side) = cp_edges(side); 

        ctr_z(side) = r(side) - rip.tire_radius + slice_vert_d; 

  

        % ***************************************************************** 

        %   Then, define tire arcs about that center point 

        % ***************************************************************** 

        t = linspace(0, a(side), rc.tire_fineness/2 + 1) - pi/2;  

        x = ctr_x(side) + r(side) * cos(t)*(-1)^side; 

        z = ctr_z(side) + r(side) * sin(t); 

  

        % ***************************************************************** 

        %   Assemble both sides into single long array for drawing 

        % ***************************************************************** 

        if side == 1 

            tire = [fliplr(x); fliplr(z)]; % flip so pnts end up in order 

        else 

            tire = [tire(1,:) NaN x; 

                    tire(2,:) NaN z]; 

        end 

         

        % ***************************************************************** 

        % Calcualte where bottom-dead-center ended up 

        % add to edge of contact patch location the difference between  

        % radius*angle of side bulge and original length of side to bdc 

        % ***************************************************************** 

        cp_mids(side) = x(1) + (r(side)*a(side) - rip.tire_radius * ... 

          (pi - 0.5*rip.rim_angle - rip.camber_angle*(-1)^side))*(-1)^side; 

               

    end % for side = 1:2 

     

    % ********************************************************************* 

    % Format results as expected by calling function 

    % ********************************************************************* 

    rim = [rip.rim_widths(1:2); rip.rim_heights(1:2)]; 

    cp = [[cp_edges(1) cp_mids(1) cp_mids(2) cp_edges(2)]; ... 

          [1 1 1 1]*(-rip.tire_radius + slice_vert_d)]; 

    radii = r; 

    angles = a; 

     

%     % ********************************************************************* 

%     % Check results 

%     % ********************************************************************* 

%     carcass_width = 0; 

%     i = 2; 

%     while i < length(tire) 

%         if ~isnan(tire(1,i)) 

%             carcass_width = carcass_width + ... 

%                 sqrt((tire(1, i) - tire(1, i-1))^2 + ... 

%                      (tire(2, i) - tire(2, i-1))^2); 

%                  i = i + 1; 

%         else % jump over, but measure, contact patch 

%             carcass_width = carcass_width + ... 

%                 sqrt((tire(1, i+1) - tire(1, i-1))^2 + ... 

%                      (tire(2, i+1) - tire(2, i-1))^2); 

%                  i = i + 2; 

%         end 

%     end 
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%     carcass_width_target = r(1)*a(1)+r(2)*a(2) + cp(1,4) - cp(1,1); 

%     if abs(carcass_width_target - tire_circumference) > 0.5 || ... 

%        abs(carcass_width - tire_circumference) > 0.5 

%         str = sprintf(['Uh oh. Tire carcass width came out wrong:\n' ... 

%                        '  carcass width = %0.4g mm,\n' ... 

%                        '  tire circumference = %0.4g mm\n' ... 

%                        '  for a difference = %0.4g mm (%0.4g%%)'], ... 

%                         carcass_width, tire_circumference, ... 

%                         (carcass_width - tire_circumference), ... 

%                         100*(carcass_width - tire_circumference) / ... 

%                         tire_circumference); 

%         if rip.run_silent == 0 

%             disp(str) 

%         end 

%     end 

return 

% ************************************************************************* 

% ************************************************************************* 

% define some constants for conversion, initialization, etc. 

% ************************************************************************* 

% ************************************************************************* 

function [h] = Rotta_constants 

  

% ************************************************************************* 

% Unit conversions 

% ************************************************************************* 

h.MPa_per_psi = 0.00689475728; % Netwons/mm^2 = MPa 

h.MPa_per_bar = 0.1;           % Netwons/mm^2 = MPa 

h.bar_per_psi = 0.0689475728;  % 1 bar = 0.1 newton/square millimeter 

h.N_per_lb = 4.4482216;        % Newtons per pound 

h.N_per_kg = 9.81;             % Newtons per kilogram 

h.mm_per_in = 25.4;            % millimeters per inch 

h.g = 9.81;                    % acceleration of gravity 

  

% ************************************************************************* 

% Program constants 

% ************************************************************************* 

h.circumference_tolerance = 0.01;% total tire circumference tolerance 

h.tire_fineness = 1000;           % number of points used to define tire 

h.percent_force_tolerance = 0.1; % 

h.min_lat_disp = 0.1;           % when to quit relaxing lateral dispacemnt 

return 

 



   

 

APPENDIX D  

 

ADDITIONAL TEST DEVICE DESIGNS 

Figure 8-1: Alternate test device design for TU Delft drum 

An early design for a test device to mount above the TU Delft 2.5 meter drum was based 

on a system of links. It was eventually rejected for being likely too complicated for the 

budget and manufacturing techniques available. 
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