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signs from the standpoint of kinematics, that is, the ability to follow a natural gait pattern.
Based on a gait database of 113 healthy individuals, we synthesized mechanisms allowing
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Physical therapy tory error was significantly lower in the eight-bar mechanism (3.76 + 0.18 cm, mean + SD)

than the four- (6.84 + 0.37 cm) and six-bar (7.15 + 0.48 cm) configurations (p < 0.0001).
However, we did not observe differences in time-independent path error between config-
urations or in mechanical advantage (p > 0.05). We conclude that the optimized eight-bar
configuration is best when the mechanism is tied to a constant velocity actuator, whereas
the optimized four-bar mechanism performs as well if the actuator is well-controlled.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Gait impairments, including reduced gait speed and stride length, abnormal gait kinematics and kinetics, and asymmetry
step length, are common among those with neurological insults such as stroke or spinal cord injury [1,2]. These issues arise
due to weakness [3], spasticity [4], and discoordination [5,6] among other impairments. It is critical to have as much training
as possible within the first months following injury [1,7], yet patients often transfer to lower-intensity outpatient therapy
programs within weeks due to healthcare coverage restrictions [8]. Robot-assisted gait training has been proposed as a
potential solution to increase patient throughput with intensive, repetitive, and task-oriented motor activities [9,10]. These
trainers, such as the Lokomat (commercially available from Hocoma AG, Volketswil, Switzerland) [11], are often composed of
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four actuators (or more) to actively control knee, hip (and pelvic) motion during walking [12]. However, the high capital cost
of these trainers makes them inaccessible to the vast majority of in/outpatient clinics. While robotic gait training exhibits
similar or better clinical benefits compared to conventional therapy [13,14], the high capital cost could negate the ostensible
financial labor-saving benefit of robotic training.

Cost reduction could be achieved through clever design features. Since most commercialized robotic trainers use a single
fixed trajectory focused on sagittal plane gait motion, a multiple degrees-of-freedom (DOFs) robotic gait trainer may not be
necessary. Therefore, simpler designs with 1 DOF linkage mechanisms have been introduced. The Gait Trainer (GT I) is an
early example of robotic locomotor training using a single motor [15,16], now in its commercialized iteration (GT II). Based
on a double crank and rocker gear system, the GT I/GT II is an elliptical trainer that drives end effector (foot) position, with
some evidence of clinical success in stroke survivors [17]. Yet the elliptical designs do not produce accurate gait trajectories
nor provide cutaneous stimulation of ground contact experienced during walking, potentially critical components to gait
recovery [18].

In addition to ground contact, our main goals for a 1 DOF gait trainer were accurate reproduction of a human-like
gait pattern and the ability to adapt to individuals. Advanced mechanism synthesis methodology can be used to achieve
these goals. Approximate synthesis using numerical methods has been applied to a linkage mechanism design based on
actual human gait data. Ji et al. optimized a four-bar with normative ankle trajectory by solving a nonlinear least-square
problem [19], and Kora et al. optimized it by a trust region-reflective algorithm [20]. Tsuge et al. applied a hopotomy di-
rected optimization for a Stephenson III six-bar and a ten-bar synthesis based on a single subject’s ankle trajectory [21-23].
Shao et al. employed a genetic algorithm to design a cam-linkage mechanism based on Stephenson III six-bar with ankle
trajectory from normative gait data [24]. Our own group recently introduced an eight-bar design based on a gait database
of 113 healthy individuals [25]. The optimization problem for linkage synthesis was solved by the interior point method.
We found that with a crank at a constant speed, an eight-bar design was capable of accurately facilitating gait motion over
a wide range of human gait patterns with an offline adjustment of only two link lengths. Subsequent work by other re-
searchers has further investigated this design with a single participant’s ankle trajectory by a model-independent method
based on the optimal trajectory tracking control of a shadow robot [26,27]. However, a follow-up question has not been
addressed: are simpler designs such as four- or six-bar mechanisms capable of exhibiting comparable performance? Sim-
pler designs might be preferable because of the potential for further cost-savings and ease of operation and maintenance.
A preliminary analysis in our previous work suggested that an eight-bar design has greater trajectory accuracy than a four-
bar design operating at constant crank velocity [25]. However, this initial analysis did not address differences in gait speed,
height, or a device capable of changing the crank velocity. A controlled crank velocity would be more amenable to situations
of variable-speed overground training, whereas a constant velocity would be more appropriate for typical constant-speed
treadmill training scenarios.

The objective of this study was to investigate three different 1 DOF linkage mechanisms that have been previously pro-
posed in gait trainers: a four-bar [20], a Stephenson III six-bar [22], and an eight-bar mechanism [25]. The primary ques-
tion of this study was to compare the kinematic accuracy of these mechanisms and determine their relative benefits. We
based our analysis on a gait dataset of 113 healthy human individuals [28] and used regression models to synthesize pre-
dicted changes in gait with height and speed [29]. We extracted the end effector (i.e., ankle position) error, both the time-
dependent trajectory error and the time-independent path error, corresponding to constant input velocity and variable input
velocity operation, respectively. We employed cross-validation to eliminate data bias and systematically investigated kine-
matic accuracy variation affected by varying height and gait speed. In addition to end effector kinematics, we computed
the mechanical advantage of the mechanism to identify the efficiency in force transfer of each design. This work presents a
novel basis for objective comparison and insight into 1 DOF gait trainer designs. These insights will help prescribe the most
appropriate mechanism for economical and accessible robotic gait training aimed at moderately to severely neurologically
impaired individuals.

2. Dimensional synthesis

This study focuses on three different mechanisms: four-, six-, and eight-bar configurations offered in previous work
[20,22,25]. The canonical topologies of these designs are illustrated in Fig. 1. The linkage design for the 1 DOF gait trainer
should have the capability of gait pattern reproduction, and it should be easily customizable to individuals. The following
section details the dimensional synthesis to human gait data to obtain a best-fit customizable linkage configuration.

2.1. Prescribed Canonical Gait Patterns

Dimensional synthesis is an inverse problem that obtains the linkage dimensions required to achieve a prescribed out-
put motion. To establish generality, we used multiple prescribed output motions (gait trajectories) representing the large
variability of human gait [30]. Each gait trajectory was reflected as the time-dependent motion of the lateral malleolus. We
reconstructed a total of nine canonical prescribed human gait trajectories from a database of 113 healthy individuals (50
male [ 63 female, age 44.27 + 14.93, height 164.82 + 8.32 cm) walking at 3.0 km/h on a treadmill [28]. The nine prescribed
gait trajectories consisted of the grand mean (meta), largest, smallest, as well as six intermediate motions linearly interpo-
lated from the former three (Fig. 2) by the profile blending method [31] to more thoroughly span the manifold. The largest
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4-Bar 6-Bar (Stephenson lll) 8-Bar (Jansen)

Fig. 1. Linkage mechanism structural representation: four-bar, six-bar (Stephenson III), and eight-bar (Jansen) mechanisms. The designated end effector for

gait pattern generation is denoted by E.
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Fig. 2. A total of nine reproduced reference natural human gait motions of the ankle joint (e.g., lateral malleolus) from the gait kinematic database. The
mean of all subjects’ gait motions is called the meta-trajectory (solid line). The largest and smallest gait trajectory (dashed lines) and interpolated gait
trajectories (dotted lines) are in the Cartesian frame.

and smallest trajectories were an average of selected groups of 10 individuals with the largest and smallest step lengths
(upper and lower quantile of the database, respectively). We extracted the ankle trajectory relative to the hip in the sagit-
tal plane divided into the single gait cycles based on heel strike events. All single gait cycle trajectories were normalized
into 100-time frames. The reference gait trajectory, T, is defined by {X, ; € R?2: Vie{1,---,N}} where Xpefi IS @ position
vector of human ankle for the i-th time instance and N is the total number of time frames.

2.2. Optimization

The goal of optimization was to find the optimal linkage parameters that minimize the kinematic error with respect
to human reference gait motion. Here, we established a multi-objective function towards minimizing spatial and temporal
motion differences between a machine and a human. Then, we introduced an iterative optimization scheme to determine
the optimal adjustable link selection for customizing the device’s trajectory to a wide range of gait patterns.

2.2.1. Objective Functions
The first objective function was mainly based on a prescribed reference gait trajectory, T s, determined in Section 2.1 and

a trajectory of the mechanism end effector, T;. The mechanism’s output trajectory is defined as {xg; e R?: Xp ;=
fOci, Z), Yie{l,--- ,N}and 0, ; = 2% (1-1) € [0, 27]}, where x; is a position vector of the end effector computed by
a well-known analytical kinematic approach, the vector loop method [32]. The analytical kinematics is simplified as the
function of the input crank angle, 6., and a vector of linkage parameters, Z = [l1, I, ---,lq, &, @1,---, @] where [ is a link
length, « is an angle of a ternary link if existing, ¢ is an angle of a ground link, for the mechanisms shown in Fig. 1. Here,
6. was equally distributed for one revolution by N samples, representing constant crank velocity. The objective function, J;,
is the root mean square (RMS) error between T, and Tg, formulated as

N
7@ = |53 [Regi —xes2) | s
i=1

The objective function is based on a prescribed human-like trajectory [20,25]. However, a geometrical shape in a motion
could not be ideally matched by such a structural error function since it limits the search space [33]. In order to expand
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Fig. 3. The contour error, c,, which is the shortest orthogonal distance between the desired human reference and the generated machine trajectory.

a search space and match a shape in a motion simultaneously, contour error between trajectories was used as the second
objective. As shown in Fig. 3, the contour error, ce, is the shortest orthogonal distance between the desired human reference
and the generated machine trajectory. The contour error provides a better shape indicator than the structural error due
to its flexibility in timing. We deployed the local circular approximation [34] to estimate the contour error. The objective
function, J,, represents an overall contour error between trajectories formulated as

L(2) = (2)

We solved this two-objective problem by the e-constraint method [35], which is applicable for the non-convex nonlinear
problem. In the e-constraint method, we minimize the objective function J, using J; as constraints, incorporating them in
the constraint part of the model as shown below.

minimize J,(Z)
st. (Z) =&
h(Z) <) (Z)
h+h-L5-14<0
FCrax(Tref) = FCrax(Tr)
Zig<Z<Zyp (3)

The e-constraint method can obtain different optima in the Pareto front by a systematic variation of the constraint bound,
&1 [36]. The e-constraint method needs attention in the selection of the bound since it should lie in the feasible objective
space to acquire the proper solutions. Because we empirically identified the feasible objective space of J;, we set &; as
15 c¢m, which is between the minimum and maximum cost of J; across all mechanisms. This allows us to guarantee for
a non-dominant solution weighted more on shape within our model. Additionally, since we know the cost of J, is always
larger than J;, we limited the search space satisfying J; < J, for the efficiency in search. In order to guarantee the input crank
rotates continuously, we set another inequality constraint using Grashof's condition [32] for the four-bar linkage loops in
which the input crank is involved inside each mechanism (l1l;1314 loop of the four- and the six-bar; l;I15l4 and [;1;Igl4 loops
of the eight-bar in Fig. 5). We also constrained a solution to have the same maximum foot clearance between trajectories.
FCnax denotes the function of maximum foot clearance computing the difference between the maximum and minimum y-
axis values of position vectors in a trajectory. This allows the solution to avoid an abnormal shape (e.g. flattened). Lastly, Z;
and Zyp are lower and upper bounds of a linkage parameter vector, respectively. Lower bounds for link length parameters
were zero, which means searching only positive values, and there were no upper bounds. For angular parameters, there were
no upper or lower bounds. Variable and fixed linkage configurations were differently organized depending on the purpose
of optimization described in the following sections.

2.3. Customizing The Trajectory With Limited Adjustments

The individual link lengths of the mechanisms can be adjusted to fit a wide array of gait trajectories. However, it is time-
consuming and impractical to adjust every link of a given mechanism, especially in a clinical setting. Based on our earlier
research and input from our clinical partners, we determined an offline adjustment of two links as a practical limit for
clinical use [25]. Thus, to be consistent across mechanisms, we limited our synthesis to have only two link adjustments of
any link except for the input crank length. The following procedure describes an iterative optimization scheme to determine
the optimal two adjustable link combination.

The iterative optimization procedure was initiated from three different initial linkage parameter vectors attempting to
scan the global minima. We performed pre-optimization to specify three initials by the following steps:

1) Specify the base initial linkage parameter vector, Zyu. = [l1, L, -+, 1o, @, @7, ¥p]

4
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Fig. 4. Flowchart for an iterative optimization procedure to determine the optimal linkage configuration, including two-adjustable link combinations.

2) Optimize Z;,, for the meta-trajectory and two extrema trajectories (Fig. 2), respectively, by varying all parameters.
3) Return the solutions as a set of initials {Z;, Z,, Z3}.

For Z;,. in Step 1, we deployed the dimensions reported by the representative papers of each mechanism [20,22,25].
Based on three initials acquired in Step 3, we iteratively optimized the mechanism for a set of nine canonical trajectories
(Fig. 2) and scrutinized the best two-adjustable links combination as shown Fig. 4.

Fig. 5 and Table S1 represent an optimized linkage configuration and parameters through the iterative optimization pro-
cedure. The blue labeled links are the adjustable links to produce an individual-specific gait trajectory. In practice, the one-
time optimization using the same objective function in Section 2.2.1 must be performed to compute the lengths of the
adjustable links for the new individual trajectory while maintaining the other link parameters fixed. The new individual
trajectory will be the predictive target gait trajectory. This can be acquired by the regression model [29] or stochastic pre-
diction algorithm [28] based on patients’ anthropometric and experimental data. The whole process was implemented in
MATLAB R2019b (Mathworks Inc., Natick, MA) by using the fmincon function. We employed a sequential quadratic program-
ming (SQP) method [37] as a nonlinear problem solver.

3. Evaluation

The primary aim of this study was to evaluate the output kinematics of a synthesized mechanism based on human gait
motion and determine the optimal design among selected 1 DOF mechanisms. We conducted two evaluation processes.
First, we compared mechanisms based on walking data of 113 healthy human individuals [28], followed by cross-validation
to correct for biasing (Section 2.1). Second, we compared the effects of height and gait speed on kinematic accuracy between
mechanisms via a set of 100 simulated gait trajectories.
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Fig. 5. Optimized linkage configuration and optimization parameters. Blue colored links are adjustable links required to be changed offline to create
individualized gait patterns. Other link parameters are fixed after synthesis.

3.1. Outcome Measures

The primary focus of this study was the kinematic accuracy of the end effector compared to the measured human ankle
position during treadmill walking. We examined the kinematic accuracy both as a function of time (trajectory error via
constant crank velocity) and independent of time (path error). We used the costs of each objective function (J; and J,
in Section 2.2.1) as these outcome measures. J; represents the trajectory error which is the RMS distance between the
end effector and ankle positions at given time points. J,, the RMS contour error, indicates the path error which is a time-
independent geometric shape difference. Simultaneously, we extracted the respective peak errors.

While we expected to see differences in kinematic error between configurations, we additionally wanted insight into
the effort required to traverse these paths. Thus, we computed a mechanical advantage, My, of each mechanism. M, is an
applied force ratio between input and output, known as the force amplification. Given the conservation of energy, the ideal
mechanical advantage can be rewritten by the relationship of the linear velocity as follows,

_ Fur  Tout Tin _ @in Tin _ Vin

My = 5 = = ,
F Tout Tin Wout  Tout Vout

(4)

where F is force, T is torque, r is the moment arm, w is the angular velocity of a rigid body, and v is the linear velocity. In
this study, we specified the input velocity, v;,, as the linear velocity at the distal joint of input crank from the ground. To
compute v;,, we used the constant 27 rad/s for w;, to match the given walking speed, and employed the optimized input
crank length (I; in Fig. 5) for r;,. The linear velocity, which is tangential to the trajectory of the end effector (E in Fig. 5), was
set as the output velocity, voy. This can be calculated by the numerical derivative of the end effector trajectory. We then
extracted a portion of force amplification (M4 > 1) during one gait cycle as a secondary outcome measure to determine the
efficiency in terms of force transfer.

3.2. Cross-Validation

The canonical prescribed gait patterns in Section 2.1 could be biased if based on a small sample. In order to conduct
an unbiased and generalized comparison, we employed cross-validation [38,39] over the entire gait database. Under cross-
validation, the available data are divided into k disjoint sets, called a fold. The k models are then trained, each on a different
combination of k - 1 partitions, and tested on the remaining partition. The k-fold cross-validation estimate is the mean for
each of the k models over the corresponding test partitions of the data. In this study, we used 10-fold cross-validation. We
equally but randomly distributed the gait trajectories into folds from our database of 113 individuals at the stage of creat-
ing prescribed human trajectories in Section 2.1. After data distribution, each fold contained ten individual gait trajectories;
therefore, the training set had 90 individuals’ (k - 1 folds of total) and the test set had ten individuals’ gait trajectories. As
a result, every iteration in the cross-validation returned different sets of nine canonical trajectories and resulted in ten dif-
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Fig. 6. Evaluation flowchart for 10-fold cross-validation. Data distribution was conducted at the stage of reference trajectory generation. Cross-validation
error is an average of all 10 folds of error.

ferent optimal configurations by the proposed dimensional synthesis. Then, we cross-validated results for the corresponding
testing data. The flowchart of our 10-fold cross-validation procedure is represented in Fig. 6.

3.3. Effects Of Height And Gait Speed On Kinematic Accuracy

We evaluated the ability to match across a range of gait trajectories with varying heights and walking speeds. We
generated an independent set of 100 gait trajectories based on previously determined algorithms of how gait trajectories
change with height and speed [29]. This algorithm provided time-normalized joint trajectories (hip flexion/extension, ab-
duction/adduction, knee flexion/extension, and ankle dorsiflexion/plantar flexion) with the input of arbitrary walking speed
and an individual’s height. We set our target range of the walking speed between 0.5 and 5 km/h with 0.5 intervals, and
the height ranging from 152 to 188 cm with 4 cm intervals. We then extracted the joint trajectories of 10 discrete walking
speeds for each of 10 discrete heights. The ankle trajectories in the sagittal plane were calculated by imposing the joint

7
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Fig. 7. Average trajectory of all tested individuals by the cross-validation (dashed black) compared to four-bar (red), six-bar (green) and eight-bar (blue)
configurations in anterior-posterior (X) and superior-inferior (Y) directions. The shaded area represents the standard deviation.

Table 1
Cross-validation errors: Mean and standard deviation of trajectory and path errors (RMS and peak error) for each mechanism configu-
ration across cross-validation folds.

4 bar 6 bar 8 bar
Trajectory Error (J;) RMS (cm) 6.84 +0.37 7.15+0.48 3.76 £ 0.18
Peak (cm) 11.42 £0.51 11.70 £0.71 7.80+0.33
Path Error (J,) RMS (cm) 0.65+0.12 0.67 £0.17 0.63 £0.09
Peak (cm) 1.27+0.18 1.28 £0.26 1.41+0.17

trajectories to the lower body kinematic model developed with lower limb lengths estimated by height [40]. As a linkage
configuration to be tested, we employed the linkage solution from the 10-fold cross-validation (Section 3.2) that had shown
the minimum error and variance for both trajectory and path errors among k folds. The selected linkage configuration, in-
cluding two adjustable links, was optimized for the aforementioned 100 gait trajectories by optimizing only two adjustable
links.

3.4. Statistics

We used a linear mixed model [41] for the statistical comparison of cross-validation errors across the mechanisms. The
dependent variable was the trajectory or path error, with a fixed variable of the type of mechanism and a random effect of
fold coefficients. Tukey post hoc t-tests were used to compare pairwise conditions.

4. Results
4.1. Effect Of Configuration On Kinematic Accuracy Based On Gait Database

The generalized kinematic accuracy across 113 individuals and the relative performance between mechanisms were de-
termined based on the cross-validation in Section 3.2. The differences in how the trajectory error between mechanisms
changes over the gait cycle can be illustrated with the timecourse of the ankle position. Fig. 7 is based on an average of
all tested individuals’ ankle trajectories in the anterior-posterior (X) and superior-inferior (Y) directions (dashed black). The
eight-bar trajectory in both directions (blue) matches very closely with the reference trajectory. However, the four-bar (red)
and six-bar (green) show less agreement with the reference trajectory and more agreement with each other.

These effects carried into the larger comparison across all individuals. We found a significant difference in trajectory RMS
error between mechanisms (F(2, 288) = 354.07, p < 0.0001). At the pairwise level, we observed a significant decrease in
trajectory RMS error of the eight-bar compared to the four-bar (mean difference = 3.07 cm, t(288) = 21.87, p < 0.0001) and
six-bar (mean difference = 3.38 cm, t(288) = 24.07, p < 0.0001). There was no statistically significant difference in trajectory
RMS error of the four-bar compared to the six-bar configuration (mean difference = -0.31 cm, t(288) = -2.20, p = 0.09). We
found the same relations with peak trajectory error (F(2, 288) = 183.48, p < 0.0001). The peak trajectory error in the eight-
bar configuration was significantly less than in the four-bar (mean difference = 3.61 cm, t(288) = 15.91, p < 0.0001) and in
the six-bar (mean difference = 3.90 cm, t(288) = 17.20, p < 0.0001) configurations. We did not observe significant difference
in the peak trajectory error of the four-bar configuration compared to the six-bar configuration (mean difference = -0.29 cm,
t(288) = -1.29, p = 0.60). Results are summarized in Table 1. As a basis for comparison, we extracted the within-subject
variance of the ankle trajectory from our gait data at 5.02 cm. This is substantially more than the eight-bar trajectory error
(3.76 cm), but less than the four- and six-bar trajectory error (6.84 and 7.15 cm, respectively).

We did not observe differences in path error among mechanism configurations. We compared path RMS error (F(2,
288) = 0.58, p = 0.56) as well as path peak error (F(2, 288) = 1.29, p = 0.28). All results are presented in Table 1. The
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Fig. 8. The heat map (a) and the surface plot (b) for the trajectory (left) and the path (right) RMS error across gait patterns varied by height and walking
speed.

Table 2
Mean and standard deviation of trajectory and path errors (RMS and peak error) for each mechanism configu-

ration across varying heights and speeds.

4 bar 6 bar 8 bar
Trajectory Error RMS (cm) 8.31+£0.79 9.38+1.97 4.84+0.99
Jr) Peak (cm) 14.28 +1.57 16.68 +4.87 10.30 +2.02
Path Error (J,) RMS (cm) 0.74+0.33 1.024+0.43 0.71+£0.26
Peak (cm) 1.51+£0.58 2.22+1.04 1.33+0.62

within-subject variance of the ankle path was 3.83 cm, far above the path errors of the mechanism configurations of 0.63 ~
0.67 cm.

4.2. Effects Of Heights And Gait Speed On Kinematic Accuracy

The effect of height and gait speed on kinematic accuracy provides additional insight. A comparison of trajectory and
path RMS error are presented as heat maps and 3D surface plots in Figs. 8a and b, respectively. Peak errors are illustrated
in Fig S1. A summary of the results is shown in Table 2. Across all gait patterns, the eight-bar mechanism had the lowest
average trajectory RMS error (4.84 cm), with higher average trajectory error in the six-bar (9.38 cm) and four-bar (8.31 cm)
mechanisms. We observed the same relations for peak trajectory error, albeit with higher magnitudes (Table 2). The eight-
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Fig. 9. Paths of three representative cases (dashed black) compared to four-bar (red), six-bar (green) and eight-bar (blue) configurations in sagittal plane
(X-Y): (a) the smallest case (0.5 km/h gait speed, 152 cm height), (b) the median case (2.5 km/h gait speed, 168 cm height), and (c) the largest case
(5.0 km/h gait speed, 188 cm height).

bar mechanism exhibited similar variance to the four-bar mechanism (0.99 and 0.79 cm, respectively) throughout the space,
both lower than the six-bar mechanism (1.97 cm). The trajectory RMS and peak error of the four-bar mechanism performed
best at small heights and low gait speeds and worst at large heights and high gait speeds (Fig. 8a, left top). We observed
the same relations with the six-bar mechanism but with greater variance (Fig. 8a, left middle). The eight-bar mechanism
exhibited its best trajectory RMS error performance at small heights and high gait speeds, and its worst performance at
large height and low gait speeds (Fig. 8a, left bottom).

Compared to trajectory error, there was a prominent decrease in path error across all mechanisms. All mechanisms sim-
ilarly exhibited path errors below a centimeter. Specifically, the four-bar and the eight-bar mechanisms exhibited similar
path RMS error and variance (0.74 + 0.33 cm and 0.71 £ 0.26 cm, respectively), both lower than the six-bar mechanism
(1.02 £+ 0.43 cm, Table 2). Peak path errors mirrored these relations (Table 2). The performance of the mechanisms can be
directly compared in the overlaid 3D surface plots in Fig. 8b.

Although all mechanisms showed an accurate path RMS error, there were notable outliers at extrema gait speeds. Fig. 9
illustrates synthesized paths in the sagittal plane (X-Y) from three representative cases based on gait motion size. The eight-
bar path (blue) matched very closely with the reference path at the lowest gait speed of 0.5 km/h and the smallest body
height of 152 cm (Fig. 9a). However, the four-bar (red) and six-bar (green) show less agreement with the reference path
and more agreement with each other. Such an abnormal path in the four-bar and the six-bar mechanisms was observed
only at the lowest gait speed of 0.5 km/h but reduced as height increased above 160 cm. At the highest gait speed of
5.0 km/h and the largest body height of 188 cm (Fig. 9c), we observed a relatively larger distortion of the path in the six-
bar mechanism than in the four-bar and the eight-bar mechanisms. We often observed the same unnatural paths at higher
gait speeds (>3.0 km/h) and larger heights (>172 cm) accompanying larger trajectory errors. On the other hand, the four-bar
and the eight-bar configuration mostly showed a well-matched path with the reference having about the same step length
and foot clearance at higher gait speed. However, both mechanisms exhibited larger path deviations during the swing phase
compared to the synthesized path at the median range of gait speed.
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Fig. 10. a) Time course of mechanical advantage for three mechanism configurations. Peak mechanical advantage occurs at heel strike in all cases. b)
Heat map for the portion of force amplification where My > 1 across gait patterns varied by height and walking speed. The shaded area in an example
mechanical advantage plot indicates where the input force is amplified. Maximum mechanical advantage occurs at heel strike event.

4.3. Force Amplification

We did not observe a substantial difference between mechanism configurations in force amplification. Fig. 10a shows the
time course of mechanical advantage for the case at 2.5 km/h gait speed and 172 cm height. In this case, approximately
25% of the gait cycle in each case resulted in a mechanical advantage above 1. Across varying speeds and heights, greater
mechanical advantage (percentage of gait cycle with My>1) overall was observed at small heights and low gait speeds
(Fig. 10b). This contrasted with less mechanical advantage at large heights and high gait speeds. The smallest portions of
the gait cycle showing force amplifications across configurations were 15% of the gait cycle in the four-bar, 21% in the six-
bar, and 14% in the eight-bar configurations. Across all gait patterns, the peak mechanical advantage was typically observed
at the heel strike event (Fig. 10a).

5. Discussion

In this work, we investigated the performance of three candidate mechanisms, four-, six- and eight-bar configurations,
previously presented as solutions for electromechanical gait training [20,22,25]. We evaluated these mechanisms in terms
of their kinematic accuracy in comparison to a large dataset of healthy individuals’ gait trajectories using an optimization
algorithm that adjusted two link lengths. We additionally reported kinematic error propagation of these mechanisms across
different gait patterns based on varying height and walking speed. In the condition of a constant crank velocity, we observed
that the eight-bar mechanism had less kinematic error than the four- and six-bar configurations between individuals or
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across heights and gait speeds. However, the time-independent path error between configurations was nearly identical.
This work represents the first systematic comparison of single degree-of-freedom robotic gait trainer designs. These data
provide a nuanced picture of which conditions are ideal for different mechanism configurations, resulting in a more effective
situational design of mechanized gait trainers. These simplified gait trainers may be ideal as a more financially accessible
electromechanical gait training option for clinics and at home.

The primary finding is that at constant crank velocity, the eight-bar mechanism has the lowest kinematic error of the
three designs. Situations where constant crank velocity may be preferred include treadmill walking, especially if the machine
itself is driven by the treadmill motor, similar to earlier versions of the LokoHelp [42]. Anchoring the input of the trainer
to the treadmill negates the need for control, potentially reduces cost, and improves stability. The eight-bar was also the
only configuration with an error under the within-subject gait trajectory variance, suggesting the clinical significance of
the performance. The reduction in error relative to other mechanisms was invariant to different gait patterns derived from
simulated changes in height and walking speed. The primacy of the eight-bar mechanism was expected since it has the
greatest number of links, and thus has the greatest optimization flexibility for a desired gait pattern. This finding agrees
with and extends our previous limited analysis comparing the eight-bar to a four-bar mechanism [25].

However, for cases where the mechanism is driven by its own motor independently, for example, in an overground
walking configuration [20,43], our results are not as clear. Based on the time-independent path error, we found the roughly
equivalent performance of all three mechanism configurations. The errors were roughly equally low both compared to a
large human gait dataset and gait patterns with simulated changes in height and gait speed. We expected to find that
the eight-bar mechanism would perform better than the other two mechanisms. Instead, we observed that the kinematic
tracking error of these mechanisms is governed by temporal instead of spatial considerations. We conclude that a greater
number of links alone does not guarantee improved spatiotemporal behavior. Thus, based solely on kinematic error, given a
well-controlled crank velocity, the four-bar mechanism [19,20] is likely the best solution of the three configurations due to
its simplicity.

One of the innovations of this work is that we compared the three mechanism configuration kinematics to a large human
gait database [28] and simulated gait patterns with various heights and walking speeds [29] for a more comprehensive
benchmark. Anthropometric parameters and walking speed modulate gait patterns [30,44]. However, this large variance of
gait patterns across individuals and walking speeds has been disregarded in most gait trainer design studies using 1 DOF
planar linkage mechanisms. Commonly a single gait trajectory from one subject or a normative gait trajectory was tested
for proof-of-concept of mechanism synthesis [19-24]. This tremendously limits generalizability due to data bias and lack
of information on other factors. The comparative examination in this study, utilizing low-bias cross-validation, provides a
trustworthy, data-independent result. Also, extended analysis using simulated gait patterns provides insight regarding the
effect of height and gait speed on kinematic accuracy.

The guiding philosophy behind the 1 DOF gait trainer is that inducing proprioceptive input as close as possible to nat-
ural gait will be most beneficial for recovery, and there is some evidence to support this hypothesis [45,46]. Thus, training
a natural gait motion along with inducing ground contact are crucial elements of the design. This study assumes that accu-
rately assisting an ankle position in the sagittal plane could guarantee a natural proprioceptive input. However, it should be
noted that a proper proprioceptive input would be further facilitated by controlling ankle orientation. The Lokomat and the
gait trainers described here, with the exception of an additional cam design for the six-bar mechanism [22], ignore ankle
orientation. It is assumed that dorsiflexion is provided by elastic supports or through an ankle-foot orthosis. Future work
should address whether the increased complexity of a controlled orientation of the ankle is justified.

This work is limited in its conclusions because it only compares three candidate mechanism configurations. There exist
other possibilities, such as inversions of six-bar [43,47] and eight-bar [48,49] or more complex (e.g., ten-bar [23]) mecha-
nisms that could have been considered for gait trainers, orthoses, and walking robots. It is possible that other six-bar and
eight-bar configurations may perform more effectively compared to the examined Stephenson III six-bar and Jansen mecha-
nism. We limited our scope to only Stephenson Il and Jansen because they have been offered recently as candidate robotic
gait trainers [22,25-27]. We also did not examine designs with sliders or cams [22,24,50]. We avoided these design elements
because they are not easily adjusted to fit an individual’s gait trajectory. While we introduced the two-objective optimization
for a comprehensive benchmark, researchers can differently configure the objective function based on J; and J, to obtain the
linkage design appropriate for their specific operating scenario. Thus, while different solutions may be obtained by reduc-
ing cost functions to a single objective, we did not find any changes in the relationships between mechanisms in these
conditions. There exist advanced methodologies that can draw an exact solution passing through precision points [51,52].
Although we employed a numerical approach in order to modulate cost function to fit for the targeted outcomes of com-
parison, such precise synthesis method should be considered to improve motion accuracy in future development. Another
limitation is that the size of the mechanism and potential mechanical problems were not taken into consideration in this
study. A compact device is preferable in a clinical environment and less problematic in practical application. For instance, the
challenges faced with uncertainties arising from the manufacturing, assembly, sensors, control, and also numerical round-off
errors would be severe in an eight-bar mechanism design. Future development should consider size and other practical is-
sues with a novel approach taking any uncertainties into the mechanism synthesis [53]. Finally, our conclusions are limited
to kinematic accuracy and mechanical advantage; considerations such as dynamics and controller performance are out of
the scope of this work.
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6. Conclusion

Recent research has offered numerous single DOF robotic gait trainer designs, but there is no systematic evidence com-
paring the performance of these designs. Our work focuses on the kinematic tracking error of three candidates, four-bar, six-
bar, and eight-bar mechanism configurations. We observed that at constant crank velocity, such as controlled by a treadmill,
the eight-bar mechanism has the best kinematic tracking, but all perform similarly if the crank velocity is well-controlled by
an independent actuator. This work offers a quantitative approach to determining the relative performance between train-
ing mechanisms. This information will help determine cost-effective training solutions for rehabilitation clinics and possibly
even home use.
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